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ABSTRACT: The goal of this study was to characterize current water quality, simulate water qual-
ity in 8 large artificial reservoirs occurring along the course of the Paranapanema River, Brazil,
and estimate fish production in the region to assess the impacts of this production on the local
aquatic environment. Primary data describing the bottom sediments and water quality, and time
series recorded between 2001 and 2011 were used. Water quality was modeled to simulate the
trophic state index (TSI) for each reservoir, and 37 fish cage farms along the length of those reser-
voirs were identified. Only one-third of these farms had environmental licensing for regular oper-
ations. The potential increase in fish production was estimated to exceed 250 % in the short to
medium term. The concentrations of nutrients (organic matter, nitrogen, and phosphorus) present
in the bottom sediment beyond areas of fish production were similar to those found in areas dis-
tant from the fish farms. The TSI results indicated that the reservoirs could be classified between
oligotrophic and mesotrophic. The few eutrophied areas represented approximately 1% on aver-
age of the total area of the reservoirs. The reservoirs of the Paranapanema River have adequate
water quality standards for aquaculture, and there is no indication that this activity is currently
causing significant impacts to the overall aquatic environment in each reservoir. Nevertheless,
caution is required when selecting areas for new fish farms to avoid areas that are more sus-

ceptible to eutrophication.

KEY WORDS: Fish cage farming - Tilapia - Trophic state - Bottom sediment - Water quality

INTRODUCTION

Aquaculture is considered a viable source of rela-
tively cheap protein of high biological value, espe-
cially in developing countries where protein is scarce
(El-Gayar & Leung 2000). Therefore, artificial lakes
and reservoirs are being increasingly used for fish
farming (Ayer & Tyedmers 2009, Barton & Floysand
2010). According to Cowx et al. (1998) and Borges et
al. (2010), fish production in artificial reservoirs has
the potential to significantly contribute to the global
fish supply, especially in Asia (De Silva 2002) and
South America (Petrere 1996).

*Corresponding author: roberto.neto@ufpr.br

In addition to food production, the expansion of
aquaculture in artificial reservoirs benefits local
economies by generating employment and income
along the entire aquaculture production chain (Ross
et al. 2011), representing an important production
alternative for populations affected by the construc-
tion of dams (Abery et al. 2005). However, this activ-
ity can have a significant impact on aquatic envi-
ronments (Garcia et al. 2014, Li et al. 2014), and
minimizing these risks requires planning, legislating
compliance, and managing and monitoring the envi-
ronmental quality of the fish farms (Nyanti et al.
2012, Ling et al. 2013, Ramos et al. 2013).
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In Brazil, the use of reservoirs for fish cage farming
has significantly grown in recent years (Dias et al.
2011) because of the regularization of the multiple
use of reservoirs, including aquaculture. This regu-
larization was achieved through the establishment of
the National Water Resources Policy in 1997 (Bueno
et al. 2013), and more specifically by Law No. 9.433,
Decree-law No. 4.895 of 2003, and Interministerial
Normative Ruling No. 6 of 2004 (Brazil 2004). The
Interministerial Normative Ruling No. 7 of 2005 was
also an important landmark and determined that up
to 1% of the aquatic environment area of Brazil can
be used for aquaculture (Brazil 2005a).

The Paranapanema River is a tributary of the
Parand River (Prata River Basin). Located between
latitude 22° and 26°S and longitude 47° and 54°W,
this river runs in an east-west direction between 809
and 239 m altitude, and it forms a basin of approxi-
mately 100800 km? (Jorcin & Nogueira 2008). The
Paranapanema River is 930 km long and forms the
border between the southeast and south regions of
Brazil (Fig. 1). The river has 8 large reservoirs (Juru-
mirim, Chavantes, Salto Grande, Canoas II, Canoas I,
Capivara, Taquarucu, and Rosana), which are pro-
jected to be the targets of a broad-scope program by
the Brazilian government to establish aquaculture
parks for fish cage farming over the next few years.

However, aquaculture is an anthropic activity that
has not easily met the requirements of environmental
sustainability (Eler & Millani 2007), especially when
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conducted in large reservoirs (Deus et al. 2013, Gar-
cia et al. 2014). One of the environmental changes
more commonly associated with freshwater aquacul-
ture is eutrophication (Black 2000). The solid (feed
leftovers and feces) and soluble (renal excretions and
endogenous losses) residues resulting from fish farm-
ing production processes are directly released into
the reservoir water and may promote increased con-
centrations of nutrients, especially phosphorus and
nitrogen (Montanhini & Ostrensky 2013). Depending
on the input of these nutrients into the environment,
plankton communities may change significantly,
which can lead to an imbalance of the aquatic eco-
system and gradual degradation of water quality.
One of the effects commonly associated with this
change is a decrease in local dissolved oxygen con-
centrations, which compromises the survival of both
farmed fish and local native fauna (Demir et al. 2001,
Conley et al. 2009, Guo et al. 2009).

The goal of the present study was to gather infor-
mation to identify areas that are better suited for the
establishment of reservoirs, plan reservoir use for
aquaculture, and monitor the environmental quality
of aquaculture parks that the Brazilian government
intends to install in the large reservoirs of the Parana-
panema River. More specifically, the present study
aimed to (1) characterize the aquaculture enterprises
already installed on the studied reservoirs along with
their development prospects; (2) characterize the
current standards of water quality and nutrient con-
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centration in the bottom sediment associated with
these enterprises; and (3) determine the trophic state
index (TSI) along the entire length of the reservoirs
and evaluate the level of environmental impact
caused by the active aquaculture enterprises.

MATERIALS AND METHODS
Study region

The main characteristics of the Paranapanema
River dams and their respective artificial reservoirs
are presented in Table 1. The Paranapanema River
Basin is divided into 3 regions that have 8 large
hydroelectric dams arranged in a cascade: high
Paranapanema region, where the Jurumirim and
Chavantes reservoirs are located; medium Parana-
panema region (Salto Grande, Canoas II, Canoas I,
and Capivara reservoirs); and low Paranapanema
region (Taquarucu and Rosana reservoirs; Felisberto
& Rodrigues 2005, Duke Energy Brasil 2013).

Three of these dams (Jurumirim, Chavantes, and
Capivara) are storage dams with a remarkable den-
dritic morphology, and they store the largest volumes
of water. The remaining dams are characterized by
reduced water retention time and display a more
river-like shape and run-of-the-river regime (Salto
Grande, Canoas II, Canoas I, Taquarucu, and Rosana;
Table 1). Oligo-mesotrophic conditions with a ten-
dency toward mesotrophic conditions predominate
in these reservoirs (Nogueira & Jorcin 2006).

Characterization of fish farming in the studied region

The entire length of all of the studied reservoirs
was surveyed by boat to identify, georeference, and

characterize the aquaculture enterprises already in-
stalled, either legally or informally, in the reservoirs
of the Paranapanema River. As the active enterprises
were identified, the respective technical managers
and/or owners were contacted and asked to partici-
pate in a questionnaire on their production systems,
zootechnical parameters, and projections for the
following years.

Information on the licensing proceedings of aqua-
culture enterprises filed with the Ministry of Fish-
eries and Agriculture (Ministério da Pesca e Aqui-
cultura, MPA) was obtained using the information
system for permits of Brazilian water use for aquacul-
ture purposes (Sistema de informacao das autoriza-
¢oes de uso das dguas de dominio da Unido para fins
de aquicultura — SINAU/MPA; Brazil 2004, 2014).
This system concentrates and manages all public
water use requests for the installation of aquaculture
projects in Brazil. These data provided an overview
of the interest in establishing aquaculture areas in
the reservoirs and allowed for a projection of the
medium- to short-term growth of fish farming in the
region.

Analyses of bottom sediment

A 1750-G30 Petersen grab sampler (Cole-Parmer)
was used to collect sediment samples from 50 points
located in the main channels, arms, and margins of
the reservoirs and directly from the fish farming
areas. Sampling at the fish farming areas was always
performed close to the center of the fish farm.

Samples were stored in plastic packages, labeled,
and sent to the laboratory. Phosphorus concentra-
tions were determined through a reduction of ammo-
nium molybdate and potassium antimony tartrate in
the presence of ascorbic acid in acid medium (APHA

Table 1. Morphometric characteristics of the Paranapanema River reservoirs. Adapted from Felisberto & Rodrigues (2005) and
Duke Energy Brasil (2013). OT: oligotrophic, ET: eutrophic, MT: mesotrophic

Reservoir Geographical location Opening Nominal Total Mean Maximum Mean  Retention Trophic
(year) power length depth depth (m) surface time (d) state
(MW) (km) (m) (m) area (km?)
Jurumirim 23°13'S,49°14'W 1962 98 66 13 40 485 323 oT
Chavantes 23°7'S, 49°43'W 1971 414 50 22 80 400 352 oT
Salto Grande 22°54'S, 49°59'W 1958 74 30 4 14 12 2 ET
Canoas II 22°56'S, 50°15'W 1999 72 33 9 19 23 5 MT
Canoas I 22°56'S, 50°31'W 1998 83 33 7 27 31 6 MT
Capivara 22°39'S, 51°21'W 1978 640 120 18 59 576 227 MT
Taquarucu 22°32'S, 52°0'W 1989 554 80 8 55 80 8 MT
Rosana 23°36'S, 52°52'W 1987 372 116 9 34 220 20 MT
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et al. 2005). Organic matter concentrations were
determined through carbon oxidation in CO,, reduc-
tion of chrome 6 to chrome 3 by potassium dichro-
mate, and subsequent titration of excess iron (III)
chromate (Walkley & Black 1934). Nitrogen concen-
trations were measured according to the Kjeldahl
method (Bremner 1996).

Water quality analysis

Water quality of the Paranapanema River reser-
voirs was characterized by evaluating historical series
of limnological data supplemented with primary data
that were collected on a large sampling campaign
encompassing all 8 studied reservoirs.

Historical data on water quality for the period 2001
to 2011 were obtained by performing systematic
searches in indexed databases and specialized web-
sites. In addition, researchers and technicians from
universities, research institutions, and environmental
institutions that perform monitoring studies of the
region's water quality were contacted, and the con-
cessionaire responsible for the 8 hydroelectric power
plants, Duke Energy Brasil, was also contacted. Raw
data and documentation (records, reports, journal
articles, and theses) were selected according to crite-
ria such as data availability, description of methods
used for data acquisition, geographical indication of
sampling points, and sampling dates.

Samples used to extract primary data were collected
from pre-determined sectors in each reservoir, and
they were used to characterize the areas that had a
stronger influence on the reservoirs’ water quality;
such areas included the main channel, main arms and
margins, and areas where aquaculture enterprises
were already established. Water samples were col-
lected according to APHA et al. (2005) using a 51 Van
Dorn bottle. Samples were collected from 3 depths at
each point (surface, mid-water, bottom). The dissolved
oxygen concentrations and water temperatures were
measured in situ using a digital oximeter (YSI 5504,
YSI-Xylem), and the pH was measured using a digital
pH meter (AZ-86505, AZ Instrument). A multi-probe
(Manta2 4.0, Eureka Environmental) was also used
for in situ measurements and confirmation of the dis-
solved oxygen concentration, temperature, and pH
and to measure the electrical conductivity and tur-
bidity. Water transparency was measured using a
Secchi disk. Collected samples were immediately
cooled, placed in insulated thermal boxes, and trans-
ported to land, where they were filtered through a
fiber filter (Whatman 934-AH, Sigma-Aldrich), packed,

and transported to the laboratory, where samples were
subjected to the following analyses to determine the
relevant concentrations: total phosphorus and phos-
phate, total nitrogen, ammonia, nitrate and nitrite,
and chlorophyll a (ASTM 1994, APHA et al. 2005).

Results from the interviews and sediment and water
quality analyses were gathered in a unified database,
and correlations between variables and values ob-
served for each reservoir were compared by the non-
parametric Kruskal-Wallis test. Statistical analyses
were performed considering a 95 % of reliability and
using the software Statistica 10.0 (StatSoft).

TSI calculation

Trophic state of the studied reservoirs was ana-
lyzed according to the method of Carlson (1977) as
modified by Cunha et al. (2013), and the TSI was cal-
culated according to the following equations:

2 X (TSIp+TSlIcpy)+ TSIyt
5

In 2

TSI= (1)

TSIp = 10 x{G—[

TSl = 10 X{6_[0.92-(0.34 x In Chz)]}

In 2 ®)

(4)

TSTyr = 10 x [6—(ln WT)]

In 2

where TSI is the trophic state index of the water
body; TSIp is the TSI relative to the total phosphorus
concentration; P is the water total phosphorus con-
centration in mg m=3; TSI, is the TSI relative to the
chlorophyll a (chl a) concentration; Chl is the water
chl a concentration in mg m~3; TSIy is the TSI rela-
tive to water transparency; and WT is the water
transparency measured using a Secchi disk in m. The
results were interpreted according to the classes pre-
sented in Table 2.

Water quality modeling

Primary and secondary data were used to model
the water quality of the 8 studied reservoirs using
the software package MOHID (Marine Environ-
ment & Technology Center, Portugal). The MOHID
water quality module was used to simulate the temp-
erature, dissolved oxygen, phytoplankton, organic
phosphorus, inorganic phosphorus, organic nitrogen,
ammonia, nitrite, and nitrate.
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Table 2. Trophic state classes with the corresponding trophic state index (TSI) and changes observed in the water bodies.
Adapted from Cunha et al. (2013)

Trophic class TSI

Water body characteristics

Ultra-oligotrophic <47
different uses

Oligotrophic 47 < TSI <52
Mesotrophic 52<TSI<59
with acceptable levels
Eutrophic 59 <TSI<63
Supereutrophic 63 < TSI < 67

Hypereutrophic >67

Very clean water; negligible nutrient concentrations; adequate water quality for

Clean water; low nutrient concentration; no undesirable effects on water quality
Water with intermediate nutrient concentrations; possible effects on water quality

Water with decreased transparency; high nutrient concentrations; undesirable
changes to water quality; increased algal blooms

Water with low transparency; high nutrient concentration; undesirable changes to
water quality; frequent algal blooms

Water with high turbidity; high organic matter and nutrient concentrations; pronounced
decrease of water quality; intense algal blooming; fish mortality

The modeling process included the following stages:
(1) delimitation of the calculation grid; (2) fitting of
the primary data to the stratification layers; (3) de-
finition of water flow scenarios; (4) evaluation of the
inflow originating upstream and from tributary water
bodies; (5) projection of hydrodynamic circulation;
(6) calibration of the model; and (6) simulation of the
final scenario.

Georeferenced tridimensional models were used to
obtain a detailed visualization of the circulation and
stratification processes of the water column that
delimited the modeling units (or cells) with different
water quality standards. The number of cells in the
different calculation grids was determined based on
the area and bathymetry of each reservoir as well
as the arrangement of sampling points. The grid's
horizontal resolution varied between 150 x 150 m
(22500 m?) and 50 x 50 m (2500 m?), depending on
the reservoir area. Three or 4 vertical layers were
considered for each reservoir, and they were defined
according to the reservoir depth.

Georeferenced bathymetric data were obtained
for all reservoirs during the primary data campaign
using a digital geographic positioning system
(GPS; R-130, Hemisphere GPS) and an echo sounder
(SDE-28, South Surveying & Mapping Instrument)
attached to the side of a boat. The data were
obtained along cross and longitudinal sections of the
main channel (pre-determined), with a distance of
100 to 1000 m between them depending on the reser-
voir's area and morphology. Approximately 4000 km
were covered along the sections over 188 d.

The bathymetric data associated with the primary
data of water quality standards for the samples col-
lected at different depths were used to determine
and characterize the water column stratification

layers of each reservoir. The following vertical layers
were considered: surface, mid-euphotic zone, lower
euphotic zone, and bottom. In shallower areas, only
3 layers were considered, and only 1 was in the
euphotic zone, i.e. surface, euphotic zone, and bot-
tom. Because the depth distributions were different
for the different reservoirs, bathymetric data were
interpolated to determine the limit depths be-
tween the 3 or 4 layers considered for each studied
reservoir.

For the models, constant levels and flows were
defined based on the average of the historical series
of each reservoir recorded between 2000 and 2010.
Based on the historical water flow data obtained for
dry and rainy periods (according to information from
the National Institute of Meteorology of Brazil — Insti-
tuto Nacional de Meteorologia do Brasil), 2 scenarios
were simulated to predict extreme conditions at the
reservoirs: high flow or critical flow. All of the col-
lected water flow data were sorted, and values within
the lowest 5% were assigned to the critical flow
scenario, whereas those within the highest 5% were
assigned to the high flow scenario.

Because it is a cascade reservoir system, water
discharge originating from upstream reservoirs was
considered to directly interfere with the water qual-
ity of downstream reservoirs. In addition to the cas-
cade discharge, water input from tributary water
bodies also interfered with the respective reservoirs,
and the level of significance depended on the hydro-
logical characteristics and flow of these tributaries.
In general, most of the flow data obtained for the
Paranapanema River reservoirs were restricted to
this river and certain tributaries. However, for Juru-
mirim (the most upstream cascade reservoir), the
flows of its tributaries were obtained through their
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percentage contribution to the flow recorded during
the dry and rainy periods.

However, it was still necessary to consider the
internal effect of water circulation and wind action in
the reservoirs. These 2 factors vary significantly with
the reservoir morphology (dendritic or run-of-the-
river), bottom topography, and currents of the tribu-
tary water bodies. The MOHID was parameterized to
detail and integrate this complex network of hydro-
dynamic information to simulate the interference on
water quality standards among the cells of the calcu-
lation grid for each reservoir.

The water quality model was calibrated according
to the mathematical parameterization of MOHID that
was best fit to the real data. Relatively limited data
are available on the studied reservoirs; therefore, the
models were fitted to represent as accurately as pos-
sible the most common values recorded for the reser-
voirs (median values of the historical series and water
quality primary data).

Data from the rainy period were used to calibrate
the model, whereas data from the dry period were
used to validate the calibrated parameterization.
Model calibration focused on the parameters of high-
est interest in relation to the TSI calculation (nitrogen
and phosphorus compounds, transparency, and chl a).

At the end of the modeling runs, individual simula-
tions of the water quality standards were obtained for
each reservoir calculation cell for the proposed sce-
narios. The TSI values were also determined for each
cell. Because the goal of this study was to estimate
the polluting potential of fish cage farming in these
reservoirs, the maximum simulated values of total
phosphorus and chl a under critical flow conditions
were used to determine the individual TSI values.

The final results were presented as maps and used
to identify different trophic states (with different col-
ors) based on the TSI determined for the entire
extension of the 8 studied reservoirs.

RESULTS AND DISCUSSION
Licensing to establish aquaculture enterprises

Fish cage farming at the Paranapanema River
reservoirs has been conducted since at least 2000.
The first requests for the use of individual aquacul-
ture areas date from 2001, and the first authorizations
were granted in December 2002 (Nogueira et al.
2006). According to SINAU/MPA, the 8 artificial re-
servoirs located along the Paranapanema River have
been responsible for 14 % of the licensing demand for

the use of continental aquatic environments in Brazil
over the last 10 yr (from March 2004 to May 2014),
which indicates the importance of these reservoirs for
the development of Brazilian aquaculture. During
this period, 242 processes were filed to license aqua-
culture areas for fish cage farming. Capivara was the
most targeted (79), followed by Rosana (50) and Cha-
vantes (40). Seven requests were filed for Taquarucu
and 1 for Salto Grande over the past 10 yr (Table 3).

The Interministerial Normative Ruling No. 7 has
determined that up to 1% of the reservoir areas can
be used for aquaculture (Brazil 2005a). If all of the
currently filed requests to establish aquaculture
enterprises were authorized, at least 18.4% of the
maximal potential for fish farm establishment at
these 8 reservoirs would already be claimed, even
before the installation of aquaculture parks in the
region. At Canoas II, if all of the requests were
granted, the occupation rate would be higher than
the legal maximum limit (122.8%). The Jurumirim
reservoir has the highest expansion potential
because the current demand is lower than 10 % of the
potentially available area (Table 4). However, the
1% occupation limit of the reservoir area provided by
the legislation is not based on technical studies but
on political decisions.

Of the 242 requests filed, 188 (78 %) were granted
by the MPA, 54 (22 %) require revisions/changes by
the interested parties, and only 1 (0.4 %) request was
not granted. This extremely low level of rejection by
the MPA has been observed throughout the entire
national territory because out of 1772 requests filed,

Table 3. Requests filed with the Ministry of Fishing and
Aquaculture (Ministério da Pesca e Aquicultura) for licens-
ing of aquaculture enterprises within artificial reservoirs of
the Paranapanema River and registered between March
2004 and May 2014 at the Sistema de informacao das au-
torizacoes de uso das aguas de dominio da Uniao para fins
de aquicultura (SINAU/MPA), the information system for
permits of Brazilian water use for aquaculture purposes
(Brazil 2014). Values in parentheses are the percentages of
approved/rejected requests relative to those filed

Reservoir Filed Approved Rejected Demand
for changes

Jurumirim 29 26 (90) 0 (0) 3(10)
Chavantes 40 32 (80) 0 (0) 8 (20)
Salto Grande 1 1 (100) 0 (0) 0 (0)
Canoas II 20 16 (80) 1(9) 3(15)
Canoas I 16 11 (69) 0 (0) 5 (31)
Capivara 79 57 (72) 0 (0) 22 (28)
Taquarucu 7 6 (86) 0 (0) 1 (14)
Rosana 50 39 (78) 0 (0) 11 (22)
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Table 4. Areas requested for the establishment of aquaculture 2 a
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Salto Grande. 5 g
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ket acceptance, adequate adaptation to cage farming
conditions, and satisfactory feed conversion, which
results in lower production costs compared with other
species used in this type of farming system (Furlan-
eto et al. 2006). Of the fish with the potential for cage
farming, the Nile tilapia has become the most widely
grown species in Brazil in recent decades and repre-
sents approximately 40% of the production volume
of domestic aquaculture (Marengoni 2006).

The questionnaires also attempted to ascertain the
level of experience of the fish farmers and revealed
that fish farming at the Paranapanema River reser-
voirs is a fairly recent activity; 70 % of the producers
had only been farming for 1 to 10 yr. However, 63 %
of the interviewees had less than 5 yr of experience
with fish cage farming, and 47 % stated that they had
previous experience with fish farming in the region
in ponds.

Although technical assistance is fundamental to
increase the productivity and commercial value of
aquaculture production (da Silva 2001) and optimize
the production practices and overall supply chain,
only 12 (44 %) producers stated they had access to any
type of technical assistance. This lack of assistance
represents an important bottleneck for the eventual
expansion of fish farming in the region because small
fish farmers have little capital and cannot easily
procure credit. Additionally, the government public
service is not currently in place to provide technical
assistance and rural extension that are sufficiently
structured to meet current or future demands.

Technical assistance and rural extension are fun-
damental links between fish farmers and govern-
ment institutions, technical and technological research
institutions, and the market (Kumar 1999, Edwards et
al. 2002). Without specialized technical assistance,
the risk of committing technical errors and impacting
the environment is increased and the chances of suc-
cessfully implementing fish farms are decreased.

However, 63% of the producers stated they are
connected to some type of rural producer association,
with most formed by fish farmers. The main goal of
these organizations should be to guide rural produc-
ers in cultivation practices, disseminate technology
and market information, and defend the interests of
their members before the regulatory agencies (FAO
2011). In practice, however, we noted in this study
that the majority of these associations do not act effec-
tively and only represent a legal vehicle for obtaining
tax advantages for some producers.

According to the data presented by the SINAU/
MPA, 42 entrepreneurs are legally authorized to
operate fish farms in the Paranapanema River artifi-

cial reservoirs, which is in accordance with the 37
farms identified by the present field survey. How-
ever, according to the producers’ answers to the
questionnaires, only a third of the active enterprises
are legally authorized to operate. Therefore, the 42
enterprises that obtained licenses are not represented
by the 37 enterprises operating in the reservoirs.

This result is consistent with survey data from other
regions of Brazil and supports the irregular opera-
tions on public waters in Brazil. Dotti et al. (2012)
estimated that at least 70 % of the small fish farmers
in Brazilian public waters act informally, and this per-
centage is similar to what was observed in the pres-
ent study. According to the interviewed producers,
the main reasons behind the informality of their en-
terprises are a lack of knowledge of current legisla-
tion and/or bureaucratic procedures, difficulty in
elaborating technical projects, and a feeling of im-
punity resulting from the inefficient control of illegal
enterprises by public agencies.

Prospects for expanding fish farming in the studied
region

Two-thirds of the interviewed fish farmers were
interested in expanding their production through the
installation of additional cages. The remaining pro-
ducers intended to determine means of increasing
productivity gains and profitability, even without in-
creasing the total farmed area.

According to the fish farmers, the construction of
new slaughter and processing units at the north
region of Parand is important for the development of
fish farming in the region. To local markets and to
the main cities in the region, these units would offer
a standardized industrial fish product suitable for
domestic consumption, thereby increasing the local
demand for fish and facilitating marketing the pro-
duction.

The data from SINAU/MPA were used to obtain a
short- to medium-term growth estimate of fish pro-
duction in the Paranapanema River reservoirs, even
without the establishment of aquaculture parks
(Table 6). If only the processes that have already been
filed were established, the total production of the
8 reservoirs could increase over 250 % (from 8810 to
23615 t yr'). This estimate is in accordance with
growth expectations for the domestic tilapia produc-
tion, which has been predicted to triple over the next
20 yr (Capobianco 2013). However, to guarantee the
economic, environmental, and social sustainability of
this growth, policies that support the development of
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Table 6. Estimate of increased fish cage farming in Paranapanema River reservoirs based on the current production and
growth potential and relative to the new aquaculture parks licensed by the SINAU/MPA. Data adapted from Brazil (2014).
Estimated production of the established parks was calculated from data obtained from the interviewed producers. Relative
volume in cages was estimated based on 10 % of the useful area of the parks occupied by 4 m? cages (standard cages are 6 m°).
Estimated production of new parks was based on a mean final stocking of 125 kg m~® production cycle™! in 1.5 cycles yr~!

Reservoir Production of Production of Area of the Relative Production of Current pro-
the 27 inter- the 37 established new licensed volume in new parks duction + new

viewees (t yr'l) parks (t yr!) parks (ha) cages (m?) (tyr?h parks (t yr')
Jurumirim 30 30 8.7 12960 2430 2460
Chavantes 1100 1470 12.7 18945 3550 5020
Salto Grande 0 0 0.0 0 0 0
Canoas II 290 480 5.2 7815 1465 1945
Canoas I 1375 1830 1.1 1575 295 2125
Capivara 2090 2660 7.5 11175 2095 4755
Taquarucu 0 240 1.5 2145 400 640
Rosana 1575 2100 16.3 24360 4570 6670
ALL 6460 8810 52.7 78975 14805 23615
4Current production of Taquarucgu was estimated based on the annual mean production per enterprise according to
information obtained from the interviewed producers

the supply chain as a whole should be developed to
increase the fish supply processed by the industry
and (more importantly) assimilated by the market (da
Silva 2005).

Regardless of the socio-economic and environmen-
tal issues, the maximum production potential of
aquaculture enterprises is still limited by legislation
on the use of Brazilian water bodies for aquaculture
purposes, which is set at 1% of the mean reservoir
area (Brazil 2005a). The total area of the 8 reservoirs
is 1827 km?, and if the same calculation criteria from
the estimates in Table 5 are applied, then the produc-
tion from fish cage farming would be
above 500000 t yr‘l. Thus, even if the
full growth that is estimated for the
short to medium term is realized, only
5% of the maximal production poten-

for the production model practiced in the region. No
significant differences (p > 0.05) in bottom sediment
organic matter, nitrogen, and phosphorus concentra-
tions were observed between areas with and without
fish farming. Therefore, significant changes to the
sediment composition of the areas in which the fish
farms are currently operating in the Paranapanema
River reservoirs were not observed (Table 7).

The solid residue generated by fish cage farming is
rich in organic matter, nitrogen, and phosphorus and
tends to sediment and deposit in the reservoir bed
close to the fish farming structures, where it can

Table 7. Mean + SE nutrient concentrations in the bottom sediment of the
Paranapanema River artificial reservoirs (n = 50). Values followed by different
letters in the same column are significantly different (p < 0.05, Kruskal-Wallis

test)
tial would be used. However, the full
production potential could be limited Reservoir n Organic Nitrogen Phosphorus
by environmental and market capac- matter (%) (g dm~3) (mg kg™)
ity, even without considering the need . Y
. . Jurumirim 4 7.34 £ 0.70° 3.67+0.35* 6.25+2.39
for investments to the supply chain | cpavantes 11 237+044> 1.18+022° 3.24 + 1.50
infrastructure. Salto Grande 2 2.92+1.00" 1.46+0.50)> 1.33 +3.38°
Canoas II 5 335+0.64" 1.68+0.32> 3.28+2.18"
Canoas I 8 2.97 +0.50° 1.48+0.25" 3.81 +1.69*
L. . Capivara 14  2.10+042°> 1.05+021°> 9.38 + 1.44°°
Characterization of bottom sediments Taquarucu 2 1.56+1.00° 0.78+0.50° 1548 +3.38°
Rosana 4 2.62+0.81" 1.30+041> 5.50+2.76°
Sediment organic matter, phospho- Areas under fish farms 17  2.82+1.11 1.41£0.55  4.31+2.39
rus, and nitrogen concentrations at dif- Remaining areas 33 2.92x221 1.46 +1.11 7.38 +4.38
ferent points along the reservoirs were TOTAL 50 2.89x190 144£095 6.34£329
used as indicators of the current level Probability
of environmental impact caused by the Reservoirs 0.008 <0.001 0.016
. . L. Fish farms 0.273 0.438 0.675
fish farms already operating within Reservoir x Fish farms 0.698 0.174 0.027
the Paranapanema River reservoirs and
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cause significant environmental changes (Grey et
al. 2004). Gondwe et al. (2011b) observed that sedi-
ments were dispersed in locations with current speeds
higher than 9.3 cm s}, thus minimizing and even
preventing environmental impacts. This result indi-
cates the importance of choosing areas with good
water circulation for cage installation. Nevertheless,
factors such as poor nutritional quality of the feed or
inadequate feeding practices and stocking densities
may increase nutrient losses and cause increased
local sedimentation rates (Gondwe et al. 2011a).

The current results are likely related to the incipi-
ent level of fish farming in the Paranapanema River
reservoirs. This activity has developed over less than
5 yr primarily by small producers, and there has been
a low input of nutrient loads to the sediment at the
farming areas. Troell & Berg (1997) compared car-
bon, nitrogen, and phosphorus concentrations in the
bottom sediment of Lake Kariba, Zimbabwe, before
and after the establishment of small (<10 t fish ha™!
yr 1) and large (>20 t fish ha™! yr!) fish farms dedi-
cated to cage farming Nile tilapia and only observed
significant changes for large farms.

Tlusty et al. (2000) observed that factors linked to
cultivation practices, such as feeding and stocking
density, as well as the hydrodynamic characteristics
of the site where the fish farms were established,
were more relevant than the biomass of produced
fish. In the present case, the choice of fish farm loca-
tion was not based on environmental or even legal
criteria, as expected, but on purely operational rea-
sons, such as ease of access, location of roadways
for production transport or closeness to private areas
belonging to the fish farm owners. Therefore, the
results of the present study do not indicate whether
environmental impacts will occur at a local scale,
even if there is no increase in current production

levels. This result could be explained by the low
technical level and lack of specialized assistance
to the fish farms. In addition, the current farming
systems are expected to evolve from small non-
mechanized farms into large mechanized production
cages in response to the potential commercial suc-
cess of the activity.

However, knowledge of the standard water quality
patterns is fundamental for the success of enterprises
dedicated to producing aquatic organisms, because
water quality is important for the survival and zoo-
technical performance of the cultivated species. More-
over, the environment's capacity for receiving and
processing effluents originating from aquaculture
enterprises must be evaluated prior to allowing sig-
nificant changes to these standards (Boyd & Tucker
1998).

Water quality characterization and modeling

The water quality standards of the Paranapanema
River artificial reservoirs derived from historical data
are presented in Tables 8 & 9.

The mean water temperatures were between 21
and 25°C and below 29.9°C, which is the temperature
that Qiang et al. (2012) indicated is ideal for the
zootechnical performance of Nile tilapia, the main
species cultivated in the studied reservoirs. However,
the recorded temperatures are still within the limits
recommended by Atwood et al. (2003) for the culti-
vation of this species. Even when considering the sur-
face temperature measured in water samples collected
at depths of up to 2.5 m, which is the portion of the
water column with direct influence on fish farming
cages, the water temperature was not higher than
28°C. Therefore, although the production of this spe-

Table 8. Mean + SE water physico-chemical characteristics of the Paranapanema River artificial reservoirs according to his-
torical data. Mean temperature was measured for water samples collected at any depth, whereas mean surface temperature
was measured at depths up to 2.5 m

Reservoir n  Temperature Surface Electrical Dissolved O, pH Turbidity Transparency
(°C) temperature conductivity (gm™) (NTU) (m)
Q) (nS cm™)
Jurumirim 505 21.13+1.79 2552+1.02 5030+9.52 7.05+1.14 7.19+1.07 10.88+4.11 1.49+0.93
Chavantes 781 21.56+1.86 24.26+179 56.09+6.58 6.35+1.33 7.11+0.28 1280+580 2.21+1.06
Salto Grande 180 20.39+1.51 23.12+0.58 59.24 +7.78 7.57+1.18 7.09+0.31 20.02+447 2.02+0.94
Canoas II 225 20.80+1.09 23.45+0.27 63.40+14.12 7.01x1.19 7.03+0.29 4543+5.78 2.05+0.39
Canoas I 238 20.17+1.36 2281+0.57 5562+6.39 7.17+136 7.04+036 1043150 2.69+0.44
Capivara 314 20.03+1.31 2164+129 62.18+847 7.60x0.99 739+036 1233+1.47 2.14+0.97
Taquarucu 795 20.16 £0.93 23.07+£0.67 57.97+9.76 7.71+090 733+0.35 11.50+1.26 1.99=+0.56
Rosana 130 2229+093 2576+1.24 51.58+2238 730+098 691+0.53 8.85+235 2.08=+0.60
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Table 9. Mean + SE water quality standards of the Paranapanema River artificial reservoirs according to historical data
Reservoir n  Chlorophyll a Total Orthophosphate  Nitrate Nitrite Ammonia Total
(mg m~3) phosphorus (mg m~3) (gm™) (mg m~3) (gm™) nitrogen
(mg m~) (gm™)
Jurumirim 505 3.12+262 37.75+1259 1216+1.85 0.27+0.15 4.07+194 0.10+0.06 0.91+0.18
Chavantes 781 1.22+132 31.36+7.85 13.10 +4.08 0.26 +0.06 10.34 +1.53 0.07 +0.01 0.80 + 0.22
Salto Grande 180  0.70+0.50  48.67 +9.84 16.15+1.82 0.35+0.07 155+0.23 0.18+0.06 0.78+0.11
Canoas II 225 1.88 +242 4045+15.65 16.57+2.19 030+0.12 261+0.11 0.24+0.04 0.65+0.13
Canoas I 238 244 +579 38.33+8.84 1512+ 1.87 039+0.15 220+0.80 0.24+0.03 0.81+0.08
Capivara 314 0.73+0.38 33.18+8.25 1799+ 191 020+0.13 4.63+198 0.17+0.07 0.65+0.13
Taquarucu 795 1.10 £0.62 3542 +8.56 1793 +2.13 042+0.19 2.10+1.04 0.24+0.06 0.70+0.12
Rosana 130  3.42+211 30.71+10.76 10.84+1.82 0.23+0.07 991+129 020+0.06 0.74+0.27

cies is technically viable at the Paranapanema River
reservoirs, this region does not display the highest
temperature potential for tilapia farming in Brazil.
The concentrations of dissolved oxygen, nitrogen
compounds, and chl a and physical characteristics,
including electrical conductivity, transparency, and
pH, classify the Paranapanema River artificial reser-
voirs as adequate for aquaculture according to the
standards established by the Brazilian legislation for
different water uses (Brazil 2005b). However, phos-
phorus concentrations were higher than the legis-
lated maximal limit in all of the reservoirs (up to
30 mg m™ for lentic environments and up to 50 mg
m~ for intermediate environments with residence
times between 2 and 40 d and direct tributaries with
lentic environments). Although phosphorus concen-
trations are not directly limiting for the survival and
performance of the farmed fish, increased phos-
phorus in aquatic ecosystems is considered the main
cause for increased primary productivity and phyto-
plankton biomass (Harper 1992, Azim et al. 2004).
The TSI values in the studied reservoirs calculated
from historical and primary data varied between 50

and 54, classifying the trophic state as oligotrophic
(TSI < 52) and mesotrophic (TSI > 52; Table 10). How-
ever, most of the values were close to the limit
between the 2 categories, and all values could be
included in either category if only the higher or lower
limits of the standard deviations were considered.
This result is consistent with recent studies performed
in these reservoirs by Pagioro et al. (2005) and No-
gueira et al. (2006), who also classified the trophic
state as oligo-mesotrophic, with eutrophication occur-
ring in reservoir arms at certain times of the year.
Variation of the TSI is strongly dependent on
phosphorus loads entering the aquatic environment
because of the importance of phosphorus concentra-
tions for the TSI calculations and phytoplankton bio-
mass increase; such increases are indicated by chl a
concentrations and result in decreased transparency,
which are 2 of the variables considered in determin-
ing the TSI (Sulis et al. 2011). However, other factors
may also be associated with changes in trophic state,
such as stratification, mean depth, retention time,
trophic interactions, surface area, and depth of the
water mixing zone (Reynolds et al. 2002). The impor-

Table 10. Trophic state classification of the Paranapanema River artificial reservoirs based on the trophic state index (TSI; see Table 2) and

calculated using water quality parameters from historical and primary data. Trophic state classification was determined using the mean of

the calculated values based on historical and primary data and by comparing the results with the classification proposed by Cunha et al.
(2013). Values are means + SE

Reservoirs Transparency (m)  Total phosphorus (mg m™) Chlorophyll a (mg m™2) TSI Trophic
Primary  Historical Primary Historical Primary  Historical Primary Historical  state

Jurumirim 293+£0.21 149+093 37.51+4.21 3775+3.26 3.13+0.34 3.12+262 51.80+527 53.75+5.09 Mesotrophic
Chavantes 297+0.79 221+1.06 40.13+4.48 31.36+3.78 1.30+0.20 1.22+1.32 50.59+4.82 50.95+4.98 Oligotrophic
Salto Grande 2.11+1.15 2.02+0.94 36.04 +6.09 48.67 +4.98 0.73+0.15 0.70+0.50 50.56 +4.72 51.12 +4.92 Oligotrophic
Canoas II 1.98 +0.75 2.05+0.39 4568 541 40.45+3.57 1.88+045 1.88+242 52.51+498 5221+5.35 Mesotrophic
Canoas I 146 £0.51 2.69+0.44 42.86+3.35 3833+2.88 3.85+1.08 244 +579 5432+514 51.72+541 Mesotrophic
Capivara 2.35+0.57 2.14+0.97 37.94+2.03 33.18+283 0.74+0.04 0.73+0.38 50.37 +4.54 50.40 =+ 4.78 Oligotrophic
Taquarucu 2.85+0.79 1.99+0.56 37.88+2.66 3542+186 1.10+0.08 1.10+0.62 50.38 +4.60 51.30 +4.94 Oligotrophic
Rosana 2.32+0.27 2.08+0.6 34.71+3.57 30.71+2.08 3.06+0.46 3.42+2.11 52.32+521 52.60=+5.12 Mesotrophic
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tance of the temporal variation in phytoplankton bio-
mass should be noted because although this impor-
tance is implicitly accepted, the efforts of measuring
and understanding this variability have been con-
centrated in time intervals of 1 yr or less (Jassby et al.
2002).

The results of modeling maximal TSI values calcu-
lated from critical hydrodynamic conditions and
maximal values of phosphorus and chlorophyll con-
centrations for the entire extension of the 8 Para-
napanema River artificial reservoirs in this study are
presented in Fig. 2. The use of models allowed a
better understanding of the reservoir dynamics, and
point data can be extrapolated for the entire area of
interest for aquaculture. Because the results of the
model exhibited a good fit to the available data
(reservoir level and water quality), it can be con-
cluded that the model can be used to accurately sim-
ulate current and future hypothetical scenarios.

In general, the model showed that the reservoirs
are predominantly mesotrophic. However, certain
reservoirs exhibited eutrophic, supereutrophic, and
even hypereutrophic areas in some cases. As a rule,
more critical areas are located in reservoir arms in

regions with poor water circulation and/or low depth.
This finding is particularly relevant because most of
the current aquaculture enterprises in the Parana-
panema River reservoirs are established in protected
regions with lower water circulation in the reservoir
arms.

The current eutrophic areas only represent approxi-
mately 1% of the reservoir area except for in Juru-
mirim, where they represent approximately 5% of
the total reservoir extension. This condition indi-
cates an environmental risk caused by the different
anthropic activities under development at the Para-
napanema River Basin, which can compromise the
viability of the active enterprises.

Fish cage farming in the Paranapanema River arti-
ficial reservoirs is still low considering its natural and
legal potential. This activity is primarily developed
by small producers who mostly operate illegally, with
a low technical level, limited access to technical
assistance, low levels of social organization, and dif-
ficulty marketing their products. However, the fed-
eral program to incentivize aquaculture should con-
siderably increase the number of enterprises in the
region over the medium term.
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Fig. 2. Trophic state index under critical hydrodynamic conditions in the 8 large artificial reservoirs, Paranapanema River Basin,
Brazil: (A) Jurumirim, (B) Chavantes, (C) Salto Grande, (D) Canoas II, (E) Canoas I, (F) Capivara, (G) Taquarugu and (H) Rosana



Author copy

Montanhini et al.: Fish farming in Paranapanema reservoirs

267

610000

620000 630000 640000 650000 660000 670000 680000

B) Chavantes
. 3
2
3
~
g
. -8
3
~
g
A | S
g
~
| 8
1 5
3 ~
~ .
_ g
{ Trophic State Index | ~
T | Mesotrophic R
¢ =3
0 4 8 16 5 (=3
B Eutrophic IS
— | |Eutrop g
600000 602500 605000 607500 610000 612500 615000 617500 620000 -
[=3
[=3
1 C) Salto Grande =
~
i S
pe s 2
o | ©
5o - \\ N :

‘/‘\\\\\‘.

- = o
.\ g
T 8
] NS
g
P
i
g
-8
V. N
N =
| —_— . S
Trophic State Index B
n
. <
\:’ Mesotrophic b
I:] Eutrophic S
40 1 2 4 6 i L2
[ — | supereutrophic 2

Fig. 2 (continued)



Author copy

268

Aquacult Environ Interact 6:

255-272, 2015

580000

590000

600000

D) Canoas I

o
=3
=3
=
~
<
~
L ) o o
fod ~ A i )
A I 1 Bimae ‘\'y‘l -
! & ]
rQ
©o
<
~
Trophic State Index
E Mesotrophic
E Eutrophic
E Supereutrophic
0 2 4 8 12
[ aae— I Hypereutrophic
km yp p
550000 552500 555000 557500 560000 562500 565000 567500 570000 572500 575000 577500 o
wn
rN
E) Canoas | §
(=3
(=3
(=3
4 =]
~
N
(=3
- (=3
< - n
4 FRS
€1 ©
» Y/ Vo = w_‘ ':r
= C PR i
0 o © S
A | L \ o
B V4 S <
\ ) ! ~
— (._ | @ )L __._‘/' at (=3
- -\ - 4 2
S s = 4 reN
S : o | o g
¢ N ~
(=3
(=3
(=3
4 rQ
©
<
~
o
3
4 R
wn
<
~
Trophic State Index S
o
F
. ]
\:| Mesotrophic N
0 2 4 8 12 . o
[ — | Eutrophic 2
1 km s '%
> g
. . X

Fig. 2 (continued)



Author copy

Montanhini et al.: Fish farming in Paranapanema reservoirs

269

450000 460000 470000 480000 490000 500000 510000 520000 530000 540000 550000 560000

J/ i F) Capivara

Trophic State Index
) - Oligotrophic

' [:::] Mesotrophic
E Eutrophic

I:I Supereutrophic
- Hypereutrophic

7450000 7460000 7470000 7480000 7490000 7500000

7440000

7430000

400000 410000 420000 430000 440000 450000 460000
G) Taquarusgu P ~.
x/,\m‘\l\l"{\/,f \
W by~
C
v',va_YQV
T =
a4 >
SLV\”,»N U/rﬁ ’1*« %

K\/fi’:x\“ //:‘M

e

%f/;@;_\_,\‘f

v
é[

7500000 7510000

7490000

J ( Trophic State Index

‘ N l:| Mesotrophic
\ R E Eutrophic

7480000

- — , | Supereutrophic

Fig. 2 (continued)



Author copy

270 Aquacult Environ Interact 6: 255-272, 2015

310000 320000 330000 340000 350000 360000 370000 380000 390000 S
- : N K]
2
H) Rosana @
i w E
s 8
2=
N
'y
~
(=3
(=3
(=3
rQ
5
" ~
(=
(=
(=
=1
o
'
~
(=3
(=
(=3
=1
(2]
. N
Trophic State Index o
(=
|:| Mesotrophic =
N <
. ~
|:| Eutrophic
N || supereutrophic g
-0 4 8 16 24 F »8
L B - Hypereutrophic S
km L

Fig. 2 (continued)

Although the TSI was calculated for the worst-case
scenario and does not represent the average current
conditions, the results highlight the areas with a greater
tendency toward eutrophication. Therefore, the TSI
should be considered when identifying areas of each
reservoir that are more adequate for the establishment
of aquaculture parks and predicting scenarios to esti-
mate the environment's capacity for supporting fish
farming as well as the degree of impact resulting from
aquaculture on water quality parameters.

Although no environmental changes associated with
nutrient increases in the bottom sediments in fish
farming areas were observed, the risks of environ-
mental impacts by this activity are real and should be
constantly monitored, which is not currently occurring.

In addition, regularization and legalization of all
operating aquaculture enterprises is fundamental for
the controlled development of production in the
Paranapanema region and in Brazil. However, the
Federal Government must also create programs and
strategies to minimize the technical and commercial
challenges that are faced by producers and were
identified in the present study. The demarcation of
aquaculture parks does not represent the end of the
process of establishing aquaculture in large reser-
voirs; rather, it is only the first step of a long journey.
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