o ey z
<@ sustainability ﬂw\p\py

Article
Hydropower Development and Fishways: A Need for
Connectivity in Rivers of the Upper Parana Basin

Sergio Makrakis 1,2,*(), AnaP. S. Bertao 1.20), Jhony F. M. Silva 1,2(5, Maristela C. Makrakis 120,
Fco. Javier Sanz-Ronda 3 and Leandro F. Celestino 1-2-*

1 Grupo de Pesquisa em Tecnologia em Ecohidraulica e Conservagio de Recursos Pesqueiros e

Hidricos—GETECH, Universidade Estadual do Oeste do Parand/ Rua da Faculdade, 645, Jd. Santa Maria,
Toledo, PR 85903-000, Brazil

Programa de Pés-graduagao em Recursos Pesqueiros e Engenharia de Pesca/ Rua da Faculdade, 645 Jd.
Santa Maria, Toledo, PR 85903-000, Brazil

3 GEA-ecohidraulica.org, Universidad de Valladolid, E.T.S.II.AA. de Palencia, Avda. Madrid, 44,

34004 Palencia, Spain

Correspondence: sergio.makrakis@unioeste.br (5.M.); le_celestino@hotmail.com (L.EC.)

check for
Received: 31 May 2019; Accepted: 3 July 2019; Published: 9 July 2019 updates

Abstract: South American rivers have become intensely affected by the construction of hydroelectric
dams that block the river’s connectivity for migratory fish species. In order to mitigate the problems
caused by dams and to reestablish connections between habitats, fishways are implemented. Fishways
are structures that aid fish in overcoming obstacles and help preserve migratory, reproductive, and
feeding routes. This study performed an inventory of all hydropower plants—present and future—in
the Upper Parand River, with the objective of identifying fishways unknown to scientific literature, as
well as the task of mapping them. By doing so, the current situation of structural connectivity via
fishways in the Upper Parana River Basin was described. Overall, 389 dams along 209 rivers were
identified; of these, only 9% (35 dams) have fishways. In addition, an alarming explosion of future
medium-sized hydropower plants was observed, with an expectation of an almost 500% increase in
relation to those existing. This data reveals a trend of reduction of free-flowing river stretches, which
are crucial habitats for Neotropical potamodromous species, and point to a deficiency in the structural
connectivity of existing hydropower dams. Furthermore, if the implementations of these expected
constructions are associated with limited connectivity as a result of the absence of fishways, the
management of fisheries and their resources in the Upper Parana River may become unsustainable.

Keywords: potamodromous fish; fish ladder; fisheries management; free-flowing rivers; Neotropical

1. Introduction

The great rivers of South America have been highly fragmented by hydroelectric dams in order to
meet an ever-growing energy demand [1]. The construction of such dams is one of many anthropic
actions which result in the greatest impact on hydrographic basins [2]. Among such impacts is the
regulation of the river flow, which alters nutrient dynamics [3], fragments the ecosystem, changes the
morphology of water bodies [4], and promotes the longitudinal imbalance of the rivers [5], which greatly
decreases biodiversity and leads to the loss of biological and genetic resources [2,6,7]. Furthermore,
this interferes in the migration of diadromous and potamodromous fish by blocking the connectivity
between feeding, reproduction, and development habitats [8].

Potamodromous fish, which migrate solely in inland waters, are severely impacted by the
fragmentation of rivers as a result of dams [9]. The Upper Parana River Basin is home to approximately
310 fish species [10], of which 15-20 are long-distance migratory species [11-13], which are popularly
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known as ‘piracema’ fish [14], and can usually migrate hundreds of kilometers to reproduce [13,15].
Fish generally migrate longitudinally in an upstream spawning movement into the main river channel,
followed by a downstream dispersion of eggs and larvae [11]. The intact longitudinal pathways are
critical for survival, as well as the lateral migration into tributaries that are often very important
for reproduction and can serve as nursery areas for larvae and young fishes [13,16,17]. Most of
these species are very important for commercial and recreational fishing and represent a source of
income and nourishment for local communities [18]. Several different management strategies, such
as stocking programs and construction of fish passes [19], have been attempted in order to improve
the sustainability of artisanal fishery and the social conditions of families who are dependent on
this resource.

Fishways are constructed in order to reestablish connectivity between upstream and downstream
areas [20-22]. By its basic definition, fishways are structures for conducting water by dissipating
energy through baffles in order to provide a safe passage for migratory fish, without causing stress,
delays, or injuries, and at a low expense of energy [21,23-25]. Fishways can be divided into (i) technical
fishways, like fish ladders; (ii) nature-like structures, like bypass channels and rock ramps; and (iii)
special-purpose structures, like elevators, fish locks, and eel passes [21,26,27]. Nature-like channels,
aside from providing connectivity for fish species, also bear the highest resemblance to the natural
habitat, due to the presence of invertebrates and macrophytes [24,28-31]. In contrast, fish ladders can
be installed in higher dams and possess a shorter length as a result of the dissipation of water energy
through baffles, consequently reducing the cost of installation [21,24,32]. Fish ladders have several
designs which vary depending on the different types of baffles (also called weirs). As a result, they are
known by different names, such as pool and weir, weir and orifice, vertical slot and Denil, and other
mixed systems which present more than one design [21,23,26].

Although several types of fish ladders have been implemented over the last three centuries [33],
fishway science is still in its infancy, especially in South America [34]. The first fish passage constructed
in Brazil was a fish ladder in the Atibaia River in 1911, at the Salto Grande Hydroelectric Dam in the
Sao Paulo State [35]. This was followed by federal law n° 794 of 1938, enforcing the use of fishways as
follows: “Dams in rivers, streams, and creeks must have, as a mandatory complement, constructions
that allow the conservation of fluvial fauna by either facilitating the passage of fish, or by installing
fish farming”. However, this federal law was subsequently revoked by law n° 221 of 1967 as a result of
its non-specificity and its enforcement of fishway construction even when not necessary. In the years
that followed, some Brazilian states began to require constructions of fishways in waters within their
boundaries, provided that the environmental agencies issue favorable technical advice. This was the
case for both the states of Sao Paulo, with law n° 9.798 of 1997, and Minas Gerais, with law n°® 12.488
of 1997.

In view of the mandatory nature of fishway implementation, combined with an absence of a
specific technological understanding of tropical species, existing fishways in South America have
followed a standard of size, hydraulic characteristics, and declivity based on fishways designed
for salmonids and other potamodromous species of temperate climates [35,36]. The morphology,
physiology, behavior, swimming capacity, and life history of Neotropical species, however, differ from
those of temperate regions [14,37—40], for which these fish ladders were originally designed. Thus,
the non-specificity of fishway projects undertaken in South America have furthered the installation
of low-efficiency systems, which have prompted an overall distrust of their functionality [41-43]. To
make matters worse, few hydroelectric enterprises perform adequate evaluations of attraction and
efficiency, as well as the necessary monitoring [44]. Attraction is a metric that evaluates the amount of
fish from a population that are able to find the fishway entrance, while efficiency is another metric that
evaluates how many fish have passed through the fishway, regarding the amount which entered into
the fishway—both metrics are generally expressed in percentages [45,46]. In addition, only a small
percentage of the resulting fishway evaluation and monitoring reports are divulged to the scientific
community [35]. This situation exacerbates the uncertainty regarding the fishways’ performance, and
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in turn becomes an argument for the closure of already constructed fishways [47,48], as well as not
implementing them at all in future projects. Nevertheless, ensuring structural connectivity, that is, the
presence of physical structures that allow the movement of organisms [49], such as fish ladders, may
be the first step in guaranteeing sustainability in fishery resources of regulated rivers [2].

Considering that the Upper Parana River Basin is the most regulated in South America [1,11],
along with the expectation of future hydropower plants, very little is actually known about the quantity,
types, and dimensions of existing fishways. This lack of information is further inhibited by the
scattering of existing data in different journals and environmental agencies—both state and federal—as
well as the difficult access to projects and installations of hydropower plants and the spatial difficulty
of visiting all of them in such a vast region. Therefore, the need for a public inventory is crucial for
understanding the current and future situation of the Upper Parana River Basin and to be able to guide
the environmental management of the river and local fishery resources. This study quantified the
hydropower dams—planned, under construction and in operation—in the Upper Parana River Basin,
identified and characterized the existing fishways, as well as summarized biologic and ecological
aspects of the migratory species in the Upper Parand River Basin.

2. Materials and Methods

The Parana River basin has an extension of 2.8 x 10® km? and covers roughly 80% of the
Parana-Paraguay River basin [11]. Also known as La Plata River basin, it includes areas of Brazil,
Argentina, Bolivia, and Paraguay (Figure 1). The Parana River is formed by the confluence of the
Paranaiba and Grande rivers and possesses important tributaries such as Tieté, Sucurit, Verde, Pardo,
Aguapei, Ivinhema, Amambeai, Iguatemi, Paranapanema, Ivai, Piquiri, and Iguacu rivers. This fluvial
system is distributed through areas of Brazil, Paraguay, and Argentina. The main trajectory of the
Parana River is roughly 4600 km in length, and the annual sediment load is estimated to be over
1.5 x 108 tons [50]. The mainstem of the Upper Parana River extends 750 km upstream of the Itaipu
Dam (Brazil-Paraguay border) and northeasterly up to the confluence of the Grande and Paranaiba
rivers [22], comprising Brazilian and Paraguayan territory. However, due to the lack of information
regarding hydroelectric power plants and their respective fishways in Paraguay, this study limits itself
to the dams located in the Upper Parana River Basin within Brazilian territory, including the Iguagu
River and its tributaries. The Upper Parana River in Brazil partly drains the states of Goias, Minas
Gerais, Mato Grosso do Sul, Sao Paulo, Parana, and Santa Catarina.

2.1. Data Collection

2.1.1. Spatial Distribution and Classification of Hydroelectric Dams

The coordinates of hydroelectric dams in operation, planned and under construction, were
obtained through the Georeferenced Information System of the Electric Sector (SIGEL—https://sigel.
aneel.gov.br/portal/home/) of the Brazilian National Hydroelectric Agency (ANEEL), accessed in May
of 2018. The data obtained was processed in the Shapefile format by the Geographical Information
System (SIG) QGIS 2.18 [51], with the World Geographical System (WGS 84).

The hydropower dams were classified into three groups, according to the guidelines set by the
ANEEL, based on the installed power (Megawatt—MW) and the area of the reservoir: (i) small-sized
(Central Geradora Hidrelétrica—CGH), installed power rated at <3 MW, divided into microgenerators,
with installed power rated at >0.075 and <3 MW [52]; (ii) medium-sized (Pequena Central Hidrelétrica
—PCH)—installed power rated at >3 MW and <30 MW, including a reservoir with an area up to
13 km? [53]; and (iii) large (Usina Hidrelétrica de Energin—UHE)—installed power rated at >30 MW [54].
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Figure 1. The Upper Parana River Basin in Brazilian territory and its main tributaries.

The geographical coordinates of the hydropower plants in operation obtained through the ANEEL
website were inserted into the Google EarthTM software and were utilized to visually inspect each
hydroelectric enterprise to verify the existence of fishways [1]. The information regarding the types of
fishways, design, construction date, and materials, were obtained through broad review of available
literature, including scientific articles, books, and reports. The origin of the information regarding
the fishways were classified into scientific sources (books and articles), reports (from environmental
agencies, hydroelectric plants, universities, as well as doctorate thesis), and visual inspection (fishways
which did not have any previous mention in the literature and were identified for the first time through
Google EarthTM). With a basis in the available data, the fishways (type and design) were categorized

according to Clay (1995), Larinier (2001), and Silva et al. (2018) [21,26,27].
2.1.3. River Connectivity

A risk map of river connectivity of the Upper Parana River Basin was constructed. For this,
the river stretches were quantified and classified in three categories: (i) blocked—river stretches

fragmented by dams without fishways; (ii) connected—river stretches dammed but connected by
fishways at dams; (iii) free-flowing river stretches—river stretches with natural flow.

started the operation in March 2019.

It was considered hydropower plants in operation, however, only in this analysis the Baixo Iguagu
Dam (large-sized), the last one of a cascade of dams along the Iguacu River, was included, which

2.1.4. Bioecological Aspects and Conservation Status of Migratory Species

migratory movements [13].

A review of the literature was conducted to summarize some biological and ecological aspects of
standard length [12,58,59], feeding [11,60,61], spawning season [12,58,61-63], habitat [12,61], and

migratory species occurring in the Upper Parana River Basin: status of conservation [55-57]; maximum
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2.2. Data Analysis

The proportions of the types of hydropower plants in operation (CGH, PCH and UHE), as well as
the proportions of fishway types were tested by the chi-square test for equal proportion, while the
proportions of fishways by type of hydropower plant were tested by the likelihood test and Fisher’s
exact test. All the analyses were performed by the PROC FREQ procedure of the SAS University
Edition 9.4 (Cary, NC, USA), with a significance level of 5%.

3. Results

3.1. Hydropower Development

Overall, ANEEL's database provided information regarding 974 hydropower plants, of which
59.2% (n = 577) are planned for construction, 0.8% (n = 8) are under construction, and 39.9% (389
plants) are in operation (Table 1).

The proportion of dams in operation was different between the types of hydroelectric power
plants (CGH, PCH, and UHE) (test for equal proportions: x> = 59.850, df = 2, p < 0.001). The proportion
of CGH in operation was 51.7% (n = 201) and was greater to the proportion of PCH and UHE, which
represented 26.2% (n = 102) and 22.1% (n = 86), respectively (Table 1). The proportions of PCH and
UHE did not differ significantly (test for equal proportions: x> = 1.361, df = 1, p = 0.243). The spatial
distribution of CGH, PCH and UHE in operation are illustrated in Figure 2.

Figure 2. Distribution map of hydropower dams in the main rivers from Upper Parana River Basin, by
type of enterprise: UHE = large, PCH = medium, and CGH = small-sized hydropower plants.
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Table 1. Number of hydropower plants planned, under construction, and in operation according

to ANEEL.
Hydropower Plant Classification Planned  Under Construction  In Operation Total
Large-sized: UHE 61 2 86 149
Medium-sized: PCH 516 6 102 623
Small-sized: CGH - - 201 201

Total 577 8 389 974

In relation to future hydropower plants, the proportion of planned PCHs was of 89.4% (n = 516)
and was greater to the proportion of planned UHEs, which represented only 10.6% (n = 61). Therefore,
the number of future PCHs (n = 516) represented a five-fold (505%) increase in relation to PCHs in
operation, whereas the number of future UHEs represented an increase of 71% (Table 1).

3.2. Fishway by Hydropower

A total number of 37 fishways were identified and distributed between 35 dams. The Engenheiro
Sérgio Motta Hydropower Plant (UHE) has two fishways—a fish ladder and an elevator, and the Sao
Joaquim (PCH) has two fish ladders (Table 2). The percentage of fishways differed between the CGH,
PCH, and UHE (likelihood ratio: x> = 32.074, df = 2, p < 0.001). The proportion of CGHs with fishways
(1.5%; n = 3) was significantly lower in relation to PCHs (Fisher’s exact test: p < 0.001), as well as UHEs
(Fisher’s exact test: p < 0.001). Nevertheless, the proportion of hydropower plants with fishways did
not differ significantly between PCHs (20.6%, n = 21) and UHEs (12.8%; n = 11) (Fisher’s exact test:
p =0.176).

3.3. Fishway Information Profile

There was no significant difference in proportion of the type of information regarding fishways,
that is, fishways without information (fishway found by visual inspection), with scientific information,
and with reports (test for equal proportions: x* = 1.523, df = 2 p = 0.469). Overall, of the 37 fishways
encountered, 35.1% (n = 13) did not possess any type of available information and were only identified
for the first time through satellite imaging (Figure 3A; Table 2). Alternatively, 40.5% of the fishways
(n = 15) displayed scientific information (articles or books) in regard to evaluation of attraction,
efficiency, or continuous monitoring. Finally, 24.3% of the fishways (n = 9) had information available
through reports, which can best be described as grey literature (Figure 3A). Of the fish passages with
available scientific information, the fish ladder at Engenheiro Sérgio Motta hydropower dam (known
as Porto Primavera, Sao Paulo State) stood out as the most studied, having been the subject of seven
published scientific articles.

3.4. Fishway Types

The proportion of fishway types varied in relation to fish ladders, elevators, and lateral system.
Fish ladders were predominant, representing 91.9% (n = 34) of all constructed fishways, while elevators
corresponded to 5.4% (n = 2), and lateral system only accounted for 2.7% (n = 1) (Figure 3B).

Of the 34 fish ladders, no information about design was found for 44.1% (n = 15), whereas for
55.9% (n = 19), some information was available. Of these 55.9%, with respect to design, 26.5% (n = 9)
were pool and weir, 23.5% (n = 8) were weir and orifice, 2.9% (n = 1) were vertical slot, and 2.9% (n = 1)
were of a mixed design (Figure 3C). Photos of the different types and designs of these fishways can be
seen in Figure Al.
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Figure 3. Origin of the information regarding encountered fishways: NO = no previous information
(first records of the transposition system), SCI = fishway with available scientific information (articles
or books), and REP = grey literature information (reports, theses, webpages) (A). Percentage of the
types of fishways found in the Upper Parand River basin: FL = fish ladder, EL = elevator, and LS =
lateral system (B). Designs of encountered fish ladders: NO = no information regarding baffle types,
PW = pool and weir, WO = weir and orifice, VS = vertical slot, and MX = mixed designs (more than
one design) (C).

3.5. History of Fishways in the Upper Parand River Basin

The fishways in the Upper Parana River Basin that possess information regarding their construction
date (n = 19) were built between 1911 and 2015 (a 104-year interval), resulting in an age mean of 47.1
years. In general, 41.1% of these (n = 8) were constructed within the last 18 years (Figure 4A), preceded
by 21% (n = 4) from 1940 to 1959, 15.8% (n = 3) from 1900 to 1919, 10.5% (n = 2) from 1980 to 1999,
5.3% (n = 1) from 1920 to 1939, and 5.3% (n = 1) from 1960 to 1979. In regard to fish ladder designs,
pool and weir was the most widely utilized until the 1950s. From the 1950s onward, what are thought
to be more efficient fish ladder designs gained popularity, predominantly weir and orifice designs
(Figure 4B). In addition, the unique fish ladder with vertical slot design was built in the 1980-99 period.
Alternatively, mixed designs such as the lateral system, Canal da Piracema, as well as elevators, were
constructed exclusively from 2000-2018 (Figure 4B).
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Figure 4. Percentage of fishways constructed per 20-year period in the Upper Parana River Basin (A).
Fishway type and fish ladder design constructed per 20-year period (B). PW = pool and weir, WO =
weir and orifice, VS = vertical slot, EL = elevator and MX = mixed system (includes fishways with
more than one design).
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Table 2. List of hydropower plants with fishways and their characteristics. FL = fish ladder, EL = elevator, LS = lateral system, NO = no information available, - = not

applicable, * = disabled fishway, e = fishway with efficiency information. Dam ID represents the spatial positioning of the dam in Figure 5.

N Dam ID Dam Name Coordinates X, Y River Fishway Year Fishway Design Baffle . References
Type Type/Material
Large-Sized—UHE
—19.989255° .
1 05 Igarapava 47 755567° Grande FLe 1999 Vertical Slot -/Concrete [64,65]
—22.939658° " . . Bottom orifice and
2 24 Canoas I _50.517983° Paranapanema FL* o 2000 Weir and Orifice notch/Concrete [48,62,66,67]
—22.939505° " . o Bottom orifice and
3 25 Canoas II 50.251990° Paranapanema FL* e 2000 Weir and Orifice notch/Concrete [48,62,66,67]
. -23.070170° .
4 26 Ourinhos 49.838412° Paranapanema FL e 2005 Pool and Weir -/Concrete [68]
- —23.154237° . - Bottom
5 28 Piraju I —49.379971° Paranapanema FL 1971 Weir and Orifice orifice/Concrete [62,69-71]
- —23.187694° . - Bottom
6 29 Piraju II 49 384466° Paranapanema FL NO Weir and Orifice orifice/Concrete [69]
~ . —20.083344° . - Bottom orifice and
7 06 Sao Domingos _53.174786° Verde FL 2015 Weir and Orifice notch/Metal [72]
Engenheiro Sérgio -
—22.483899° , . . Bottom orifice and [22,34,38,39,
8 22 Moltta (Porto _50.957212° Parana FL o 2001 Weir and Orifice notch/Concrete 73-75]
Primavera)
Engenheiro Sérgio 22 483899°
9 22 Motta (Porto ’ o Parana EL e 1999 Pipe and Gravity -/Metal [76-79]
. —52.957212
Primavera)
o Semi-natural
10 35 Itaipu Binacional 254304867 Parand LSe 2002 Vertical Slot +/Concrete, rocksand ) o g1
-54.581765 . excavated
Pool and weir
—17.388624° .
11 01 Rochedo 49 216373° Meia Ponte FL NO NO NO/NO [83]
12 12 Funil —21.144011 Grande EL 2004 Flume channel -/Metal [44,84,85]

—45.036538°
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N Dam ID Dam Name Coordinates X, Y River Fi;;l;;\;ay Year Fishway Design Type]j;/[fl::erial References
Medium-sized—PCH

13 34 Salto Maua :égg%gig: Tibagi FL 1943 Pool and Weir -/Concrete [62,69,71,86]

14 04 Salto Moraes :g:gggégg: Tijuco FLe 1951  Weir and Orifice ori ﬁf;tctco’f;re " [62,71,87]

s fmbmme st L0 0w oo 1

16 21 Corumbatai :i?gggggg: Corumbatai FL NO Pool and Weir NO/Concrete [88]

17 07 Retiro :iggggéié: Sapucai FL NO NO NO/NO [83]

18 08 Anhanguera :i%gggi 8 Sapucai FL NO NO NO/NO [83]

19 09 Palmeiras :igg?gggi: Sapucai FL NO NO NO/NO [83]

20 10 Sao Joaquim :i(;;g(l)giz Sapucai FL NO NO NO/NO [89]

21 10 Sao Joaquim :421257)2(1)3%: Sapucai FL 1911 Pool and Weir -/Concrete [69,89]

22 11 Dourados :igggig%: Sapucai FL 1926 Pool and Weir -/Concrete [69]

23 13 Itaipava :i;g;ig?éz Pardo FL 1911 Pool and Weir -/Concrete [69,71]

24 27 San Juan :i;;ggg%: Sorocaba FL NO NO NO/NO [83]

25 23 Salto Grande —22.933744° Atibaia FL 1911 Pool and Weir -/Concrete [35,83,90]

—46.896052°
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Table 2. Cont.
N Dam ID Dam Name Coordinates X, Y River Fishway Year Fishway Design Baffle . References
Type Type/Material

. —21.926500° . 1922 .
26 18 Cachoeira de Emas 47 366357° Mogi-Guagu FL e 1943 Pool and Weir -/Concrete [71,91-93]

. —22.379299° . .
27 20 Mogi-Guagu —46.900892° Mogi-Guagu FL NO Pool and Weir -/Concrete [83,94]

- , —21.938628° N g
28 19 Sao José 46.816218° Jaguari Mirim FL NO NO NO [83]
Cachoeira Pogo —24.047850° [
29 33 Preto II 49 457784° Ttararé FL NO NO NO [83]
Cachoeira Pogo —24.036877° [
30 32 Preto I —49.462776° Itararé FL NO NO NO [83]
. —17.943613°
31 03 Jatai _51.726355° Claro FL NO NO NO [83]
. —-17.725705° ~
32 02 Ypé _50.451810° Verdao FL NO NO NO [83]
—21.847628° igg Mixed system:
33 15 Gaviao-Peixoto ’ o Jacaré-Guagu FL Pool and weir and  -/Concrete and rocks [43,95]
—48.489485 1995
2007 excavated rock

- —21.895113° .

34 16 Capao Preto 47 814506° Quilombo FL NO NO NO/NO [83,96]
Small-sized—CGH
. —21.951352° . . -
35 17 Quatiara 50.929426° Do Peixe FL 1949 Weir and Orifice Notch/concrete [69]
o —23.327529°

36 30 Santa Adélia 47 768980° Sorocaba FL NO NO NO/NO [83]
37 31 Do Tiinel ~23.414886 Laranjinha FL NO NO NO/NO [83]

—50.452437°
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From all 37 fishways found, 24.3% (n = 9) have some kind of information regarding efficiency,
while only 5.4% (n = 2) were rebuilt or structurally modified to improve their efficiency. The first to
undergo modifications/reconstruction was the Cachoeira das Emas fish ladder in the Mogi-Guagu
River, Sao Paulo State, built in 1922 and rebuilt in 1943 (Table 2). Additionally, the Gavido-Peixoto fish
ladder in the Jacaré-Guagu River was built in 1913 and was rebuilt in 1987, 1995, and 2007 (Table 2).

3.6. Structural Connectivity by Fishways

Regarding all the hydropower plants currently in operation in the Upper Parana River Basin
(n = 389), only 9% (n = 35) have some type of fishway to provide structural connectivity (Figure 5).
Furthermore, at least two fish ladders are inactive, both are fish ladders in the Paranapanema River at
the Canoas I and Il dams (Table 2).

== With fishway

== \\ithout fishway

F'aranap an
& River 1 ¢
; o
3
3

0 100
L 1 |

Figure 5. Distribution of hydropower dams in the main rivers of the Parana River Basin. Black dashes
indicate dams without fishways, and red dashes indicate dams with fishways. Numbers within the red
circles represent the dam ID with fishways and can be found in Table 2.

The Upper Parand River Basin is composed of a fluvial network that extends through 154,608 km,
where 209 rivers (32,490.4 km) of this network have at least one hydropower dam, which corresponds
to 0.0119 dam km~!. However, only 10% (n = 21) of these rivers have some type of fishway to provide
structural connectivity (Figure 6). The main water courses of the Upper Parana River Basin are
composed of a 31,454 km river network, where only 9% (2788 km) are connected by fishways, 48%
(15,187 km) are blocked, and 43% (13,598 km) are free-flowing (Figure 6).
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Figure 6. Risk map of river connectivity in the Upper Parana Basin illustrating hydropower dams and
the stretches of rivers: blocked, connected by fishways, and free-flowing. The circles indicate disabled
fishways, and the asterisk indicates Baixo Iguacu Dam.

The Paranapanema and Sapucai rivers present the highest number of dams with fishways (n = 5),
followed by the Grande, Itararé, Parana, Pardo, Sorocaba, and Mogi-Guagcu rivers (n = 2 each river),
while the other rivers have only one dam with a transposition system (Table 3).

Within a geopolitical distribution, 71.4% of dams with fishways (n = 25) reside within the state of
Sao Paulo, followed by the states of Minas Gerais, Goias, and Parana, with 8.6% (n = 3) each, and the
state of Mato Grosso do Sul with 2.9% (n = 1) (Table 3).
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Table 3. Rivers of the Upper Parana Basin with fishways and their respective length, slope, quantities of
dams per river, dams with fishways, and the percentage of dams that provide connectivity via fishway.
Dam location corresponds to the state in which the dam is located. * Indicates that the river flows on
the border of a neighboring state, but the dam with the fishway follows the legislation of the state
marked by the asterisk. # Indicates a fishway in each state.

Number of

River River Number Dams per % of Dams
N River Length Slope of Dams . . with Fishway Dam Location (State)
(km) (%) per River RIYEI‘ with per River
Fishway
1 Atibaia 181.5 0.23 2 1 50.0 Sao Paulo
2 Claro 353.8 0.14 4 1 25.0 Goids
3 Corumbatai 84.7 0.29 1 1 100.0 Sao Paulo
4 Peixe 92.1 1.01 1 1 100.0 Sao Paulo
5 Grande 1156.9 0.08 12 2 16.7 Minas Gerais *
6 ITtararé 197.8 0.21 2 2 100.0 Sao Paulo
7 Jacaré-Guacu 171.7 0.21 2 1 50.0 Sao Paulo
8 Jaguari-mirim 98.3 0.21 2 1 50.0 Sao Paulo
9 Laranjinha 257.8 0.26 1 1 100.0 Parana
10 Meia Ponte 434.9 0.16 1 1 100.0 Goids
11 Mogi-Guagu 406.1 0.24 6 2 33.3 Sao Paulo
12 Parana 802.4 0.02 4 2 50.0 Sao Paulo and Parana#
13 Paranapanema 718.3 0.08 11 5 45.5 Sao Paulo *
14 Pardo 481.0 0.18 7 2 28.6 Sao Paulo
15 Quilombo 35.7 0.56 1 1 100.0 Sao Paulo
16 Sapucai 305.8 0.17 5 5 100.0 Sao Paulo
17 Sorocaba 204.1 0.19 5 2 40.0 Sao Paulo
18 Tibagi 336.8 0.11 2 1 50.0 Parana
19 Tijuco 274.8 0.15 2 1 50.0 Minas Gerais
20 Verdao 384.3 0.15 1 1 100.0 Goias
21 Verde 386.3 0.07 3 1 33.3 Mato Grosso do Sul
Total 7365.1 - 75 35 46.7 -

3.7. Bioecological Aspects and Conservation Status of Migratory Species

Eighteen migratory fish species are listed in Table 4, which occur in the Upper Parana River
Basin. Some species are rare in this region, such as Salminus hilarii, Steindachneridion scriptum and
Zungaro jahu. Regarding the status of conservation, six species are threatened, among them one near
threatened, NT, (Pseudoplatystoma corruscans); two vulnerable, VU, (Salminus brasiliensis, Rhinelepis
aspera); and three endangered species, EN, (Brycon orbignyanus, S. scriptum and Z. jahu). However,
B. orbignyanus is also classified as critically endangered, CR, in the State of Sao Paulo, Brazil. The
migratory fish are medium and large-sized species (characiformes, catfish and armored catfish) and
exhibit varied feeding, with short reproductive periods (ranging from two to four months) between
October and March. Most species are restricted to stretches of free-flowing rivers (FFRS) of dams, in
the mainstem and/or tributaries, while some species also inhabit reservoir-dammed areas (Prochilodus
lineatus, Pimelodus maculatus, Pinirampus pirinampu, Pterodoras granulosus, and Rhaphiodon vulpinus).
Migratory species move longitudinally in the mainstem river, upstream and/or downstream, as well as
most species perform lateral movements in dam-free tributaries.

Particularly in the Lower Iguacu River, upstream of the Iguagu Falls, there is an endemic and
endangered species, and possibly migratory, Steindachneridion melanodermatum, similarly to S. scriptum.
This species is restricted to a river stretch of 190 km, dam-free, and its knowledge is still limited.
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Table 4. Migratory fish species in the Upper Parana River Basin. CR = critically endangered, EN = endangered, VU = vulnerable, NT = near threatened, maximum
standard length (SL), FERS = free-flowing river stretches of dam, RES = reservoir, LON = longitudinal, UP = upstream, DO = downstream, LAT = lateral, * = rare

species, | = MMA (2014) [56]; 2 = Sao Paulo (2018) [55], 3 = Abilhoa & Duboc (2004) [57].

Family and Species Common Name Status of Conservation  SL (cm) Feeding Spawning Season Habitat Migratory Movements
CHARACIFORMES
Anostomidae
Megaleporinus obtusidens Piapara 51.7 Omnivorous Dec-Jan FFRS LON-UP
Megaleporinus piavussu Piapara 40.0 Omnivorous Nov-Jan FFRS
Megaleporinus macrocephalus Piavugu 50.0 Omnivorous - FFRS
Bryconidae
Brycon orbignyanus Piracanjuba EN!, CR? 62.5 Insectivorous Oct-Jan FFRS LONG-UP
Salminus brasiliensis Dourado Vs 85.9 Piscivorous Oct-Jan FFRS LON-UPDO, LAT
Salminus hilarii* Tabarana 34.0 Piscivorous Nov-Jan FFRS
Cynodontidae
Rhaphiodon vulpinus Dourado-cachorro 78.0 Piscivorous Out-Jan FFRS, RES -
Prochilodontidae
Prochilodus lineatus Curimba 54.2 Iliophagous Oct-Jan FFRS, RES LON-UPDO, LAT
Serrasalmidae
Piaractus mesopotamicus Pacu 52.6 Omnivorous Oct-Jan FFRS LON-UP, LAT
SILURIFORMES
Doradidae
Pterodoras granulosus Armado 63.5 Omnivorous Jan-Mar FFRS, RES LON-UPDO, LAT
Rhinelepis aspera Cascudo-preto vus 49.0 Iliophagous Oct-Jan FFRS
Pimelodidae
Hemisorubim platyrhynchos Jurupoca 51.4 Piscivorous Dec-Jan FFRS LON-UP
Pimelodus maculatus Mandi amarelo 36.0 Omnivorous Nov-Jan FFRS, RES LON-UPDO, LAT
Pinirampus pirinampu Barbado 68.0 Piscivorous Dec-Jan FERS, RES LON-UPDO, LAT
Pseudoplatystoma corruscans Pintado NT? 140.0 Piscivorous Nov-Feb FERS LON-UP, LAT
Sorubim lima Jurupensem 60.5 Piscivorous Nov-Dec FFRS
Steindachneridion scriptum* Surubim EN! 64.0 Piscivorous Dec-Jan FFRS
Zungaro jahu* Jaa EN? 83.0 Piscivorous Dec-Feb FFRS
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4. Discussion

The fragmentation of rivers caused by dams is one of the leading factors of population decline in
fish species [4]. Despite the negative effects on migratory and resident fish species, there are still ongoing
plans to develop new hydropower dams, mainly in regions of high hydropower potential that have yet
been unexploited, much like the basins of the Congo, Mekong, and Amazon rivers [97,98]. Therefore,
the future of these free-flowing stretches of the Upper Parana River Basin may be compromised, due to
an expected 505% increase in medium-sized dams (PCHSs). It is possible that this elevated number
of medium-sized dams is the result of an exhaustion of the great hydraulic potentials caused by the
construction of large-sized hydropower plants (UHEs) within the last 50 years [1]. This scenario
jeopardizes migratory fish to an even greater risk than they face with existing dams.

Overall, 389 hydropower dams were identified, and only 35 (9%) of them have fishways in the
Brazilian Upper Parana Basin (some dams have more than one fishway, totaling 37 fishways overall).
Although 37 fishways is a proportionally small number (9.5%) in comparison to 389 dams, the number
of fishways encountered in this study alone was greater than the 25 fishways listed in all South America
according to the most recent fishway inventory performed by Lira et al. [44]. These authors, however,
only utilized information derived from scientific articles. By contrast, the results encountered in this
study were derived from the integration of different research methods, such as scientific literature,
grey literature, and satellite imaging, which provided the description of 13 new fishways in the Upper
Parana River Basin.

The number of fishways in this study was much higher in the state of Sao Paulo than in the five
other Brazilian states drained by the Upper Parana River. This fact may be related to current state
legislation which requires the construction of fishways, when the position of the state environmental
agency is favorable [99]. The state with the second largest number of fishways was Minas Gerais,
which also has legislation regarding fishway implementation [100], while the other states that are part
of Upper Parana Basin do not have specific legislation regarding fishways. Despite some Brazilian
states possessing legislation that describes the implementation of fishways whenever pertinent [99,100],
there is no legislation that enforces the evaluation or monitoring of these structures. Once built,
the evaluation and monitoring of the fishway depends entirely on requests from the environmental
agencies and how it affects their granting of operating licenses for each hydropower plant. Otherwise,
the necessary evaluation and monitoring will depend on the good faith of the developers. It is
important to remember that the mere existence of a fishway will not guarantee that it will function as
desired, especially when considering that the observed efficiency of existing structures hardly ever
surpasses 30%.

This reality certainly explains the absence of scientific literature regarding fishways in the region
this study took place. For the most part, fishways with scientific information are a result of partnerships
with the hydropower companies and universities which utilize these fishways as a subject of study [44].
This is the case of the fish ladder at Engenheiro Sérgio Motta Hydropower Plant (Porto Primavera, SP),
which is the subject of the highest number of published scientific articles [34,38,39,73-75], followed
by Itaipu Binacional—Canal da Piracema [41,80-82], Canoas I and II [48,66], but it is also the reality
of other fishways in the Tocantins River, Amazon Basin [101-103]. Many fishways in South America
that have been evaluated are deemed selective or inefficient [41,80,104,105], and despite efficiency
problems being commonplace, only two fishways have been modified or reconstructed in an aim to
improve their efficiency, as were the cases of the Cachoeira das Emas [71,91] and the Gaviao-Peixoto
fish ladders [43,95].
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During the data collection for this study, there was a predominance of fish ladders in relation
to other types of fishways (elevators and lateral system). The small number of recorded elevators
in this study could be a result of negative experiences with this fishway type in South American
rivers. Evaluations conducted in some elevators showed low biomass transposition, high operational
cost, and electromechanical problems [42,78,79]. Furthermore, the transposition of fish in this system
is unidirectional (from downstream to upstream), not allowing the return of fish from upstream to
downstream [106]. These factors may have contributed to the non-installation of this type of fishway
in the other dams.

The lateral system found in this study, the Canal da Piracema, located at the Itaipu Dam, is
more than 10 km long, and is considered the longest fishway in the world, comprising different
designs such as semi-natural, vertical slot, and pool and weir [80,82]. Nature-like systems possess
characteristics similar to those found in nature, facilitating the passage of fish, as they can offer habitats
for aquatic organisms [31] and provide restored environments when compared to technical fishways [28].
Additionally, in some cases, nature-like systems and technical fishways can be favored over other
structures such as elevators and fish locks, as they may allow for bidirectional connectivity [22,29].
A large part of fish ladders constructed in the Upper Parand River until 1960 were of pool and weir
design, and although they are encountered in a much higher frequency, they are considered to be fairly
selective, as they favor jumper fish and limit the passage of fish which swim at the bottom [24,107].
Later, however, more adequate designs were implemented, such as weir and orifice and vertical slot,
which permit the passages of benthic as well as pelagic fish species.

Fishways should obligatorily be implemented when: (i) there are native migratory species that
require passage through the area where the axis of the dam is located; (ii) there is no impassable natural
barrier that separates habitats prior to the construction of the dam (e.g., waterfalls); (iii) migratory
species present a spatial distribution in both stretches that are to be fragmented by the dam, that is,
where gene flow is present; and (iv) there are habitats favorable for spawning upstream from the axis
of the future dam [108]. It is very likely that many of the 354 dams without fishways in the Upper
Parand River Basin would fit these four criteria proposed by Makrakis et al. [108], which would justify
the implementation of fishways. Considering that the majority of hydropower dams do not permit a
connection to the stretch of river blocked by the dam, it can be assumed that vast stretches have been
highly fragmented, and consequently, gene flow in the Upper Parana River has been compromised.
Rivers which are prominently inhabited by migratory species are considerably fragmented, such as the
Grande River, which hosts 12 dams, and only 2 of them (16.7%) provide fishways; the Pardo River,
with 2 dams (28.6%); the Mogi-Guagu River with 2 dams (33.2%); and the Paranapanema, a large
tributary which spans roughly 1,000 km, with only 5 dams (45.5%) (Table 3). The Paranapanema
River is especially notable, as the Rosana Hydropower Plant, which does not offer a fishway, is 25 km
from where it meets the Parana River, thereby severely hindering connectivity with the mainstream.
Studies have shown that populations of long-distance migratory species in this tributary have been
reduced [109], and this fact may be associated with the lack of connectivity at Rosana Dam.

New dams are expected and they could drastically reduce the number of free-flowing stretches,
which are important areas for the maintenance of potamodromous species [110]. In the Parana River
mainstem, the preservation of the free-flowing river stretches, the floodplain of Upper Parana River,
which extends about 230 km from the Guaira municipality up to downstream of the Porto Primavera
Dam, is essential for the maintenance of fish diversity (Figure 6). Regarding the main tributaries in the
Upper Parand River Basin, notably the Aguapei, Ivinhema, Iguatemi, Ivai and Piquiri and Capanema
(a tributary of Iguacu River) rivers are completely free-flowing rivers and must be preserved (Figure 6).
Additionally, other rivers that are partially dammed and have long free-flowing stretches require
special attention because they are important areas of spawning and nursery for migratory fish species,
e.g., the Pardo, Verde and Lower Iguagu rivers [17,110-112].
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The role of fishways in connectivity for some long-distance migratory species in Neotropical rivers
has been widely studied, and its efficacy has been proven, as was the case of the Porto Primavera fish
ladder [17,22,34,39,73,74,113]. A long period of monitoring the Porto Primavera fish ladder has shown
that the fish ladder can provide bidirectional connectivity for some fish species, such as Prochilodus
lineatus [22] and Megaleporinus obtusidens [34], and the results of the connectivity have been corroborated
with the maintenance of P. lineatus gene flow in the whole Upper Parand Basin [113]. In this sense,
it is fundamental that hydropower plants meet the necessary requirements [108], and should seek
the installation of fishways, especially fish ladders, which allow for the voluntary and bidirectional
passage of fish species [22].

This study conducted a data survey, a revision, and an update to technical scientific information
of existing fishways in the Upper Parana River Basin within Brazilian borders. Thus, hydropower
plants, both current and future, in attending to the requirements of implementation, must enable the
connectivity of critical habitats to migratory species via fish ladders. The designs of these fish ladders
must meet the biological demands related to the behaviors and swimming capabilities of Neotropical
migratory fish species. Although fish ladders are not a panacea to solve the environmental distresses
caused by impoundments, they can mitigate impacts [22]. A feasible implementation with adequate
designs of fish ladders in hydropower dams of the Upper Parana River Basin is one of the fundamental
requisites for the viability of maintaining connectivity, and therefore, the conservation of Neotropical
long-distance migratory species.
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Appendix A

Figure A1. Weir and orifice fish ladder constructed in metal at the UHE Sao Domingos—Photo: [61]
(A). Pool and weir fish ladder constructed in the Cachoeira das Emas PCH—Photo: [82] (B). Pool and
weir fish ladder constructed at the Sao Joaquim PCH—Photo: [102] (C). Weir and orifice fish ladder of
the Canoas I UHE, without water—Photo: [58] (D). Weir and orifice ladder of the Canoas Il UHE with
water—Photo: [103] (E). lateral system (Canal da Piracema) of ITAIPU without water—Photo: Leandro
F. Celestino (F). Example of a mixed system (Canal da Piracema) of ITAIPU with water—Photo: [104]
(G). Weir and orifice fish ladder of the Engenheiro Sérgio Motta UHE without water—Photo: Leandro
F. Celestino (H). Weir and orifice fish ladder of the Engenheiro Sérgio Motta with water—Photo:
Leandro F. Celestino (I). Elevator of Engenheiro Sérgio Motta UHE—Photo: Leandro F. Celestino
(J)- Example of a vertical slot at Igarapava UHE—Photo: [105] (K). Pool and weir as part of a mixed
ladder at Galvao-Peixoto PCH—Photo: [106] (L), Pool and weir fish ladder constructed at Salto Grande
PCH—Photo: [107] (M).
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