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Abstract

The objective of this study was to simulate
changes in water quality standards caused by the
installation of aquaculture parks for caged fish
farming in the eight large artificial reservoirs in
the Paranapanema River according to the different
scenarios of technical and legal limitations: (i)
occupancy of 1% of the total surface of the reser-
voirs and (ii) occupancy according to the environ-
mental carrying capacity. For water quality
modelling, these two scenarios were simulated to
determine the trophic state index (TSI) of each
reservoir. Based on the total area of all reservoirs
in the first scenario, the fish farm facilities would
occupy 18.3 km? and have an annual fish produc-
tion of an estimated 513 thousand MT. However,
because of limitations in the carrying capacity, the
annual production in the second scenario would
be 98 thousand MT and the fish farm facilities
would occupy 3.5 km?. Simulating the TSI for the
first scenario, approximately 75% of the total area
of all reservoirs was estimated to change from
oligo or mesotrophic conditions to eutrophic,
supereutrophic and hypereutrophic conditions,

and four reservoirs may become completely
eutrophic (Canoas 2, Canoas 1, Taquarucu and
Rosana). For the second scenario, however,
eutrophic areas accounted for less than 30% of
the total, although the Taquarugu and Rosana
reservoirs were still at risk of total eutrophication.
These results indicate as well-intentioned legisla-
tion can have unintended environmental conse-
quences in dynamic social-ecological aquaculture
systems as in the case of large reservoirs in the

Paranapanema River.
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Introduction

The term ‘carrying capacity’ has been used by
researchers since the end of the nineteenth cen-
tury and employed by professionals from distinct
sectors such as economics, biology, public sanita-
tion, anthropology, fisheries, tourism, aquaculture,
among others (Arrow, Bolin, Costanza, Dasgupta,
Folke, Holling, Jansson, Levin, Maler, Perrings &
Pimentel 1995). Therefore, the meaning and inter-
preting carrying capacity presents variations
according to these sectors. When applied to aqua-
tic animal production, carrying capacity is usually
related to environmental changes associated with
production activities (Kautsky, Berg, Folke, Larsson
& Troell 1997). For example, the carrying capacity
of an ecosystem can be used to represent the max-
imum productivity; maximum tolerable organic
loading capacity that can be absorbed and pro-
cessed; and in the case of maximum productivity
without causing significant negative impact to the
environment or producing environmental changes
that impact the farms during operations (Beveridge
& Phillips 1993; Beveridge 1996; Pittroff & Pedersen
2001).

Another method of understanding this term is
related to the maximum sustainable nutrient input
that the water body can receive without exhibiting
signs of eutrophication (Ganguly, Patra, Muduli,
Vardhan, Abhilash, Robin & Subramanian 2015).
In areas where aquaculture is practised, this con-
cept may also be interpreted as the maximum
aquatic animal biomass that can be maintained in
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an ecosystem to maximize production without
negatively affecting its ecological and productive
sustainability (Granada, Sousa, Lopes & Lemos
2015).

Within public management contexts, the perfor-
mance of Brazilian aquaculture according to the
capacity of ecosystems to process and assimilate
any waste generated by the activity led to the reg-
ulation of water bodies intended for aquaculture in
2004 with the publication of the Interministerial
Normative Instruction (INI) No. 06 (Brazil 2004).
While the INI laying down additional rules for
licensing areas for installation of aquaculture
parks in the Union domain waters considers the
need to determine the reservoir carrying capacity,
it does not define exactly how it should be done.
For example, the INI requires that the studies to
demarcation of the areas for aquaculture parks: (i)
describe the methodology used to define the envi-
ronmental carrying capacity; (ii) describe method-
ological alternatives for setting the carrying
capacity; (iii) justify the choice of the methodology
in comparison with other alternatives; (iv) report
the highest, average and minimum levels of reser-
voirs and their interrelations with the definition of
carrying capacity; (v) describe the relationships
and influences of other potentially polluting activi-
ties, current and potential of the water body, in
determining the carrying capacity of the aquatic
ecosystem; (vi) analyse the interactions of syner-
gistic effects and cumulative impacts of aquacul-
ture parks in the ecosystem carrying capacity
located in reservoirs in the same river; (vii)
describe the measures adopted for the manage-
ment of the aquaculture park so it is not exceeded
environmental carrying capacity. Namely, this law
is absolutely not specific, enabling the carrying
capacity of each reservoir can be set differently.

Certain models have been developed to predict
the response of aquatic ecosystems to increased
and potentially eutrophying nutrient loads from
intensive aquatic animal production, and the
majority of such models are empirical, based on
field data and frequently subjected to calibration,
testing, verification and modification (Byron &
Costa-Pierce 2013). However, established models
or even models considered ideal for estimating
aquaculture carrying capacity are not available,
which is a result of the practical difficulty in isolat-
ing the source of pollutant loads in large aquatic
ecosystems (Bueno, Ostrensky, Canzi, de Matos &
Roubach 2013). Nevertheless, applying robust

methodologies that consider available methodolo-
gies in an integrated manner is essential for reduc-
ing environmental risks when implementing new
aquaculture enterprises.

The Paranapanema River has a total length of
929 km, and it predominantly runs east-west and
drains into the Parand River, Prata basin, in
south/south-eastern Brazil. Eight large hydroelec-
tric plants are installed along the course of the
Paranapanema River, and aquaculture enterprises
intended for caged fish farming have been estab-
lished in the artificial reservoirs, especially over
the past decade, where this activity is still incipient
and operates at a relatively small production scale
(Felisberto & Rodrigues 2005; Nogueira & Jorcin
2006; Nogueira, Jorcin, Vianna & Britto 2006).
However, within this same period, the Brazilian
government began to foster programmes for devel-
oping aquaculture within Brazil's inland waters by
implementing aquaculture parks. The Parana-
panema River basin should now benefit from such
federal programmes, which should boost fish pro-
duction in these reservoirs.

This study aimed to estimate the carrying
capacity of the eight large artificial reservoirs in
the Paranapanema River channel for the imple-
mentation of aquaculture parks intended for caged
fish farming. In addition, to estimate the effect of
installing, these parks on the water quality stan-
dards in the respective reservoirs were simulated,
based on different technical and legal scenarios:
the limits estimated by carrying capacity modelling
or respecting the Brazilian legislation respectively.

Materials and methods

Study region

The Paranapanema River is a tributary of the
Parana River (Prata basin). Located between 22°
and 26° S latitude and 47° and 54° W longitude,
this river runs east-west between 809 and 239 m
altitude, and it forms a basin of approximately
100 800 km? (Jorcin & Nogueira 2008). The
930 km length of the river marks the division
between south-eastern and southern
(Fig. 1).

The Paranapanema River basin is divided into
three regions in which eight large hydroelectric
dams are located and arranged sequentially in cas-
cade: High Paranapanema region, where the Juru-

Brazil

mirim and Chavantes reservoirs are located;
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Figure 1 Geographical location of the Paranapanema River basin and arrangement of artificial reservoirs along its
course.

Middle Paranapanema region, where the Salto
Grande, Canoas II, Canoas I and Capivara reser-
voirs are located; and Low Paranapanema region,
where the Taquarucu and Rosana reservoirs are
located (Felisberto & Rodrigues 2005). Three of
these reservoirs (Jurumirim, Chavantes and Capi-
vara) operate on a storage regime and have a
markedly dendritic morphology, accumulating
higher water volumes. The remaining reservoirs
are characterized by low retention time and exhi-
bit a more fluvial character and run-of-the-river

regime (Salto Grande, Canoas II, Canoas I,
Taquarucgu and Rosana; Table 1). In these reser-
voirs, oligomesotrophic conditions are dominant
and tend towards mesotrophic conditions
(Nogueira & Jorcin 2006).

Background and future scenarios

The starting point of the present study was the
diagnosis of fish farms installed within the large
reservoirs of the Paranapanema River according to

Table 1 Estimated maximum acceptable phosphorus load input from aquaculture enterprises in the artificial reservoirs

of the Paranapanema River

Annual Maximum

Total Mean water Phosphorus phosphorus

surface depth renewal retention load
Reservoir area (ha) (m) rate rate (g ha ' year ')*
Jurumirim 48 500 13 0.884 0.51 1500
Chavantes 40 000 22 0.964 0.48 2195
Salto Grande 1200 4 0.005 0.29 51 444
Canoas I 2300 9 0.014 0.30 46 961
Canoas | 3100 7 0.016 0.27 29 187
Capivara 57 600 18 0.621 0.49 2839
Taquarugu 8000 8 0.022 0.51 37 270
Rosana 22 000 9 0.055 0.65 23 480
All 182 700 - - 194 876

*According to the model proposed by Dillon and Rigler (1974) and considering a maximum total phosphorus increase of 5 mg m™°,

which is based on current legislation (Brazil 2013).

© 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 3433-3449
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the results obtained by Montanhini Neto, Nocko
and Ostrensky (2015). In that study, the most
appropriate sites of each reservoir for installing
aquaculture parks intended for caged fish produc-
tion were identified, and potential aquaculture
parks were geographically defined and sized based
on criteria with technical, environmental and
logistical favourability for the activity in the
region. The water quality standards of the reser-
voirs were determined based on the results of this
same study. These data allowed the authors to
implement hydrological and hydrodynamic models
that were generated and calibrated from the
MOHID computational platform (Marine Environ-
ment & Technology Centre, Portugal).

In the present study, the estimated nutrient
loads from potential aquaculture enterprises for
installation in the proposed parks were added to
these models, and possible changes in the water
quality standards resulting from aquaculture
activity and environmental effects of this activity
under two technical scenarios were projected: (sce-
nario 1) according to the occupancy limit of 1% of
the respective surface area of each reservoir, which
is based on the Interministerial Normative Instruc-
tion No. 7 of 28 April 2005 (Brazil 2005); and (sce-
nario 2) according to the carrying capacity that
was calculated using a statistical model proposed by
Dillon and Rigler (1974) and based on data from
the Brazilian National Water Agency (Brazil 2013).
However, in this second case, because the estimated
area was always higher than 1% of the reservoir
surface, the legal occupancy limit was adopted
(scenario 1).

Estimated carrying capacity

The environmental carrying capacity was calcu-
lated according to the data from Brazilian National
Water Agency, which established that the maxi-
mum increase in total phosphorus in the aquatic
environments promoted by aquaculture shall not
exceed 5 mg m > (Brazil 2013).

The carrying capacity calculated using the
mathematical model of Dillon and Rigler (1974)
was implanted using the equations of total phos-
phorus mass balance under legal limit conditions
according to the following equations:

APl xzxp

Lpg <
PR=""(1-R)

Considering that

R = [P}eﬂ
[P]afl
. v
TS
_Q
P=v

where

Lpr represents the maximum phosphorus load
input from aquaculture in mg m~2 year ';

A[P] represents the maximum variation
accepted by Brazilian legislation for the total phos-
phorus concentration in mg m >

R represents the phosphorus retention rate of
the reservoir (dimensionless);

z represents the mean depth of the reservoir in
m;

p represents the annual water the annual water
renewal rate of the reservoir in year !;

[P]eq represents the phosphorus concentration in
the effluent of the reservoir in mg m™>;

[P]an represents the phosphorus concentration
in the tributaries of the reservoir in mg m~>;

V represents the mean water volume of the
reservoir in m>;

S,2 represents the mean surface area of the
reservoir in m?;

Q represents the annual effluent water volume
of the reservoir in m> year .

Based on the calculated value of the maximum
phosphorus load input from aquaculture (trans-
formed to g ha ! year '), the carrying capacity of
fish production in each reservoir was estimated
using the following equation:

Sha X Lecc

ECC=— T —
1000 x CTDp

where

ECC represents the environmental -carrying

capacity of  cage fish production in
1000 MT year™ '

Sha represents the mean surface area of the
reservoir in ha;

Lgcc represents the maximum phosphorus load
input from aquaculture in g ha™! year ';

CTDp represents the quantity of phosphorus
input to the environment from faeces originated

from cage fish production in g MT%;

3436 © 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 3433-3449
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Modelling of the carrying capacity according to
future scenarios

The phosphorus load in faeces from caged fish pro-
duction at 14.26 g MT~" fish was used to calcu-
late scenario 1 according to the values estimated
by Montanhini Neto and Ostrensky (2013, 2015).
When adopting the mean observed productivity
for the cage production system within the region,
the potential maximum fish production in each
reservoir that meets the legal occupancy limit was
estimated (scenario 2). This productivity was cal-
culated according to cages with a 4-m? surface
area and 6-m> working volume (model most com-
monly used in the region) and a mean production
of 125 kg fish m—> cycle! in 1.5 cycles year !,
which produced an approximate
280 MT ha ! year ! (only considering the area
effectively occupied by farming structures). How-

value of

ever, to increase the accuracy of the estimates, the
data were calculated within a confidence interval
range of +15% for phosphorus loads and farming
production.

In both simulated scenarios, the results obtained
for the potential nutrient load input in the eight
reservoirs were subjected to water quality mod-
elling using the parameters that most directly
interfere in the trophic state of water bodies,
which were total phosphorus and chlorophyll o.
To simulate the conditions with the highest pollu-
tion potential for caged fish production in these
reservoirs, the maximum nutrient input values
were considered under the most critical water flow
conditions. Such conditions were used to deter-
mine the individual values for the trophic state
index (TSI) calculated for each reservoir according
to the values proposed by Cunha, Calijuri and
Lamparelli (2013). The final results were presented
as maps that identified the predicted trophic states
for each simulated site with different colours.

Results and discussion

Table 1 shows the reference value used to estimate
the environmental carrying capacity for each
reservoir studied, which was obtained by applying
the model by Dillon and Rigler (1974). The impor-
tant variability of maximum acceptable phospho-
rus load input from aquaculture observed among
reservoirs is mainly explained by the annual water
renewal rate. This model gives a strong impor-
tance to the ‘flush effect’ observed in reservoirs

with a rapid passage of water. This allows, for
example, that reservoirs with smaller volumes
might accept much higher loads of phosphorus
without eutrophication risks compared with others
water bodies with much higher volume of water.
In this study, it was estimated that Salto Grande
can accept a phosphorus load 35 times bigger
than the load acceptable for Jurumirim. Although
the water volume of the first reservoir represents
less than 1% of the second one, Salto Grande can
renew the total water content 200 times per year.
On the other hand, Jurumirim takes more than
10 months to finish a complete renewal cycle.

Table 2 shows the fish production estimates
according to scenarios 1 and 2. Only two reser-
voirs (Salto Grande and Canoas 2) indicated that
the projected aquaculture parks will reach the
maximum occupancy limit of 1% of the surface of
the reservoirs (scenario 1). In the remaining reser-
voirs, the implementation potential would be lim-
ited by the estimated environmental carrying
capacity (scenario 2). At the three largest reser-
voirs (Jurumirim, Chavantes and Capivara), which
together represent 80% of the total surface of the
eight reservoirs of the Paranapanema River com-
bined, the limitations imposed by the estimated
carrying capacity decreased the area available for
implementing aquaculture parks by approximately
95% compared with the potential of scenario 1.

The combined area of all of the studied reser-
voirs totals 182 700 ha, and using 1% of this area
would assign 1827 ha (or 18.3 km?) for aquacul-
ture. However, the Interministerial Normative
Instruction No. 6 (Brazil 2004) establishes a speci-
fic ratio between the area effectively occupied by
farming structures (cages) and total area of the
park to be assigned (which should remain between
12 and 20%). This ratio is important for creating
a dilution zone within the aquaculture parks,
although it legally reduces the maximum area to
be occupied by farming structures in the reser-
voirs. In the present study, an even more conser-
vative effective occupancy of 10% was considered
as a precautionary measure.

Considering the zootechnical indices employed
for the estimations in this study, an annual pro-
duction of 513.8 thousand MT of fish could be
achieved (scenario 1). However, the annual fish
production in the second scenario would be
reduced to 98.1 thousand MT and the effective
occupancy area of the farming structures would
be reduced to 3.5 km?. Therefore, by adopting the

© 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 3433-3449 3437
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Table 2 Estimated fish production based on the environmental carrying capacity or legal occupancy of the surface area
for aquaculture purposes in the artificial reservoirs of the Paranapanema River

Maximum
phosphorus load

Carrying capacity

Production in
1% surface area

Reservoir (MT res ' year ') (kMT year )¢ (kMT year )i Limiting scenario
Jurumirim 72.75 5.1 (£0.7) 136.4 (£19.4) Carrying capacity
Chavantes 87.80 6.2 (£0.9) 112.5 (£16.0) Carrying capacity
Salto Grande 61.73 4.3 (+0.6) 3 4 (£0.5) Legislation

Canoas Il 108.01 7.6 (£1.1) 5 (+0.9) Legislation

Canoas | 90.48 6.3 (+£0.9) 7 (£1.2) Carrying capacity
Capivara 163.55 11.5 (£1.6) 162 (+£23.0) Carrying capacity
Taquarugu 298.16 20.9 (+2.9) 22.5 (+£3.2) Carrying capacity
Rosana 516.57 36.2 (+5.1) 61.9 (+8.8) Carrying capacity
All 1399.05 98.1 (+13.8) 513.8 (£73.1) Carrying capacity

*According to the model proposed by Dillon and Rigler (1974).
+Considering a phosphorus load of 14.26 g MT !
of £15% (values in parentheses).

tAccording to current legislation (Brazil 2005) and considering a mean productivity of 280 MT ha™

val of £15% (values in parentheses).

criteria that prioritize environmental safety, the
productive potential would not be higher than
20% of the potential that could be achieved from
occupying 1% of the total area of the reservoirs.
The difference in productive potential achieved in
each of the simulated scenarios shows the absolute
lack of technical criteria applied by the Brazilian
environmental legislation when considering an
indiscriminate occupancy of 1% of the aquatic
ecosystems for aquaculture.

Nevertheless, the environmental sustainability of
these reservoirs would not be completely ensured
by simply meeting the limits proposed by the cal-
culated environmental carrying capacity. As men-
the
aquaculture purposes considers a limit of up to
5 mg m > of total phosphorus from aquaculture
inputs in the calculations. However, such laws

tioned, assignment process of areas for

ignore that the water body may contain phospho-
rus levels that exceed the recommended levels or,
even worse, that the environment in question
could already be eutrophic.

Our results indicate as well-intentioned legisla-
tion can have unintended environmental conse-
quences in dynamic social-ecological aquaculture
systems, as in the case of large reservoirs in the
Paranapanema River. Thus, performing prelimi-
nary studies to diagnose the initial conditions of
the water bodies in large reservoirs is as or per-
haps more important than estimating the environ-
mental carrying capacity itself when evaluating
the implementation of new aquaculture enterprises

3438
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year ! and confidence inter-

or, as in this case, aquaculture parks. In addition
to preliminary studies, it is imperative to monitor
the water quality after implementing the enter-
prises to assess the real behaviour of the environ-
ment rather than relying on values predicted
during the design phase.

Additionally, more robust models that can esti-
mate the carrying capacity in tropical environ-
ments must be developed (Stagnitti 1997; Bolte,
Nath & Ernst 2000; Byron & Costa-Pierce 2013).
To improve the accuracy and fit of these models,
greater relevance has been given to the level of
detail of the hydrodynamic characteristics of water
bodies and more comprehensive indices have been
used, such as the TSI, which allows for more con-
sistent predictions regarding the prevention of
trophic state changes after implementing aquacul-
ture enterprises (FAO 2013). However, obtaining
accurate estimates based on mathematical mod-
elling requires that the models be calibrated using
actual data from each environment to be simu-
lated, which was performed in the present study.

Figures 2-9 show the behaviour of the TSI
along the eight reservoirs studied based on the
nutrient loads from cage fish production and scales
simulated for scenarios 1 and 2. Previous studies
classified the artificial reservoirs of the Parana-
panema River as being predominantly oligotrophic
and mesotrophic (Pagioro, Velho, Lansac-Toha,
Pereira & Nakamura 2005; Nogueira et al. 2006),
and similar conditions were observed when the
water quality model was calibrated for the present

Research, 48, 3433-3449



Aquaculture Research, 2017, 48, 3433-3449  Carrying capacity and impact of fish farming R Montanhini Neto et al.

(a)
680 000 690 000 700 000 710 000 720 000 730 000 740 000 750 000
a
] Trophic state index | S
[ oligotrophic E
[ ] Mesotrophic
[ | Eutrophic g
o [ Supereutrophic || 2
A b
A ~
\>,—-‘ g
4 -
g
il
=]
s
-a
b
=
(=]
8
g
~
o g
=
&
~
(b)
680 000 690 000 700 000 710 000 720 000 730 000 740 000 750 000
. (=]
 Scenario 2 Trophic state index | | g
[ Oligotrophic il
[ [ | Mesotrophic
. } M g jﬁ | Eutrophic °
" =]
| o jj / ; v [ Supereutrophic | | 2
vt ¥ E;‘z S % g
v < ~
S
(=]
L =
g
e
S
(=]
- e
3
~
=]
S
-2
g
~
=
3
2
™«
b

Figure 2 Graphical representation of the trophic state index simulated for scenarios 1 and 2 along the length of
the Jurumirim reservoir. The aquaculture parks proposed for each scenario are marked in red. [Colour figure can be
viewed at wileyonlinelibrary.com].
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Figure 3 Graphical representation of the trophic state index simulated for scenarios 1 and 2 along the length of
the Chavantes reservoir. The aquaculture parks proposed for each scenario are marked in red. [Colour figure can be
viewed at wileyonlinelibrary.com].
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Figure 4 Graphical representation of the trophic state index simulated for scenarios 1 and 2 along the length of
the Salto Grande reservoir. The aquaculture parks proposed for each scenario are marked in red. [Colour figure can
be viewed at wileyonlinelibrary.com].
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Figure 5 Graphical representation of the trophic state index simulated for scenarios 1 and 2 along the length of
the Canoas 2 reservoir. The aquaculture parks proposed for each scenario are marked in red. [Colour figure can be
viewed at wileyonlinelibrary.com].
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Figure 6 Graphical representation of the trophic state index simulated for scenarios 1 and 2 along the length of
the Canoas 1 reservoir. The aquaculture parks proposed for each scenario are marked in red. [Colour figure can be
viewed at wileyonlinelibrary.com].
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Figure 7 Graphical representation of the trophic state index simulated for scenarios 1 and 2 along the length of
the Capivara reservoir. The aquaculture parks proposed for each scenario are marked in red. [Colour figure can be
viewed at wileyonlinelibrary.com].
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Figure 8 Graphical representation of the trophic state index simulated for scenarios 1 and 2 along the length of
the Taquarugu reservoir. The aquaculture parks proposed for each scenario are marked in red. [Colour figure can
be viewed at wileyonlinelibrary.com].

© 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 3433-3449 3445



Carrying capacity and impact of fish farming R Montanhini Neto et al. ~ Aquaculture Research, 2017, 48, 3433-3449

(a)

310 000 320 000 330 000 340 000 350 000 360 000 370 000 380 000 390 000

Scenario 1

=]

g

=)

~

wn

~

8

(=]

]

o

~

‘ g

=

- Q

=

wn

- ~

ROS1/

=]

=

-]

<+

~

Trophic state index| £

| Mesotrophic I §

P — ~

Eutrophic

I:\ Supereutrophic 8

1 - o

[} 4 8 16 24 ~

Il I . i 3

L - - Hypereutr_oph:c 3

(b)
310 000 320 000 330 000 340 000 350 000 360 000 370 000 380 000 390 000

‘Scenario 2

=
8
'8
n
~
=]
]
=
o
~
2
=
) 8
208 ROS5 - r g
.R 2 = AROSd - .ROSZ = E
| ROS3 s “RoS1|

o
S
o
<
~
Trophic state index| 8
| Mesotrophic '8
= ~

| Eutrophic
=]
‘:| Supereutrophic g
1 4 5 16 24 i "=
s — I Hypereutrophic N

Figure 9 Graphical representation of the trophic state index simulated for scenarios 1 and 2 along the length of
the Rosana reservoir. The aquaculture parks proposed for each scenario are marked in red. [Colour figure can be
viewed at wileyonlinelibrary.com].
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study. However, based on the results of the water
quality prognosis, a high potential for trophic state
changes was observed in all of the reservoirs when
their occupancy models were based on scenario 1.

According to the simulation, the nutrient loads
generated in this scenario would cause most of the
reservoirs to be classified as eutrophic. Considering
the entire combined surface of the eight reservoirs,
approximately 75% of the area would be classified
as eutrophic, supereutrophic and even hypereu-
trophic. Four reservoirs (Canoas 2, Canoas 1,
Taquarugu and Rosana) would run the risk of
becoming completely eutrophic, and nearly the
entire length of the last two reservoirs of the cas-
cade (Taquarugu and Rosana) would be classified
as supereutrophic. This trend can be explained by
the high nutrient loads that would be supplied by
the upstream reservoirs, especially those with a
higher volume of water, and this effect has been
extensively reported in studies on pollutant loads
in rivers with artificial reservoirs arranged in cas-
cade, which occurs in the Paranapanema River
(Ouyang, Hao, Song & Zhang 2011; Xin, Yin &
Wang 2012; Nikanorov & Khoruzhaya 2014).

In scenario 2, the trophic state of the studied
reservoirs would be similar to that reported in the
scientific literature and previously assessed. How-
ever, in certain regions that are close to potential
aquaculture parks and have deficient circulation
or shallow water levels, localized risks of eutrophi-
cation would occur in areas accounting for less
than 30% of the total area of the reservoirs. How-
ever, Taquaru¢cu and Rosana would still run the
risk of becoming eutrophic because of inputs from
the Capivara reservoir, which confirms the ‘cas-
cade effect’ of effluent loads from upstream reser-
voirs to those close to the river mouth and
presents a scenario similar to that of scenario 1.

The modelling results only indicate trends
related to what would happen if the proposed
parks are implemented according to the simulated
scales and conditions. mathematical
modelling uncertainty; therefore, the
results presented here cannot be considered as
immutable or even unconditional truths (Bastin,
Cornford, Jones, Heuvelink, Pebesma, Stasch,
Nativi, Mazzetti & Williams 2013). The reliability
of the models largely depends on continuous envi-
ronmental monitoring of the target water bodies
to provide detailed information for dynamic cali-
bration and constant validation of the models
(Krapivin, Varotsos & Soldatov 2015).

However,
involves

Thus, it is recommended that the aquaculture
parks should be effectively defined and imple-
mented by applying an integrated methodology
that involves performing preliminary studies to
diagnose the initial conditions of the water bodies,
simulating scenarios involving zootechnical indices
of the fish farming activity and loads released into
the aquatic ecosystems, and performing continu-
ous monitoring of the water quality after imple-
menting the enterprises to assess the actual
behaviour of the environment rather than relying
on predictions. Thus, aquaculture parks with
higher environmental safety may be implemented,
and the degree of occupancy in the reservoirs may
be gradually increased through the continued
monitoring of the environment.

Based on these assumptions and the conserva-
tive parameters employed in the present study, it
is recommended that the establishment of defini-
tive borders, park licensing and bidding for the
aquaculture sites should be performed with
extreme caution in all of the analysed reservoirs.
In addition, more careful occupancy must be
implemented in the last three reservoirs of the
Paranapanema channel to ensure that the water
quality standards suggested by environmental leg-
islation and sustainability of the enterprises are
maintained.
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