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Tropical river basins have experienced dramatically increased hydropower development
over the last 20 years. These alterations have the potential to cause changes in hydrologic
and ecologic systems. One heavily impacted system is the Upper Paraguay River Basin,
which feeds the Pantanal wetland. The Pantanal is a Ramsar Heritage site and is one
of the world’s largest freshwater wetlands. Over the past 20 years, the number of
hydropower facilities in the Upper Paraguay River Basin has more than doubled. This
paper uses the Indicators of Hydrologic Alteration (IHA) method to assess the impact of
24 of these dams on the hydrologic regime over 20 years (10 years before and 10 years
after dam installation) and proposes a method to disentangle the effects of dams from
other drivers of hydrologic change using undammed “control” rivers. While most of these
dams are small, run-of-the-river systems, each dam significantly altered at least one of
the 33 hydrologic indicators assessed. Across all studied dams, 88 of the 256 calculated
indicators changed significantly, causing changes of 5-40%, compared to undammed
reaches. These changes were most common in indicators that quantify the frequency
and duration of high and low pulses, along with those for the rate and frequency of
hydrologic changes. Importantly, the flow regime in several undammed reaches also
showed significant alterations, likely due to climate and land-use changes, supporting
the need for measurements in representative control systems when attributing causes
to observed change. Basin-wide hydrologic changes (in both dammed and undammed
rivers) have the potential to fundamentally alter the hydrology, sediment patterns, and
ecosystem of the Pantanal wetland. The proposed refinement of the IHA methods reveals
crucial differences between dam-induced alteration and those assigned to other drivers
of change; these need to be better understood for more efficient management of current
hydropower plants or the implementation of future dams.

Keywords: hydrologic alteration, IHA, Upper Paraguay Basin, hydropower plants, dams, rivers, Pantanal, Brazil

INTRODUCTION

Growing electricity demand is a major global challenge as the need to find efficient and
sustainable energy sources increases (International Energy Agency - IEA, 2019). Globally,
total renewable power capacity more than doubled in the decade 2007-2017 (REN21, 2018),
with a recent resurgence in focus on hydropower, especially in the developing tropics
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(Zarfl et al, 2015, Winemiller et al, 2016). Although
hydroelectric energy is considered a source of “clean” energy
(Newell et al., 2019), there are myriad environmental and social
impacts related to dam operations (e.g., Fearnside, 2016; Lima
et al., 2016; Latrubesse et al., 2017; Athayde et al., 2019) that
must be evaluated when considering the true costs and benefits
of hydropower. One critical factor is how dam operation and
location alter the hydrological dynamics in the basins where
impoundments are located (e.g., Magilligan and Nislow, 2005;
Poff and Zimmerman, 2010).

Brazil, in particular, has an energy matrix strongly
concentrated on hydroelectricity, with ~65% of its energy
generated by hydropower plants!. Country-wide, there are 639
hydropower plants, including 422 small hydroelectric power
plants referred to as PCH in Brazil (defined as having production
potential between 5 and 30 MW and reservoirs with a surface
area smaller than 3 km?) and 217 hydroelectric facilities referred
to as UHE (defined as having a capacity >30 MW in operation).
Over 40% of the operating hydropower plants are localized in
the Brazilian Southeast and West Central regions, while planned
facilities, mainly PCH (>90%) will be built in the West Central
and North regions. In the Upper Paraguay Basin, where the
Pantanal is found, there are 57 operating hydropower plants, of
which 6 are UHE and 51 PCH (only 28 PCH with available data).
Eight more hydropower plants are in construction or soon to be
constructed!. An additional 80 hydropower plants are projected
or planned. In 2008, there were 39 operating hydropower plants
in the Upper Paraguay River Basin (Girard, 2011).

In the Upper Paraguay basin, dams are not usually built to
divert water for irrigation purposes. Dams are constructed to
provide electrical energy. A notable exception was the Manso
dam, which was built for hydropower generation but as well to
regulate droughts and flood downstream in the city of Cuiabd
(Zeilhofer and Moura, 2009). This does not mean that reservoirs
are not used by farmers. They do indeed use the reservoir for
irrigation and also to provide drinking water for cattle, which
is one of the priorities usage of water recognized by Brazilian
water legislation. Consumption uses in the northern part of the
basin remove 7.0% (27.4 m?>/s) of the minimum flow of seven
consecutive days, of which 44.0% is used for irrigation and
19.7% by animals (Agéncia Nacional de Aguas - ANA, 2018).
Withdrawals directly from reservoirs correspond to <0.01%
of the available flow. Thus, despite the scenario of increased
water withdrawal in the basin, these uses can be considered
insignificant for changes in the flow regime on a daily scale.

Currently, many dams are constructed on the same river, one
downstream of another, in cascade. Dams on the Jauru or the
Juba rivers provide a good example (Figure 1). These cascades of
dams can be all small hydroelectrical facilities (PCH), like in the
Santana case, or include one or more large dams (UHE) like in
the Juba case. Unlike the larger dams (UHE), small dams cannot
control the seasonal riverine flow regime and are considered as

! Agéncia Nacional de Energia Elétrica — ANEEL (2020a) Sistema de Informagdes
de Geragdo da ANELL SIGA - Empreendimentos por Sub-bacia. https://clck.ru/
NpGrX [Accessed June 6, 2020].

run-of-the-river as they canalize a portion of a river, usually with
little or no impoundment.

If hydropower development plans are fully implemented,
about 40% of the flow to the Pantanal would go through one
or more hydropower plants in the future (Souza Filho, 2013),
which could significantly change the ecological dynamics of the
Pantanal, altering not only the hydrology but also the thermal,
nutrient, sediment and water chemistry regimes, geomorphology,
and ecology (Olden and Naiman, 2010; Gao et al., 2012). Specific
impacts resulting from impoundments include the reduction
of aquatic and terrestrial productivity within the flooded areas
(Burford et al., 2011; Schindler and Smits, 2017); instability of
river channels (Brooks et al., 2012); reduction of available habitats
and landscape alteration (Miranda et al., 2015; Aguiar et al,
2016); reduced connectivity between the river and the riparian
zone; disturbance of hydrological regime (Stevaux et al., 2012);
and changes in water quality (Fantin-Cruz et al., 2016; Silva et al.,
2019).

Most of the recent facilities in the Upper Paraguay basin are
small hydropower plants due to current government incentive
policies. However, according to the World Comission on Dams
- WCD (2000), small and medium-sized hydropower plants
have the potential to modify vital ecosystem functions and
affect water security in similar ways as large projects. The
operation of small hydropower was considered to have minimal
environmental impacts because they do not typically involve
water storage and diversion (Small Hydro Energy Efficient
Promotion Campaign Action - SHERPA, 2010; Werthessen,
2014). However, small dams can have large impacts, especially
relative to their production capacity (Timpe and Kaplan, 2017);
this is particularly troubling given their accelerating, widespread,
and largely unregulated expansion both globally (Couto and
Olden, 2018) and in Brazil (Athayde et al., 2019; Campos et al.,
2020).

Understanding dam-induced changes to the flow regime in
the Upper Paraguay River Basin is of regional and international
relevance, as the Pantanal, a vast floodplain wetland, is
considered to be one of the most diverse terrestrial biomes
in the world. The Pantanal is a UNESCO World Heritage
Site (Junk and Cunha, 2005), and the ecosystem produces
environmental services of great economic value to the region,
including maintenance of regional microclimates, regulation of
river discharge, fishing, native pasture, habitat for threatened
species, and wintering ground for migratory species (Wantzen
et al,, 2008; Tomas et al., 2019; Campos et al., 2020). The
provision of these services depends on the flood pulse from
upstream regions which delivers nutrients, sediments, fauna,
and plant propagules to the floodplain and maintains large
areas flooded for long periods (Girard et al, 2010). This
natural behavior of flood-pulsed rivers conditions multiple
ecological processes in the river-floodplain system, including
the richness, abundance, and distribution of fauna, flora, and
human activities in the region (Junk et al., 1989; Oliveira et al,,
2019; Silveira et al., 2020). Constructed and planned dams in
the Upper Paraguay Basin have the potential to alter nutrient
cycling, sedimentation processes downstream, and the flood
pulse (Ivory et al., 2019). Other potential dam impacts in the
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FIGURE 1 | Dams on the river feeding the Pantanal. The upper left inset shows the Pantanal extent (yellow area) in the Upper Paraguay Basin (UPB—green area) in
South America. The lower left inset shows the Brazilian Pantanal (yellow area) in the Brazilian portion of the UPB (green area) in the Brazilian States of Mato Grosso
and Mato Grosso do Sul. The main figure shows the study area: the Paraguay river (red), the dammed (blue) and undammed or control rivers (yellow), of the Brazilian
UPB (green shaded area) flowing into the Brazilian Pantanal wetland (yellow shaded area) and hydroelectric power plants (<30 MW: triangles; > 30 MW: stars), control

stations (squares), and fluviometric stations (circles).

Pantanal floodplain are blocking fish migration routes (Campos
et al., 2020) and thus reducing fisheries production; progressive
water loss, especially in permanent water bodies, which is
likely to provoke changes in the composition and structure
of their biological assemblages (Silio-Calzada et al., 2017); and
repercussions for the livelihoods of local communities who
depend on fishing and the collection of other natural resources
(Schulz et al., 2019).

Many studies have been carried out to evaluate the
ecohydrological consequences of dam construction and
operation (Costigan and Daniels, 2012). More than 170
hydrological indices have been developed to identify the various
components of the flow regime and assess their contributions to
the ecology of rivers (Olden and Poff, 2003). To assess hydrologic
alterations in aquatic ecosystems, Richter et al. (1996) proposed
a method for evaluating 33 different indicators of the flow
regime, called Indicators of Hydrologic Alteration (IHA). This
method has been widely used all over the world (Richter et al.,
1996, 1997; Magilligan and Nislow, 2005; Rocha, 2010; Li and
Qiu, 2016; Zhang et al., 2016; Sabino, 2017; Timpe and Kaplan,
2017). The type and magnitude of dam-induced hydrologic
change found across these studies vary greatly as a function of
climate, geography, dam type, and reservoir operation protocols,
suggesting that regional analyses are needed to characterize
relevant aspects of flow alteration in specific areas.

Environmental impact assessments commonly compare post-
impact outcomes with what “would have happened” if the

impact had not occurred (referred to as the “counterfactual”)
(Valle and Kaplan, 2019). A common approach for testing the
counterfactual is to compare variables of interest before and after
the impact of a dam under the assumption that the counterfactual
would be similar to the pre-impact observations. However, this
assumes stationarity of all other relevant drivers. Multiple studies
have used his before/after approach to quantify how dams alter
riverine hydrology (e.g., Forsberg et al., 2017; Sabo et al., 2017;
Gierszewski et al., 2020) despite this limitation. Stationarity is
assumed by hydrologic indicator methods, including IHA, but
this assumption may not be valid when other variables (e.g.,
climate, land use, and management regimes) are dynamic or
directional, which can be the case when assessing long-term
hydrological trends (Milly et al., 2008; Salas and Obeysekera,
2014).

Given this limitation, we sought to explicitly adjust for other
drivers of change to quantify impacts that are related to the
dam, rather than other changes such as land use or climate
(Fantin-Cruz et al., 2015). This was accomplished by comparing
flow variation in rivers impacted by hydropower plants to flow
variation in undammed rivers, which were used as controls (see
Singer, 2007; Rheinheimer and Viers, 2015; Meitzen, 2016).

The overarching goal of our study was to quantify the effects of
hydropower plants on the hydrological regimes of rivers feeding
the Pantanal. We used the IHA (Richter et al., 1996) to assess how
the construction of dams changed the hydrological parameters in
the dammed rivers. We then identified which IHA parameters
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were most affected by hydropower plant operation in the Upper
Paraguay River Basin.

MATERIALS AND METHODS
Study Area

The study area encompasses the portion of the Upper Paraguay
River Basin within the State of Mato Grosso (Figure 1). The
Upper Paraguay River Basin has a humid tropical climate, with a
well-defined rainy season between October and March and a dry
season between April and September. Mean annual precipitation
varies between 800 and 2,000 mm, with an average of 1,368
mm/year (Agéncia Nacional de Aguas - ANA, 2018). The Upper
Paraguay River Basin comprises a drainage area of ~600,000 km?
(Bravo et al., 2012), with the Brazilian portion totaling 362,380
km®. Forty-eight percent of the Brazilian basin is within the
State of Mato Grosso with the remainder in the State of Mato
Grosso do Sul (Instituto Brasileiro de Geografia e Estatistica —
IBGE, 2016). About 150,000 km?* of the Brazilian portion of the
Upper Paraguay River Basin is classified as floodplains, where
the Pantanal is located, and the rest is described as the upper
plateau (Bergier et al., 2018) (Figure 1). The plateau region has
an average altitude above 200 m and a maximum elevation of
1,400 m in the eastern portion of the basin with well-defined and
convergent drainage (Agéncia Nacional de Aguas - ANA, 2018).
The Mato Grosso upper plateau is considered an important
region for the Pantanal supply since the rivers that arise in this
portion of the Upper Paraguay River Basin contribute more than
two-thirds of the average annual flow into the Pantanal (Girard,
2011). Dams are built in the plateau region, and most of the
dams in this study are located in the upper half of the plateau
region closer to river headwaters where gradients are generally
steeper. Notable exceptions are the Itiquira and Ponte de Pedra
large hydropower plants built, respectively, on the Itiquira and
Correntes rivers which are located in the lower half of the upper
plateau region (Figure 1). Note that The Pantanal is fed by the
upper plateau rivers. It has an average altitude of 80-150 m
and is characterized by an intricate drainage system of large
lakes, divergent watercourses, and areas of seasonal drainage
and flooding.

Hydropower Plants, Dammed, and

Undammed Rivers Gage Stations

The initial goal of the study was to use all hydropower plants
in the study area, but many did not have sufficient flow data
for THA analysis. The hydropower plants retained for analysis
were selected according to the extent of the available fluviometric
record before and after dam construction in monitoring stations
located down-river of the dam or dam cascade. Ideally,
monitoring flow stations downstream of the hydropower plants
should have at least 10 years of data available before and after
the operational start dates (Richter et al., 1997). The Cuiaba
(6628000) and Sao Lourengo (66400000) monitoring stations did
not meet this requirement for the post-operation time series,
as the dams were recently built (Table 1). However, the length
of record required to support IHA analysis in the tropics vary
widely, as low as 2-7 years for rivers with strongly repeated

seasonality (Timpe and Kaplan, 2017). These dams were thus
included as they had 7 and 9 years of post-operation fluviometric
data, respectively.

Sufficient hydrologic information was available for 24
operational hydropower plants in the Mato Grosso State Upper
Paraguay River Basin (Table 1). Several of these are in cascades of
dams on the same river, such as dams on the Juba (4 hydropower
plants), Jauru (6 hydropower plants), and Santana (2 hydropower
plants) rivers (Table 1, Figure 1). One gage station downstream
from each one of these cascades of hydropower plants was
available for THA analysis. In other cases, the only available
monitoring fluviometric station was downstream from a group
of dams in the same drainage basin, such as the arrangement
of 5 hydropower plants in the Sao Lourengo River Basin and
of 4 hydropower plants built in the Piquiri basin. In the Sao
Lourenc¢o River arrangement, the Sdo Louren¢o hydropower
plant is downstream from the other four on the Siao Lourengo
main channel. It is also the only one with a significant reservoir
(5 km?). The Sucupira and Pequi hydropower plants are installed
on the Saia Branca River, the two other hydropower plants are
installed on the Ib6 stream and the Tenente Amaral River. The
Saia Branca, Tenente Amaral, and Ib¢ are all tributaries of the
Sao Lourenco.

In the Piquiri River Basin, the arrangement is composed of
the Itiquira hydropower plant, built on the Itiquira River, and
the Ponte de Pedra, Aquérius, and Sio Gabriela hydropower
plants are built on the Correntes River. Both the Correntes and
the Itiquira River are tributaries of the Piquiri River, where the
monitoring station is located. As the Itiquira hydropower plant
is the largest in this arrangement, it will be referred to as Itiquira
hydropower plants. In the cases of the Manso, Sdo Tadeu, and
Poxoréo hydropower plants, there is only one hydropower plant
on each river with a downstream fluviometric station (Figure 1,
Table 1). For each hydropower plant, cascade, or arrangement
of hydropower plants, the operation period starts when the first
dam was built. We did not consider the construction period as
only the operation start date was known with certainty. All data
before the operation start date were taken as the pre-operation
period. All data concerning hydropower plant characteristics
(installed power, reservoir area, dam locations, start of operation
dates) were obtained from the Brazilian Agency for Electrical
Energy—ANEEL?. All data regarding monitoring fluviometric
stations (location, contributing area, daily discharges, length
of record) were obtained from the National Water Agency -
ANA web site®> Hidroweb — Portal Hidroweb. http://www.snirh.
gov.br/hidroweb/ [Accessed June 6, 2020]. Distances between
downstream fluviometric stations and the dam, or the closest
dam in a cascade or arrangement were obtained from Google
Earth and correspond to the river path distances.

All hydropower plants with installed power < 30 MW are
operating as run-of-the-river systems; even if the dam elevates
the water line to produce an impoundment (generally lower than

2Agéncia Nacional de Energia Elétrica — ANEEL (2020b) SIGEL - Sistema de
Informagées Georreferenciadas do Setor Elétrico SIGEL- Download. https://sigel.
aneel.gov.br/Down/ [Accessed June 6, 2020].

3(Agéncia Nacional de Aguas - ANA, 2020)
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TABLE 1 | Characteristics of the hydropower plants used to study hydrological alterations in the Upper Paraguay Basin.

Hydropower plant Names of the Operation River Installed Reservoir  Number of gage Station dates
(dam, cascade, hydropower plant starting date Power (MW) Area (km?) station
arrangement) (River name) Start End
1. Jauru cascade Antonio Brennand Sep., 2002 Jauru 22.0 0 66071400 (Jauru)  June 22nd, 1979  June 31st, 2017
Jauru Jun., 2003 121.5 2.62
Indiavai Aug., 2003 28.0 0.27
Ombreiras Jul., 2005 26.0 3.47
Salto Dec., 2007 19.0 0.79
Figueiropolis Sep., 2010 19.4 7.44
2. Juba cascade Juba | Nov., 1995 Juba 42.0 0.92 66055000 September 9th, April 4th, 2018
(Sepotuba) 1969
Juballl Aug., 1995 42.0 2.79
Graca Brennand Jun., 2008 27.4 5.34
Pampeana May., 2009 28.0 417
3. Santana cascadde  Diamante Dec., 2005 Santana 4.2 0.49 66006000 November 10th, October 31st,
(Santana) 1967 2017
Santana | Apr., 2012 14.8 1.19
4. Manso dam Manso Nov., 2000 Manso 210.0 427 66231000 (Manso)  July 12th, 1981 December 31st,
2017
5. Sdo Tadeu | dam Sao Tadeu | Dec., 2010 Arica- 18.0 0.46 66280000 June O1st, 1966 December 31st,
Mirim (Cuiabd) 2017
6. Sao Lourenco Sucupira Oct., 2008 Saia 4.5 0.071 66400000 (Sao April 11th, 1965 June 16th, 2017
arrangement Branca Lourenco)
Pequi Dec., 2008 Saia 6.0 0.04
Branca
Sao Lourenco Apr., 2009 Séo 29.1 5
Lourenco
Sete Quedas Alta Dec., 2010 Cor. Ibd 22.0 0.18
Cambara Dec., 2012 Ten. 3.5 0.057
Amaral
7. Poxoréo dam Poxoréo Jan., 1998 Poxoréo 1.2 0.18 66430000 QOctober 24th, November 31st,
(Vermelho) 1987 2017
8. ltiquira arrangement  ltiquira Nov., 2002 Itiquira 110.5 1 66600000 (Piquir)  December 25th, January 31st,
1967 2018
Ponte de Pedra Jul., 2005 Correntes 176.1 17
Aquarius Sep., 2006 4.2 0
Santa Gabriela Sep., 2009 24.0 0.71

The numbering of the hydropower plants is the same as in Figure 1.

3 km?). Most of these hydropower plants do not have floodgates
and consequently, the dam is not equipped to actively change
the seasonal flow regime of the river. The hydropower plants
over 30 MW (Juba I and 1II, Jauru, Manso, Itiquira, and Ponte
de Pedra), have floodgates which allow for the active alteration of
the flow regime downriver. However, most of these have small
reservoirs (< 8 km?) which limit this capacity. Only Manso
and Ponte de Pedra hydropower plants have large reservoirs.
The Manso hydropower plant has a 427 km? reservoir, roughly
equivalent to 3 years of mean discharge (Zeilhofer and Moura,
2009). The Pontes de Pedra hydropower plant reservoir area is 17
km?, storing a volume equivalent to about 1 month of discharge
(Fantin-Cruz et al., 2016).

In addition to pre- post-dam analysis, each dammed river was
evaluated against one station in an undammed river (Figure 1,
Table 2). Each station on an undammed river was chosen so that

it was on a reach with no dams upstream and no downstream
dams nearby. Ideally, several additional criteria to help select
undammed river stations were followed whenever possible: (1)
it should be in the same drainage basin as the hydropower plant;
(2) the river reach should be geographically close to the station
monitoring the hydropower plants; (3) and the station should
be in the same river section position (e.g., if the monitoring
station on a dammed river was mid-basin, the undammed river
one should be too), so that river regimes would be similar.
By doing so, it is also likely to reduce hydrologic changes due
to the geographical variations in geology, geomorphology, and
topography. Due to data availability, several of the ideal criteria
could not be met for each river assessed here. Specifically, the
Sdo Tadeu undammed station is far from the dammed station;
the Sdo Louren¢o undammed station is not in the same drainage
basin as the undammed river monitoring gage; the Itiquira
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TABLE 2 | Characteristics of the undammed rivers gage stations used as controls in this study.

Controlled hydropower Operation starting Undammed river Undammed Station dates
plant date gage station number river
Start End
Jauru cascade Sep., 2002 66074000 Aguapei December 14th, January 31st,
1965 2018
Juba cascade Nov., 1995 66050000 Sepotuba July 24th, 1971 December 31st,
2007
Santana cascade Dec., 2005 66008000 Jaquara November 12th, December 31st,
1967 2017
Manso dam Nov., 2000 66173000 Da Casca August 13th, 1982 December 31st,
2016
Sao Tadeu | dam Dec., 2010 66140000 Cuiaba July 09th, 1979 April 30th, 2018
Sao Lourenco arrangement Oct., 2008 66440000 Jorigue June 26th, 1979 February 28th,
2018
Poxoréo dam Jan., 1998 66440000 Jorigue June 26th, 1979 February 28th,
2018
Itiquira arrangement Nov., 2002 66520000 Itiquira June O1st, 1971 December 31st,
2017

The date of operation (equal to the start of operation for the hydropower plants) was used to run the Indicator of Hydrologic Alteration analysis.

undammed station is up basin while the dammed river station
is down basin (Figure 1). Note, however, that all gage stations,
either for dammed or undammed rivers are located in the upper
plateau region.

Analysis Framework
The Indicators of Hydrologic Alteration (IHA) is based on
the analysis of hydrologic data available either from existing
measurement points, such as stream gauges or wells (Richter
et al., 1996). It uses 33 indicators to statistically characterize
hydrologic variation within each year. These indicators inform
on ecologically significant features of surface and groundwater
regimes influencing aquatic, wetland, and riparian ecosystems.
The 33 hydrologic alteration indicators were evaluated by
comparing the hydrological regime before and after the start of
operation of each hydropower plant using IHA 7.1 software (The
Nature Conservancy - TNC, 2009) which produces measures
of central tendency and dispersion for each parameter between
defined “pre-dam” and “post-dam” time frames, allowing to
quantify dam impacts assuming stationarity of other drivers. The
THA organizes these 33 indicators into 5 groups: (i) magnitude
of flows (median discharge) in each month; (ii) magnitude and
duration of annual extreme flow conditions (medians minima
and maxima discharge of 1, 3, 7, 30, and 90 days); (iii) timing of
annual extreme flow conditions (date of the 1-day minima and
maxima); (iv) frequency and duration of high and low pulses
(thresholds were set as the median flow plus or minus 25%),
and; (v) rate and frequency of hydrologic changes (obtained
by dividing the hydrologic record into “rising” and “falling”
periods, which correspond to periods in which daily changes in
flows are either positive or negative, respectively). Each group
of parameters is associated with ecosystem functions listed in
Table 3; a thorough description of each indicator is provided by
Richter et al. (1997).

One further step was included before the calculation of the
hydrological alteration. To adjust for hydrological alterations due

to other drivers of change (land use and climate) and estimate
only alterations provoked by hydropower plants, hydrological
changes in dammed rivers were compared with those found in
undammed rivers. The hydrological alteration in the undammed
rivers was calculated using the same procedure as for dammed
rivers. Impacts in dammed rivers that were not deemed different
from those encountered in undammed rivers were not included
in the calculation of the hydrologic alteration.

The THA software (The Nature Conservancy - TNC, 2009)
calculates a deviation factor by comparing post to pre-impact
periods for 33 hydrologic indicators. For each dammed river, an
undammed river was chosen to monitor the extent of parameter
deviation in the absence of hydropower plants. In this study, the
deviation factor was called the hydrologic alteration factor (HA)
(Timpe and Kaplan, 2017). The HA; for each IHA parameter i
was the relative change of the median of the indicator of the
post-impact period (M;pest) to the pre-impact period (M;pre)
in percent:

HA; = (—"""“ ”1’”> x 100 (1)
Mi,pre

HA; was calculated for dammed and undammed rivers. In any
undammed river, the pre and post-impact periods were the
same as in the dammed river. The THA software provided its
test of significance, called significance count (SC). The SC was
calculated by randomly shuffling data across the entire period
of record and regenerating pre- and post-impact medians 1,000
times. The SC was the fraction of those 1,000 iterations for which
calculated HAi (Equation 1) values were greater than those for the
unshuffled data and could be likened to a p-value in parametric
statistics (The Nature Conservancy - TNC, 2009). Whenever SC
was > 0.05 in dammed or undammed rivers, HA; was considered
not significant.

Next, a step-wise screening algorithm was used to assess
whether a given HA; was different between dammed (d) (HA;;)
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TABLE 3 | Summary of hydrological parameters used in the Indicator of Hydrologic Alteration Software (IHA) and their characteristics.

IHA Groups Hydrological parameter

Ecosystem functions

Group 1: Magnitude of
monthly flow conditions

Group 2: Magnitude and
duration of annual extreme
flows conditions

Annual minima (1-, 3-, 7-, 30-, 90-days
medians discharge)

Annual maxima (1-, 3-, 7-, 30-, 90-days
medians discharge)

Number of days with Zero flow

Base Flow Index (7-day minimum
flow/mean flow for year)

Group 3: Timing of annual
extreme flow conditions

Group 4: Frequency and
duration of high and low
pulses

Number of high pulses each year
Number of low pulses each year

year, in days

Median duration of low pulses within each year,

in days
Group 5: Rate and
frequency of hydrologic
changes

between consecutive daily values

between consecutive daily values
Number of hydrologic reversals

Median discharge for each calendar month

Julian dates of each annual 1-day maximum
Julian dates of each annual 1-day minimum

Median duration of high pulses within each

Rise rates: median of all positive differences

Fall rates: median of all negative differences

Habitat availability for aquatic organisms

Soil moisture availability for plants

Availability/Reliability of water for terrestrial animals

Access by predators to nesting sites

Influences water temperature, oxygen levels, photosynthesis in
water column

Balance of competitive, ruderal, and stress-tolerant organisms
Structuring of river channel morphology physical habitat and
ecosystem conditions

Soil moisture stress in plants

Dehydration in animals

Anaerobic stress in plants

Volume of nutrient exchanges between rivers and floodplains
Duration of stressful conditions in aquatic environments

Compatibility with life cycles of organisms
Predictability/availability of stress for organisms

Access to special habitats during reproduction or to avoid
predation

Spawning cues for migratory fish

Frequency and magnitude of soil moisture stress for plants
Frequency and duration of anaerobic stress for plants
Availability of floodplain habitats for aquatic organisms
Access for waterbirds to feeding, resting, reproduction sites
Influences bedload transport, channel sediment textures, and
duration of substrate disturbance (high pulses)

Drought stress on plants (falling levels)
Entrapment of organisms on islands, floodplains (rising levels)
Desiccation stress on low-mobility stream edge organisms

Adapted from Richter et al. (1996) and The Nature Conservancy - TNC (2009).

and its undammed control (c) rivers (HA;.). This algorithm
removed any changes that were statistically similar between
dammed and undammed rivers. First, the HA;; was tested for
significance from zero. If it was not significant, its value was set
to zero. Otherwise, HA;; was compared to the deviation of the
same IHA parameter on the undammed river (HA;.). If HA;. was
not significant, then HA;; was conserved for calculation of overall
alteration. Otherwise, HA;; was further screened as follows:
when HA;. was significant, but its direction was opposite of
HA;; (HA;;/HA;. < 0), then HA;; was conserved for calculation.
Otherwise, HA;; was further screened as follows: if HA;. was
significant and its direction the same as HA;; (HA;4/HA;. >
0), then HA;; was conserved for further calculation only if
HA,;/HA;. > 1.25 (i.e, the proportional change in the IHA
parameter in the dammed river was more than 25% greater than
that in the undammed river); otherwise HA;; was set to 0 (zero).

Equation 1 yielded both positive and negative values of HA,
corresponding to an increase or decrease in IHA parameters
between the pre- and post-operation periods, respectively. IHA
results for dammed and undammed rivers were summarized
by calculating the arithmetic average (HA,eqn) of the absolute
value of HA;, following Timpe and Kaplan (2017). HAnean Was
calculated either using unadjusted HA; provided by the THA
software (unadjusted HA¢q,) or using only the ones adjusted by
the previously described step-wise screening algorithm (adjusted

HApean). All other parameters not retained by the step-wise
screening algorithm were set to zero (0).

RESULTS

Flow Regimes of Dammed and Undammed

Rivers

Discharge time series at fluviometric stations on dammed
and undammed rivers indicated that dams were installed
on seasonal river reaches, some highly variable. The fluvial
regime also varied markedly between rivers (Figure2). The
dammed and undammed Jauru river stations (Figure2B)
are more typical of mid-reach regimes with amplitude to
median ratios around 5. In contrast, the dammed Poxoréo
River station and its control on the undammed Jorigue River,
(Supplementary Figure 1A) illustrated flow regimes of the upper
basin reaches. The amplitude (maximum-minimum discharge)
of the Poxoréo river was more than 60 times its median
flow, while for the Jorigue River, the same ratio is over a
hundred. In these two cases, the regimes of the dammed
and undammed river stations were well-paired. Other such
well-paired stations included the Manso hydropower plant
(Supplementary Figure 1B, ratios of 11 and 8.5, for dammed
and undammed stations, respectively), the Juba hydropower
plant (Supplementary Figure 1E, both ratios around 5), and
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FIGURE 2 | Discharge hydrographs for the Jauru cascade of hydropower plants. Median flow (horizontal blue lines) for dammed and undammed river gages are also
shown. Maximum flows are also shown in purple. (A) Hydrograph of the dammed Jauru River. The starting operation date for each hydropower plant is marked by a
vertical red dash line and the name of the hydropower plant is written or numbered (see Table 1 for details): 1 Antonio Brennand; 2 Jauru; 3 Indiavai; 4 Ombreiras; 5
Salto; 6 Figueiropolis. (B) The undammed Jauru control river (Aguapei River).
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Santana hydropower plant (Supplementary Figure 1C, ratios
of 16 and 31).

Other dammed and undammed gage stations were less well-
matched. At the Itiquira hydropower plant, the dammed river
station (Supplementary Figure 1F), located in the down-basin
reach (Figure 1), had a ratio of the amplitude to the median
flow of 3 compared to 24 at its undammed control station in
the upper mid-basin reach. At the Sao Tadeu hydropower plant
(Supplementary Figure 1D) stations, these ratios were 5,3, and
28. The most extreme case was the Sdo Louren¢o hydropower
plant (Supplementary Figure 1G) where these ratios were ~7
(dammed river) and 143 (undammed river).

It was sometimes possible to detect clear temporal variations
in the flow regime associated with the installation of the
hydropower plants. For example, for the Jauru hydropower
plants cascade (Figure 2A) the number of low pulses increased,
and the corresponding HA parameter reached 537.5% after
dam operation (Table 4). Low-flow pulses were also observed
at the undammed river control station, but less frequently, and
the corresponding HA was also lower (Supplementary Table 1).
The progressive diminution in base flow, after the start of
the Jauru hydropower plant operation, was observed in both
dammed and undammed river hydrographs (Figures2A,B).
The decrease in the undammed river was steeper than in the
dammed river. The base flow index on the undammed river was
more than 5 times higher than on the dammed river (Table 4,
Supplementary Table 1), indicating that the hydropower plant
operation may not have been the cause of this decline.

For the Manso hydropower plant (Supplementary
Figure 1B), there was an increase in base flow, as well as
the diminution in the number of maximum annual flows, but no
similar changes occurred on the undammed control river where
there was a progressive decrease in baseflow. Changes in base
flow were common on dammed and undammed river stations,
both before and after hydropower plant installation. In the Sao
Tadeu (Supplementary Figure 1D), there was an increase in
baseflow around 2001, which preceded the operation of the
Sao Tadeu I dam in 2009. Increasing and decreasing base flows
were also observed at both the Juba dammed and undammed
stations, as well as at the Itiquira and Sdo Louren¢o dammed
stations, before and after the beginning of the hydropower
plant operation.

Changes in Flow Regime in Dammed and

Undammed Rivers

The unadjusted HAeqn and the contribution from each THA
parameter group for dammed and undammed river stations
varied (Figure 3). Unadjusted HA,q, of dammed rivers varied
from 61.6% for the Poxoréo hydropower plant to 17.6% for the
Sao Lourengo basin hydropower plants. Hydrological alteration
for the undammed control rivers was generally lower than in
the regulated rivers, varying from 32.5% at the Sdo Lourengo
arrangement to 12% at the Juba cascade. For example, HA ;¢4
on the dammed Poxoréo station was more than three times larger
than at its undammed control station. The alteration was about 2
times higher for the Manso hydropower plant, 1.5 times higher

for the Jauru and Juba hydropower plants, and 1.3 times higher
for the Sao Tadeu hydropower plant. For the Itiquira hydropower
plants, dammed, and undammed HA,,.,, were roughly equal.
Unexpectedly for the Sdo Lourengo and Santana hydropower
plants, HAeqan of the undammed rivers was larger than for
dammed rivers. Overall, hydrological alterations in the frequency
and duration of high and low pulses (group 4 parameters) and the
rate and frequency of hydrologic changes (group 5 parameters)
constituted more than half of the observed HA,u, in both
dammed and undammed rivers, with the exception for the Manso
hydropower plant, where group 4 and 5 hydrological alterations
were about 40% of the total dammed river HA ;¢qy,.

Changes in Flow Regime in Dammed

Relative to Undammed Rivers

Widespread and significant alterations of the flow regime
occurred across many rivers in the Upper Paraguay River
Basin before and after the initiation of hydropower operations
(Table 4). On dammed rivers, the IHA parameters that most
consistently differed from their undammed counterparts were
August median discharge, the 1-day minimum flow, and the
low pulse count, each with 5 occurrences. Conversely, the April
median discharge, the 30-day maximum, and the low pulse
duration were never found to be different in dammed and their
undammed river controls (Table 4).

The Poxoréo hydropower plant, Jauru River hydroelectric
cascade, and Manso hydropower plant had the largest changes,
with adjusted HAeqn of 43.8, 34.9, and 26.1% respectively
(Figure 4). In these systems 16, 19 and 14 parameters were
different from their undammed controls, respectively. For the
other hydropower plants, the number of parameters different
from their undammed controls varied from 1 to 10 (Table 4). The
smallest adjusted HA,¢q, values were for the Itiquira and Sao
Lourengo River complexes: 8.0 and 4.9%, respectively, and only
five and one of 33 IHA indicators differed from their undammed
rivers controls (Table 4).

The adjusted mean hydrologic alteration of the frequency
and duration of high and low pulses (group 4 parameters)
and the rate and frequency of hydrologic changes (group 5)
were generally highest across all systems (Figure 4). However,
dramatic changes were also observed in the timing of annual
extreme flow conditions (group 3) at the Manso hydropower
plant and for the magnitude of monthly flow conditions (group
1) at Manso and Poxoréo. The average adjusted HA;eq, for
frequency and duration of high and low pulses was 55.8%, while
the average adjusted HAueqn rate and frequency of hydrologic
changes was 22.5%. In both cases, the highest values of HA,cqn
for groups 4 and 5 were in the Jauru system, with values of 152.1
and 95.7%, respectively.

For group 4 (frequency and duration of high and low pulses),
changes to the low and high pulse counts drove the largest
variation in all but two hydropower plants (Table 4). Differences
in low pulse count were highest for the Jauru (537.5%) and
Juba (166.7%) series of hydropower plants. In Poxoréo and Siao
Lourengo hydropower plants, the high pulse durations increased
by 322.2 and 158.3%, respectively. In group 5 (rate and frequency
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TABLE 4 | Hydrologic alteration in % of the IHA parameters of the hydropower plants as calculated from equation 1.

Parameters HA HA Jauru HA HA HA Sao HA Juba HA HA Sao
Poxoreu Manso Santana Tadeu Itiquira Lourenco
Magnitude of monthly October 39.3 -8.9 61.8 —36.1 16.2 —-8.6 -4 —7.6
flow conditions November 98.6 —17.1 465 -31.8 11 _5.0 —9.4 ~13.9
December 89.4 -14.2 -12.7 -23.3 -23.9 -9.3 -14.8 —26.3
January 101.9 —14.1 —26.4 -19.4 -21.5 —-22.4 —24.2 -19.0
February 119.7 -4.3 -19.1 -2.3 4.1 -10.6 -9.0 -9.1
March 155.5 -11.7 -33.4 10.9 -1.3 -2.7 -21.4 —6.3
April 79.5 -89 -18.3 3.2 19.1 -0.2 -10.5 6.9
May 70.5 -16.2 10.5 —-10.5 2.3 -13.3 —-10.3 —-12.0
June 68.6 -13.5 41.4 —12.6 121 -15.7 —6.7 —13.6
July 36.9 -12.2 62.3 —22.5 21.8 —-7.0 -5.9 —7.5
August 54.4 —-14.4 78.0 —44.8 32.4 —-6.9 —2.4 41
September 29.9 —-11.6 80.0 —44.2 37.4 -5.8 —10.1 10.2
Average Group 1 66.5 1.2 30.8 10.1 5.8 1.1 0.0 0.0
Magnitude and 1-day minimum 23.9 -28.9 66.5 —44.2 55.7 -11.0 -11.2 —16.8
:;J{f‘;ﬁg ;’;;Znua' 3-day minimum 15.4 -20.0 63.8 —45.0 56.3 —9.1 —11.0 —18.7
conditions 7-day minimum 45.9 -13.8 68.2 —47.3 56.7 -9.2 —-10.8 —-16.5
30-day minimum 48.5 —-12.5 68.3 —49.4 39.3 —-8.2 -8.5 —13.6
90-day minimum 39.2 -11.9 67.4 -33.6 30.0 -7.6 -6.8 -5.2
1-day maximum -52.5 -6.6 -50.5 15.4 0.0 5.2 -11.6 12.6
3-day maximum —45.7 -156.2 —44.2 6.1 0.1 12.2 -11.6 16.0
7-day maximum -33.2 -7.3 -32.5 2.0 1.2 14.0 -11.3 -0.6
30-day maximum 18.3 -7.4 -12.7 —4.3 2.3 3.1 -13.9 6.0
90-day maximum 45.0 -2.6 -21.4 0.4 8.0 -6.5 -156.5 0.9
Numb. Zero days 0 0 0 0 0 0 0 0
Base flow index —7.5 —-4.4 70.0 -38.7 53.5 —2.4 7.9 -9.9
Average Group 2 16.0 7.9 36.7 16.9 26.5 1.8 0.0 0.0
Timing of annual Date of minimum —27.3 5.5 —61.8 -3.0 2.5 —-1.6 2.2 10.1
extreme flow condiions  pate of maximum 77 -36 9.8 21.6 -33 13.4 -96 36
Average Group 3 0.0 0.0 30.9 10.8 0.0 6.7 0.0 0.0
Frequency and duration  Low pulse count —87.5 537.5 —100.0 100.0 —100.0 166.7 100.0 —66.7
ofhighandlow pulses | ) o6 quration 333 167 —25.0 —143 0.0 —250 —350 145.0
High pulse count -52.4 70.8 —44.4 28.6 25.0 77.8 100.0 0.0
H. pulse duration 322.2 —30.0 0.0 —42.9 1.4 0.0 -37.5 158.3
Average Group 4 93.6 1562.1 0.0 25.0 25.0 61.1 50.0 39.6
Rate and frequency of Rise rate -54.1 119.9 —72.4 —25.7 —13.4 15.9 -16.5 —51.1
hydrologic changes Fall rate ~19.4 -91.2 47.1 ~11.0 16.3 _27.8 20.7 21.4
N. of reversals —47.4 75.9 -19.2 62.5 23.0 38.0 17.1 -0.4
Average Group 5 18.0 95.7 0.0 20.8 5.4 21.9 18.1 0.0
Adjusted HAmean® 43.8 34.9 26.1 156.3 14.9 1.2 8.0 4.9
Unadjusted 61.6 38.4 449 26.8 21.3 17.6 18.4 22.2
HAmeanb

Bold values: statistically significant, but did not differ from undammed rivers. Bold and italic values: statistically significant and different from undammed rivers. The averages for each
group of parameters were calculated using HA; in the step-wise screening algorithm: all those that were not in bold and italics were treated as 0. @HAmean calculated with adjusted HA;.
PHA mean calculated with unadjusted HA;.
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FIGURE 3 | Comparative mean hydrological alteration (HAmean) for dammed and undammed rivers. HAmean Was calculated using unadjusted HA;. The contribution of
each parameter group to the overall HA is also illustrated. Dash lines separate each pair of dammed and undammed rivers. In each pair, the left bar column is HAmean
for the hydropower plants dammed river and the right one is the HAnean at the control undammed river. The values of HAean are indicated. Group 1: magnitude of
monthly flow conditions; group 2: Magnitude and duration of annual extreme flow conditions; group 3: Timing of annual extreme flow conditions; group 4: Frequency
and duration of high and low pulses; group 5: Rate and frequency of hydrologic changes.

of water condition changes), rise and fall rates were the largest
observed change between pre- and post-operation.

Since some HA; were set to zero to perform the calculation of
HA 1can with the step-wise screening algorithm, it is by definition
lower than the mean hydrological alteration calculated without
it, as can be seen by comparing the adjusted HA,¢4, of Figure 4
to the unadjusted HA,., of Figure3 (for dammed rivers).
Adjusted HA varied from 4.9 to 43.8%. In some cases, as for
the Jauru hydropower plants, the adjusted HA ;00 (34.9%) was
similar to the unadjusted HA ;041 (38.4%), while in others like the
Manso hydropower plant (44.9 vs. 26.1%) or the Sdao Lourenc¢o
arrangement (22.9 vs. 4.9%), the differences were quite large
(Table 4).

In dammed rivers, of the 256 calculated HA;, 88 (34.4%)
were found to be significant (Supplementary Table 2). However,
when HA; was significant, it was almost always (83 times
out of 88) found to be different than in undammed rivers
(Table 4). The number of significant HA; on undammed control
rivers was 57 (22.3%), but only 27 (10.5%) of the HA;
were significant at both the dammed and undammed stations
(Supplementary Tables 1, 2). Of these 27, 16 changes occurred
in opposite directions, indicating that these were different. Of
the remaining, 11 occurrences where the same parameter was

significant and varied in the same direction, only in 6 cases was
the ratio of the HA of the dammed river to the undammed
river >1.25. These results indicate that the vast majority of
significantly altered parameters in dammed rivers differed from
those of undammed rivers. The HA,,¢q, value adjusted by the
step-wise algorithm devised in this study was able to capture these
changes and is therefore useful for identifying flow-alteration
effects from hydropower plants, even where the HA of the
undammed control river was equally (or more) altered compared
to the dammed river (e.g., Sao Lourengo, Santana, Itiquira; 3 out
of the 8 studied hydropower plants).

The adjusted HA provided a different view on the severity
of impacts than with the unadjusted HA (Figures 3, 4). Using
the unadjusted HA, the impact ranking from highest to lowest
was: Poxoreu, Manso, Jauru, Santana, Sio Lourenco, Sdo Tadeu,
Itiquira, and Juba. Using the adjusted HA, the impact ranking
from highest to lowest was: Poxoreu, Jauru, Manso, Santana, Sao
Tadeu, Juba, Itiquira, and Sdo Lourengo.

As with the unadjusted HA, adjusted HA of parameters related
to the frequency and duration of high and low pulses (group 4)
and rate and frequency of hydrologic changes (group 5) were
usually the largest, except in the Manso case where they were
absent. Furthermore, with the adjusted HA, alterations of the
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FIGURE 4 | Adjusted mean hydrologic alteration (HAmean) Of the studied hydropower systems. HAneanWas calculated using adjusted HA; obtained from the step-wise
screening algorithm described in section Hydropower Plants, Dammed, and Undammed Rivers Gage Stations. The contribution of each parameter group to the
overall HA is also illustrated. Values of HAean are indicated. Group 1: magnitude of monthly flow conditions; group 2: Magnitude and duration of annual extreme flow
conditions; group 3: Timing of annual extreme flow conditions; group 4: Frequency and duration of high and low pulses; group 5: Rate and frequency of hydrologic
changes.

timing of annual extreme flow conditions (group 3) are only seen
in Manso, Santana, and Juba. For the Itiquira hydropower plants,
the adjusted HA showed that these dams would only influence
parameters of groups 4 and 5, while in the Sdo Lourengo case,
only parameters of group 4 would be affected.

At the parameter level, substantial differences also existed
between unadjusted and adjusted HA. For example, in the
Poxoreu group 4, low pulse count did not contribute to the
adjusted HA even when its magnitude was comparable to high
pulse count. The same can be said of the 1- and 3-day maximum
in Manso group 2, the number of reversals in Sdo Tadeu group 5,
the 7-day maximum in Juba group 2, and the low pulse duration
of Sdo Lourengo group 5 (Supplementary Table 1).

DISCUSSION

Hydrological Alterations in Dammed and

Undammed Rivers

From what precedes it is clear that many hydrological alterations
in this study were not only dam-induced but that other drivers
of change modified the regimes of the studied rivers. However,
the analysis revealed that hydrologic alterations likely due to
changes in land use, irrigation, and climate in the Upper Paraguay

River Basin were different than those provoked by hydropower
plants, as significantly altered parameters in undammed rivers
were different from those in dammed rivers.

The hydrologic alterations found in this paper were consistent
with those found in other studies that used IHA to evaluate the
variation in the river flow regime caused by the operation of
hydropower plants. There was an HA of 56.3% for the Porto
Primavera hydropower plants in the adjacent Parana River basin
(Rocha, 2010). In the Brazilian Amazon region, mean HA varied
between 8 and 108% (Timpe and Kaplan, 2017), including a mean
HA of 29% for the Jauru hydropower plants cascade (38.4% in
this study), 62% for the Manso Dam (44.9% in this study), 21%
for the Juba hydropower plants cascade (17.6%), and 18% for the
Itiquira hydropower plants arrangement (18.4%). The different
time windows for pre- and post-dam operation, and sometimes
different monitoring stations probably explains these differences.

As in other studies, the frequency and duration of high and
low pulses (group 4 parameters) and the rate and frequency
of hydrologic changes (group 5) were often the most affected
elements of the hydrologic regime. For example, Zhang et al.
(2016) reported greater variations for the IHA parameters of
groups 4 and 5, especially for the number and duration of low
pulses, in studies in southwest China. Richter et al. (1996) also
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observed the greatest alteration to elements of the frequency
and duration elements of the flow regime captured by IHA
groups 4 and 5. Timpe and Kaplan (2017) observed that for
all of the 33 hydropower plants they evaluated in Amazonian
rivers, the hydrological alteration was also generally highest
for groups 4 and 5. This was related to the capacity of flow
regulation by hydropower plants which reduces extreme flows
(maximum and minimum) to maximize the energy generation;
significantly altering the rates and durations of the maximum
and minimum peaks. Richter et al. (1996) reinforce this thesis,
showing that the operation of hydropower plants severely affects
the behavior of river flow pulses, increasing the number of
occurrences and reducing the duration of these pulses (i.e.,
group 4) and increasing the rates of rise and fall in the flow
records (i.e., group 5).

Hydrological alterations were observed in all undammed
rivers, with HAueqn ranging from 12.0 to 32.5%, and 22.3%
of the parameters significantly different between post and pre-
operation periods. However, HA ¢4, for the undammed rivers
controlling the Santana and the Sio Louren¢o arrangement
was larger than HA,e., of their corresponding dammed
rivers (Figure 3). Furthermore, in the undammed controls
for the Manso and Itiquira, more hydrological parameters
were significantly altered than their respective dammed rivers
(Supplementary Table 2). In the Upper Paraguay River Basin,
the replacement of native vegetation with pastures and crops is
ubiquitous in the basin. It is estimated that deforestation of 15%
of the native vegetation in the floodplain area and 60% of the
upper plateau has occurred in the Upper Paraguay River Basin
(World Wide Fund for Nature - WWE, 2015). Existing studies
on the conversion of natural soils to agriculture indicate resulting
modifications to the hydrological regime. These modifications
include changes in many important hydrologic parameters,
including mean runoff and sediment concentration (Tucci, 2002;
Rocha, 2010; Nobrega, 2014), siltation of river beds (Galdino
et al, 2002), and interannual variability of minimum flows
(Rocha, 2010; Rocha and Tommaselli, 2012).

Elsewhere in the world, changes in land use, irrigation, and
climate have altered hydrology. For example, on the Cimarron
River in Oklahoma, a variety of land use and cover changes
changed a historically flashy river to a more stable river.
There, HA parameters related to the magnitude of monthly
flow conditions (group 1 parameters), the timing of annual
extreme flow conditions (group 3), and frequency and duration
of high and low pulses (group 4) were more pronounced
(Dale et al., 2015). In the Mediterranean, water abstraction for
irrigation purposes strongly affected the flow regime in irrigated
catchments. The parameters related to the timing of annual
extreme flow conditions (group 3), frequency and duration of
high and low pulses (group 4), and rate and frequency of
hydrologic changes (group 5) were strongly impacted (Stefanidis
et al,, 2016). In the Geba catchment, Ethiopia, the expansion of
agricultural and grazing land at the expense of natural vegetation
increased almost all hydrological parameters from 1972 to 2014
(Gebremicael et al., 2019).

In the Upper Paraguay River Basin, the largest hydrological
alterations at control stations were observed for parameters

related to frequency and duration of high and low pulses (group
4) and rate and frequency of hydrologic changes (group 5),
whose combined relative importance varies from 50 to 84% of
the total HAeqn (Figure 3). As for the magnitude of monthly
flow conditions (group 1), the magnitude and duration of annual
extreme flow conditions (group 2), and the timing of annual
extreme flow conditions (group 3), HA ean of undammed rivers
were either larger (Jauru, Santana, Sio Lourengo) or quite
similar (Juba and Itiquira) compared to those of dammed rivers
(Figure 3).

Impacts of Hydrological Alterations in the

Pantanal Ecosystems Functions

For most of the studied dammed (Figure4) and undammed
rivers (Figure 3), except for the case of Manso, the larger
hydrological impacts were related mainly to the frequency and
duration of high and low pulses (group 4 parameters) and
to a lesser extent to the rate and frequency of hydrologic
changes (group 5). According to Richter (1996 - Table 3), these
hydrological impacts would generally change the stress level for
terrestrial plants, the availability of habitat for aquatic organisms,
water birds and other terrestrial animals, the desiccation stress
for stream edge organisms, amongst others (Table 3). For the
pantaneiros, these may result in harsher conditions for the
pasture sustaining cattle farming and lower fish catches (Schulz
et al., 2019). In the case of the Manso dam, the alteration of the
magnitude of monthly flow conditions (group 1), the magnitude
and duration of annual extreme flows conditions (group 2),
and the timing of annual extreme flow conditions (group 3) of
the Manso River would result in changes in habitat availability
for aquatic organisms, changes on oxygen levels in the water
column, dehydration in animals, change the duration of stressful
conditions in aquatic environments, change the access to special
habitats during reproduction or to avoid predation and disturb
spawning cues for migratory fishes.

Many studies relating the floodplain ecosystem functions to
the hydrological regime link flood pulse and aquatic organisms
(Petrere et al., 2002; Bailly et al., 2008; Costa and Mateus, 2009;
Lourenco et al., 2012; Pinho and Marini, 2012; Ziober et al.,
2012; Scanferla and Sudarez, 2016; Barzotto and Mateus, 2017;
Penha et al., 2017; Tondato et al., 2018; Pereira and Suarez,
2019; Santana et al.,, 2019). However, in most of these studies,
the hydrological conditions were not sufficiently detailed to make
direct correspondence with the observed HA in the upper plateau
rivers feeding the Pantanal. In some cases, however, it is possible
to make inferences between the upper plateau river regimes and
the ecological functions in the floodplain. For example, Wantzen
et al. (2016) viewed the most severe environmental problems
currently threatening floodplain invertebrates as alteration of the
natural rhythm of the flood pulse. This change affects all flood
pulse-adapted species, not only invertebrates, which lose their
habitats when the frequency and duration of high or low pulse
(group 4 parameters) are altered as we observed in all dammed
rivers except for the Manso case (Table 3, Figure 4).

The intensity, frequency, and amplitude of the flood and
drought phases also can modify connectivity and affect the
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biodiversity of the benthic assemblages in the Pantanal (Marchese
et al., 2005). The long duration of hydrological connectivity acts
to unify effects on the physical and biological characteristics of
neighboring water bodies in river-floodplain systems. Isolating
or drying water bodies, which occurs with long droughts, reduce
benthic diversity. Similarly, Catella and Petrere (1996) found that
the floodplain lakes function as a dry season feeding ground for
small-sized species of fish, which are potential prey for the more
highly valued larger species of fish. The number and connectivity
of these lakes can be linked to the magnitude and duration
of annual extreme flow conditions as well as to the frequency
and duration of high low pulses. With the operation of the
Manso dam, the peak of the drought (timing of annual extreme
conditions) not only arrived sooner than before the dam but
all parameters related to the magnitude and duration of annual
minima increased (magnitude and duration of annual extreme
flow conditions, Table 4).

Even though the dam impacts on fish and fisheries in the
Pantanal are not still clearly visible or demonstrated, in the
nearly located Parana River basin, such impacts are now well-
established. There, dam construction started in the 1980s, and
large dams are more numerous than in the Upper Paraguay River
Basin. Their impacts on river regimes have reduced the extent
and duration of flood events, limiting the reproductive processes
of several fish species (Agostinho et al., 2004) and impacting fish
populations (Agostinho et al., 2004, 2007, 2016).

Drawbacks and Usefulness

The step-wise screening algorithm presented here retains
a specific HA parameter based on several conditions. The
“removal” of land use and climate-induced changes in hydrology
is, in the end, not a complete removal. The hydrologic alteration
factor (HA) of the dammed river is only conserved if significant.
The HA of the dammed river is further considered if, in
comparison, the HA in the undammed river (1) is not significant,
(2) is of the opposite direction as in the dammed river, or (3) if
the HA of the dammed river is at least 25% larger than in the
undammed river. In the latter case, the HA due to land uses or
climate change could still contribute to the “overall” HA in the
dammed river. However, in this specific study, this is unlikely to
substantially change our findings. Of the 83 HA retained for the
calculation of the adjusted HA ¢4, only 6 (7.2%) were conserved
because of this last criterion.

The definition of pre and post-impact period to assess the
HA of other drivers of changes at the undammed control river
is one main weakness of the proposed method. For example,
the undammed Jorigue River, due to its location, was used as
a control for both the Poxoréo and Sao Lourengo hydropower
plants (Table 2). When the Jorigue River station was used as
the Poxoréo control, the year defining the pre/post-operation
period was 1998, yielding HA eqn of 17.8%. When it was used
as Sdo Lourenco control, the defining year was 2008, and HA ;¢4
was 32.5% (Figure 3). Not only was the overall HA larger, but
the relative contributions of the parameter groups also varied.
When the undammed Jorigue River was used as a control for
the Poxoreu dammed river, HA related to the magnitude and
duration of annual extreme flow conditions (group 2) was the

least important. When used as a control for the Sio Lourenco
hydropower plants, the HA of group 2 was third in importance,
almost as much as the rate and frequency of hydrologic changes
(group 5) (Figure 3, Supplementary Table 1).

Dams are built relatively quickly unlike increasing irrigation,
land use, and climate change which occur progressively over
much longer periods that could be equivalent to the temporal
length of the fluviometric time series used to assess the HA. For
the Jorigue River, the larger HA found when using it as the Sao
Lourengo control might have reflected the fact that the length of
record of the post-impact period was relatively short (10 years
from 2008 to 2018) and prone to the influence of stochastic
events such as large floods that were infrequent during this time
span (2008-2018), while relatively frequent before (Figure 2A).
Alternatively, it might capture better the fact that irrigation in
the Cerrado region increased dramatically after 2000 (Martins
and Santos, 2017). There is no simple alternative to choosing the
start of operation date to assess HA from other drivers of change.
An alternative would be to analyze independent of stationarity,
such as proposed by Valle and Kaplan (2019), who suggested
using a Gaussian Copula model to predict the counterfactual
in the presence of substantial data gaps through the integration
of data from multiple sources. These models have been widely
applied in hydrology to quantify the association between multiple
hydrological variables, such as drought duration, affected area,
and severity, annual maxima of stream flows or rainfalls, and to
predict associations among climate and flows.

Finally, the choice of the undammed river gage station is
linked to the availability of data. As noted in section Hydropower
Plants, Dammed and Undammed Rivers Gage Stations, these
gages were selected so that dammed and dammed river regimes
would be similar, and that hydrological variations due to geology,
geomorphology, and topography would be reduced. However,
hydrologic changes due to these factors, namely gage positions
in the drainage basin, hydrological variations in geology,
geomorphology, and topography, could not be controlled and
were not quantified.

Despite these drawbacks, using the proposed step-wise
algorithm to assess HA has several advantages for the
management of dams and the conservation of the Pantanal. It
selects only dam-induced alteration and reduces the number
of parameters that management would have to focus on to
diminish HA. For example, in the Manso case, the efforts
to reduce impacts to the Cuiaba River flow would have to
concentrate on parameters related to the magnitude of monthly
flow conditions, the magnitude, and duration of annual extreme
flows conditions, and the timing of annual extreme flow
conditions since no parameters related to the frequency and
duration of high and low pulses nor the rate and frequency of
hydrologic changes significantly differed from their undammed
river control. Specifically, median flows of June to October
significantly differed from their control and these could be targets
for restituting a more natural flow to the Cuiabd River and its
flooding regime in the Pantanal as already proposed by Zeilhofer
and Moura (2009). Regarding flow extremes, operation targets
would only be on minima as no maxima significantly differed
from their control. Regarding timing, dam operation affected the
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date of the minimum flow but not the maximum, so operation
targets could be set in direction of the pre-operation period
minimum date.

Since most of the studied dams (21 out of 24) were part
of cascades or arrangements, reducing impacts might not be
as straightforward as in the single Manso hydropower plant.
However, the HA analysis reveals crucial differences in the most-
impacted parameters that ought to be understood to better
manage actual hydropower plants or the implementation of
future ones. For example, the bulk of the impact in the Jauru,
Juba, Itiquira, and Sao Lourengo was related to the frequency
and duration of high and low pulses (Figure 4). However, in
the Sdo Lourengo case, it was only the high-pulse duration
which was affected, while for the other three hydropower
plants, the low and high pulse counts were most impacted
(Supplementary Table 1).

In this paper, we refined the widely used IHA method to
adjust for the effects of other hydrologic drivers such as land-
use and climate change to estimate the impacts due to damming.
These impacts differ from those of other drivers. It is compelling
to assert what are effectively the alterations provoked by the
operation of hydropower plants on river systems to make the
right decisions to diminish these impacts. Further research is
needed to assess hydrological alterations relevant to different
drivers of change. In the Pantanal region, where the number of
hydropower plants is growing fast, this is essential to strike a
balance between the benefits of hydropower and its impacts on
fluvial ecosystem services.
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