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Abstract: This work aims to evaluate the hydrologic changes caused by a small hydropower plant on
the watercourse in which it is installed. Since hydrologic research with data of temporal frequencies
less than a day is less common than daily measurements, there are few indicators and methodolo-
gies capable of treating such records. For this reason, 17 indicators are proposed which describe
the magnitude, duration, frequency and rate of changes in hydrologic conditions occurring in a
watercourse at a sub-daily frequency. These 17 indicators were used to assess changes in the flow
regimes at sub-daily scales across the Itiquira hydroelectric facility in Mato Grosso, Brazil. During
the dry season the river was more susceptible to hydroelectric operations than during the wet season.
Eighty-eight percent of the proposed indicators were significantly altered during the dry season
compared to 71% during the rainy season. In addition to the number of indicators that changed
between the seasons, the magnitude of the change was different. During the dry season, 53% of
the magnitudes of the proposed indicators were classified as having a high magnitude of change,
while in the rainy season only 6% of the indicators were characterized as having a high magnitude
of change.

Keywords: run-of-river; hydropeaking; sub-daily hydrologic indicators; Pantanal

1. Introduction

Run-of-the-river hydroelectric facilities generate energy with minimal or no water
accumulation capacity. In these hydropower plants, unlike large dams, there is minimal
rainwater reserved for energy production during dry periods, leading to seasonal variations
in production [1].

Over the last two decades, this model of hydraulic energy utilization has been ac-
cepted as one alternative to mitigate the socioenvironmental problems that accompany
large reservoirs. Despite the fact that these projects are considered to be less environmen-
tally impactful, the recent trend of installing multiple facilities in the same watercourse
(cascading facilities) has the potential to lead to cumulative and synergistic impacts that
are not yet well known [2,3].

In the same way that the hydrological regime affects the production of hydropower, its
maintenance is of fundamental importance for the reproduction, feeding and growth of the
aquatic biota, and should be maintained within natural patterns [4-6]. Several decades of
studies have sought to characterize the conditions of the natural river flow and to quantify
anthropogenic hydrological alterations. These studies have proposed several metrics [7,8],
based on historical series with daily data, which describe ecologically relevant components
of a river’s hydrology.
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A well-known effect of larger hydroelectric dams is the release of water at variable
rates over the course of the day (i.e., sub-daily) to accommodate variation in electricity
demand. The resultant short-term variability in downstream velocity, discharge, and
water levels is known as load following or hydropeaking [9]. However, in run-of-river
plants, these short-term changes in flow tend to be more frequent than in larger facilities.
Thus, more detailed information on flow variation over a shorter interval (hourly or sub-
hourly) may be needed to identify impacts to biota. Some metrics that utilize sub-daily
data have previously been proposed [10-15]. These studies show that the operations of
reservoirs, even the small ones, have the potential to cause modifications to the sub-daily
hydrological regime.

In Brazil, a discussion about the effects of the operation of small hydroelectric power
plants on aquatic ecosystems has gained prominence in the Paraguay Hydrographic Basin
(PHB); a basin that encompasses the Pantanal, the largest freshwater floodplain in the
world. This biome is recognized as a World Heritage Site by UNESCO, and has three
Ramsar Sites (Wetlands of International Importance). Despite its environmental and
cultural relevance [16], there has been a recent expansion in the number of hydroelectric
facilities in the basin; there are 47 installed hydroelectric plants and another 138 projects
planned for installation [17].

Most of these new facilities are run-of-the-river arrangements with little storage
capacity. For this reason, these types of facilities have been defended as the best model
for the region, since they would not have the capacity to alter the flood pulse that defines
the Pantanal hydrology [18]. The hydrological effects of the existing run-of-the-river
facilities in the region, using metrics based on daily data, show that this argument is
generally coherent since they concluded that the hydrological alterations identified are
of low magnitude [2,19]. Given the unique characteristics of the region, the installation
and operation of these facilities must be in line with the United Nation’s Sustainable
Development Goals, in order to promote actions that achieve sustainability for the region,
as advocated by [20].

Figure 1 shows a typical structure found in 46% of hydropower plants in the PHB [21].
In this configuration there is a relatively small dam that retains enough water to ensure that
water enters a diversion channel. The dam also typically has a spillway, which is capable
of releasing the excess flow in the reservoir. The diversion route is composed of a low
pressure conduit (this can be a channel or a free conduit), a forced conduit, a power house,
and finally, a return channel that returns the diverted flow to the natural channel [22].

Derivation channel

Overflow Penstock

spillways

Figure 1. Typical arrangement of diversion channel hydroelectric facilities that are common in the
Paraguay Hydrologic Basin. Adapted from [22].

The common metrics used for the purpose of assessing the hydrologic effects of
reservoirs are based mainly on the use of daily or monthly flow data [23]. One of the
metrics widely used for this purpose is the Indicators of Hydrologic Alteration (IHA)
proposed by [7], which is based on a historical series with daily data for the calculation of
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its indicators. Since its publication, this metric has been shown to be an efficient tool with
diverse applications, especially in reservoir operations [24].

Similarly [25] verified that daily averages are not sufficient to monitor the effects of
water withdrawals occurring over short time periods (one to three hours). They also have
the potential to be ineffective in the evaluation of impacts from small reservoirs, since these
are dependent on turbine operations that occur over short time periods.

In this context, except for the studies by [2] and [26] which have large storage reser-
voirs, little is known about the effects of run-of-river hydroelectric operations on the
Pantanal’s hydrological regime, especially on the impacts of hydropeaking. This study’s
objective is therefore to evaluate whether the operation of a run-of-the-river hydroelectric
facility affects the sub-daily hydrological regime of the downstream river. For this purpose,
17 hydrological indicators were proposed and used to describe the sub-daily hydrology
upstream and downstream from a run-of-the-river facility.

2. Methods
2.1. Sub-Daily Hydrological Indicators (SDHI)

To quantify the hydrological alterations caused by hydroelectric projects, indicators
were developed to describe the flow regime at a sub-daily scale. The aim was to develop
indicators that build on the 33 Hydrologic Change Indicators proposed by [7], which are
based on daily data series of the annual hydrologic regime.

Seventeen indicators were developed for the application to data series with hourly
measurement frequencies. These indicators include four of the five components used by [7]
that describe the variability of the hydrological regime: magnitude, duration, frequency
and rate of change of flow (Table 1). Among the indicators presented, four (daily range,
duration of stability and duration of high and low pulses) were proposed and used by [27]
to evaluate the effects of hydroelectric plants in the Ume River basin in northern Sweden.

Table 1. Description of Sub-daily hydrological indicators (SDHI). * = indicators previously proposed
and used by [27].

Descriptions of River

Main SDHI Groups Regime (Indicators) Units

First quartile of the day m3s~!

Second quartile of the day m3 57!

Third quartile of the day m3s~!

Fourth quartile of the day m3s!

Group 1. Magnitude of sub-daily flows 1-h-minimum flow m3 !

3-h-minimum flow m3s~!

1-h-maximum flow m3 57!

3-h-maximum flow m3s~!

Daily range * m3s!
Number of low pulses NP day~!

Group 2. Sub-daily flow pulse frequency

Number of high pulses NP day !
Number of reversals NR day !
Group 3. Rate of change of sub-daily flows Rise rate m?s~1h!
Fall rate m3s~1h!

Duration of stability * hday~!

Group 4. Duration of sub-daily flow regimes Duration high pulse * h day~!

Duration low pulse * hday~!
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2.1.1. Group 1. Magnitude of Sub-Daily Flows

The “quartile flows of the day” parameter represents the median of the flows recorded
during each quartile of a day, with the first quartile ranging from 0:00-5:59, followed by
the second 6:00-11:59, third 12:00-17:59, and the fourth from 18:00-23:59. The output of
this process will be four indicators that represent the magnitudes of flows in each of the
quartiles, roughly corresponding to night, morning, afternoon, and evening. Thus, this
identifies patterns of sub-daily hydrological changes to supplement the demands of energy
production in the periods of the day.

Sub-daily extremes were assessed using the maximum and minimum flows within 1 h
and 3 h time periods along with the daily range in flow rates. The hourly minimum and
maximum flows are simply the minimum and maximum recorded hourly flow rate within
a daily timeseries. To calculate the 3 h minimum and maximum flows, a three-hour moving
average was first calculated, then the minimum and maximum values of the resulting 3 h
averages were reported. The daily range indicator was calculated as the difference between
the maximum and minimum hourly flow rate during a day.

2.1.2. Group 2: Sub-Daily Flow Pulses Frequency

Each time the flow rate falls outside of the 25 to 75% daily flow range, a pulse is
recorded. A single pulse is considered to be the entire range of consecutive flow data
outside of the 25 to 75% flow thresholds. The number of pulses below 25% is recorded as
the number of low pulses while the number of pulses above 75% is recorded as the number
of high pulses (Figure 2a). In the case shown in Figure 2a, there is a low pulse from 14:00 to
20:00 and a high pulse from 23:00 until midnight.
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Figure 2. (a) Exemplary hydrograph for a single day with representation of select indicators; (b) Average monthly variation
of precipitation in the city of Rondondpolis, which is within the Itiquira Basin, during the period from 1999 to 2015 (station
n° 83410; Source: BDMEP /INMET).
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2.1.3. Group 3: Rate of Change of Sub-Daily Flows

The rates of change quantify the speed of increase or decrease in flow rates per unit of
time, as well as the number of times that the direction of change switches in the hydrograph.
A change in flow rate was identified if a flow rate differed by more than 1% compared to
the previous hourly flow rate. Successive hourly flow rates with changes greater than 1%
in the same direction (increasing or decreasing) were grouped as a single change event.
From there, the rise or recession was calculated as the difference between the initial and
final flow rate of an event. The value of the largest dowries and recession events within a
day are reported as the rise rate and fall rate (Figure 2a). For the recession, you can also see
two events within a day.

A reversal occurs when there is a change in the direction of flow in the hydrograph.
That is, when two successive change events, as previously defined, occur in opposite
directions (i.e., a rise followed by a fall or a fall followed by a rise). The number of these
reversals that occurred within a daily hydrograph are reported.

2.1.4. Group 4: Duration of Sub-Daily Flow Regimes

The duration of stability indicator quantifies the longest period of time that the flow
remains relatively unchanged during the day. Because a threshold of 1% change in flow
rate between hourly data was used, stability events are the time intervals that are not
change events. This indicator is shown in Figure 2a; during the time series shown there
were two periods in which the flow remained stable. The first period corresponds to a
length of 8 h while the other period has a length of 4 h. The indicator value for this time
series is therefore 8 h (longest period).

The low and high pulse durations represent the longest time the flow remained either
above the 75% threshold or below the 25% threshold on a given day. In the case of Figure 2a
the duration of the low pulse was 5 h and the high pulse duration was 2 h.

2.2. Assessment of Hydrologic Change

To quantify the hydrologic change caused by the operation of a hydroelectric facil-
ity, the sub-daily flow upstream and downstream of a facility was characterized by the
17 indicators. Based on the calculated indicators an assessment of the hydrologic change
across the facility can be carried out in two stages.

The first stage is to determine which indicators are significantly altered across the
reservoir. The Wilcoxon signed rank test was applied. This test compares the difference
in rank-ordered paired values. The null hypothesis assumes that the difference between
upstream and downstream data is zero. A significance level of 5% was used in this paper.

In the second stage, the values of each indicator, for the same day, were paired between
the upstream and downstream for the quantification of the magnitude of the hydrologic
alteration. The analysis method was adapted from the RVA (range of variability approach)
developed by [8,28]. In this approach, a range of variability, determined by the 25th and
75th percentiles of the hourly or sub-hourly values of the natural (upstream) conditions,
are established for each indicator. The frequencies at which the indicators, under natural
and altered (downstream) conditions, fall within this interval are then calculated separately.
This relative change in frequency from natural to altered conditions is called the hydrologic
change rate (HCR, Equation (1)). The advantage of using this method is that it controls for
seasonal climatic variability (e.g., precipitation), isolating the effect caused exclusively by
the hydroelectric plant, since the comparisons between inflow and outflow of the reservoir
are under the same meteorological conditions.

HCR = I”natural — Inaltered % 100 (1)
I”natuml

where 1,54, is the frequency of the hourly flow values found within the ranges of
variability corresponding to the data under natural conditions and 17,4 is the frequency
of the hourly flow values found within the ranges of variability corresponding to the data
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under altered conditions. The impact levels related to each of the percentages obtained
with the HCR values are categorized in Table 2.

Table 2. Impact levels for determining the category of hydrologic change in the watercourse.

Impact Level Hydrologic Change
Very low (VL) <25%

Low (L) 25-50%
Medium (M) 50-75%

High (H) >75%

2.3. Study Area

The utility of the proposed hydrologic indicators is shown using data from a sub-daily
frequency hydrograph. For this case study, flow data from upstream and downstream of the
Itiquira Hydroelectric Plant were used. The facility is located in the Itiquira Basin, whose
drainage area is 33,900 km?, which corresponds to 9.36% of the Paraguay Hydrographic
Basin (PHB). The PHB is characterized by two primary geologic and ecologic features, the
upper plateau (Planalto) formed by the savanna (cerrado) biome and the lower Pantanal
floodplain biome.

The climate of the region is characterized as hot and sub-humid, being defined by the
Ko6ppen classification as AW (tropical savanna with dry winter), with an average annual
temperature of 24 °C, varying between a minimum of 13.6 °C and maximum of 34.4 °C.
The region has a marked seasonality, with two well defined seasons, rainy (October to
April), in which 92.70% of rainfall occurs, and the dry (June to August) where only 2% of
rainfall occurs. The average annual rainfall is 1247 mm, with the maximum occurring in
January (278.52 mm) and the minimum occurring in August (3.79 mm), as can be seen in
Figure 2b.

The Itiquira HPP (hydroelectric power plant) was installed on the edge of the Planalto
where it takes advantage of a 220 m elevation difference to generate power of 156 MW.
Power generation is divided between two hydraulic turbines installed in series. The
structure relies on an earthen dam with a maximum height of 15 m and a concrete spillway
forming a 215 hectare reservoir. Water for power generation is diverted from the reservoir
into a 4200 m channel (Figure 3). The flow then moves to the loading chamber and from
there it passes through a forced conduit, taking advantage of a 90 m elevation difference
while generating 61 MW of power. The second circuit starts from the downstream re-
channelization of the first power house. This channel travels 2350 m to a second loading
chamber, and then to a forced conduit, and finally a second power house, which has an
installed capacity of 95 MW. This second circuit takes advantage of the remaining drop of
130 m. In the Itiquira HPP the route time in the reduced flow reach (RFR) is 2 h and the
minimum flow that must be maintained in this section is 0.5 m3 s~ 1.
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Itiquira Hydroelectric Power Plant
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Figure 3. Location of Itiquira hydroelectric power plant and upstream and downstream monitoring stations.

2.4. Database

In this study, data from two telemetric flow stations maintained by the Brazilian
National Water Agency were used (upstream from Itiquira HPP: 66521000 and downstream
from Itiquira HPP: 66525100; Figure 4). The stations transmit hourly discharge measure-
ments (Supplementary Materials). Both stations have been in continuous operation since 2
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Figure 4. Hourly flows measured upstream and downstream from the Itiquira hydroelectric power plant with the respective
daily precipitations for (a) dry season (01/08/2017 to 08/31/2017), and (b) rainy season (11/25/2015 to 12/25/2015).
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For the identification and quantification of the effects of the hydroelectric operation
on the daily hydrologic regime downstream from the project, two temporally matched
series (upstream and downstream) were selected. Data series were chosen in which both
gages had 31 consecutive days without failure. One pair of hydrographs was chosen for
the dry season and one pair of hydrographs was chosen for the wet season. The selected
time series spanned 00:00 on 08/01 /2017 until 23:00 on 08/31/2017 for the dry season, and
from 00:00 on 11/25/2015 until 23:00 on 12/25/2015 for the rainy season.

The comparison of temporally matched data just upstream and downstream from the
hydroelectric facility allows for isolation of the reservoir effect and controlling influences
of climatic variability, as well as changes in land use and development within the basin.
This design allows robust conclusions when compared to analyzes of pre and post impact
series, since it can be applied in short duration and non-stationary series [2].

3. Results
3.1. Characterization of the Hydrologic Regime

During the dry season the hydrology upstream from the Itiquira HPP is predominantly
base flow. This season and location are characterized by low variability in flow with very
rare hydrographic pulses occurring within days of the precipitation event. During this
period, the average flow rate was 51.9 m? s~!, with quartiles between 51.9 and 53.6 m? s 1.
In addition, a rainfall event occurred with a cumulative depth of 85.8 mm in 21 August,
which resulted in an upstream flow pulse of 99.9 m> s~! (Figure 4a). The general hydrologic
shape and peak characteristics were maintained in the downstream regime while increased
variability downstream from the facility can be observed during dry periods.

In the rainy season, the average flow rate upstream from the Itiquira HPP was
70.7 m3 s~! with quartiles between 67.5 and 75.0 m3 s~!. During this period, there is
a greater variability of flow rates due to recurrent precipitation events, which totaled
353.9 mm across the 31 days (Figure 4b).

3.2. Sub-Daily Hydrologic Indicators (SDHI)

The indicators for each hydrograph are presented in Table 3. The indicators show
differences in magnitude both from the upstream to downstream regions and between
seasons. Upstream from the Itiquira HPD, the Itiquira River has low variability in the
sub-daily flows during the dry season, as shown by the indicators. This low variability is
especially pronounced in the daily range (0.6 m® s~1), number of reversals (1 per day) and
duration of stability (20 h day—!). The operation of the Itiquira HPP changes the natural
sub-daily variability by increasing the daily range (4.4 m3 s~!), the number of reversals
(four per day), and reducing the duration of stability (8 h day~!). In contrast, during
the rainy season, when naturally the hydrological variability is greater, the operation of
the dam changes little in this pattern. This can be seen in the similarity of the indicators
between the upstream and downstream, with the exception of the daily range, which
decreased from 7.9 to 5.1 m3 s~1.

During the dry season, of the 17 indicators evaluated, nine (53%) resulted in hydrologic
change rates classified as high, six as low, and two as very low (Table 3). During this period,
only the high pulse flow magnitude indicators were not significantly different between the
upstream and downstream regions from the hydroelectric facility.

During the rainy season, most of the hydrologic change rate indicators were classified
as very low (12), followed by low (three), and one medium and one high (Table 3). A
difference from the dry season results was that, during the rainy season, there was no
pattern in relation to the direction of the hydrologic change rate, since five indicators
showed an increase and seven showed a reduction in the frequency of occurrence of values.
Despite the reduction in the magnitude of the hydraulic change rates, the Wilcoxon test
showed that, even during the rainy season, the flow upstream from the reservoir was
significantly different than the flow downstream from the reservoir according to 12 of the
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17 indicators. Only the rise rate, fall rate, duration of stability, duration of the low pulses,

and number of low pulses parameters were not significantly altered (Table 3).

Table 3. Characteristics of the hydrologic regime on a sub-daily scale across the Itiquira hydroelectric power plant (upstream
and downstream) during the dry and rainy seasons. * Significant values for the Wilcoxon paired test (p < 0.05). Md—Median,
QL—Quartile, HCR—Hydrologic Change Rate, VL—Very Low, L—Low, M—Medium, H—High.

Dry Season Rainy Season
Indicator Upstream Downstream HCR Upstream Downstream HCR
Md QL2575 Md QL25/75 Md QL2575 Md QL25/75
Group 1. Magnitude of Sub-Daily Flows
Istquartile m®s~1) 519 519/531 507 50.0/529 85(H)* 726 688/758 735 70.6/772  0(VL)*
2nd quartile m®s~1) 519 51.9/529 50  49.4/525 95(H)* 709 675/749 738 70.8/77.2 —13(VL)*
3rd quartile m3s~1) 519 51.9/535 497 485/53.0 90 (H)* 693 645/737 7265 69.3/761 —13(VL)*
4th quartile m3s~1) 519 51.9/539 49.7 488/530 90(H)* 718 675/751 732 70.7/77.1 —13(VL)*
! h(rr:l‘ér:ﬁ‘;lm 519 519/522 491 47.6/512 100(H)* 679 634/716 709 68.4/741 —18(VL)*
3 I}I‘::;r;lﬂ‘;m 519 51.9/546 514 50.5/59.8 80(H)* 754 703/782 761 732/795 11.(VL)*
! h(ﬂg";lf‘})um 519 51.9/522 493 47.8/51.3 100(H) 679 637/717 709 68.8/742 —21(VL)*
3 h(rrrrl‘?’;‘_nl‘;lm 519 51.9/545 5127 50.1/57.8 80(H) 749 701/781 757 727/794 —6(VL)*
Daily range (m3s~!) 0.6 0/19 4.4 23/61 78 (H)* 79  39/100 5.1 34/72  —6(VL)*
Group 2. Sub-Daily Flow Pulses Frequency
Number of high . .
pulses (NP day 1) 0 0/1 1 11 17 (VL) 1 1/1 1 1/2 25 (L)
Number of low *
pulses (NP day 1) 0 0/1 1 1/1 13 (VL) 1 1/2 2 1/2 3 (VL)
Group 3. Rate of Change of Sub-Daily Flows
Number of reversals " .
(NR day ) 1 0/4.5 5 04/06 39 (L) 6 05/07 8 7/9.5 50 (M)
Rise rate (m3s~1 h~1) 0 0/0.6 0.68  0.4/09 36(L)* 098 08/126 1.1 1/1.46 —7 (VL)
Fall rate (m®s~1 h~1) 0 0/0.6 065 04/09 38(@L)* 089 07/1.07 1.1 0.7/1.2 46 (L)
Group 4. Duration of Sub-Daily Flows
Durazfgfyff}?blhty 20  80/240 8  60/105 29(@)* 5  30/65 5  35/65  14(VL)
Duration high pulse 0 0/2.5 4 30/55  78(L)* 5 4.0/6.0 4 2.0/5.0 23 (L) *
(hday™)
D“”gfg;;ﬁf’ ulse 0 0/2.5 4 20/55 025 3.0/6.0 3 20/50  —83(H)

4. Discussion

Analyses carried out by [19] identified the effects of the operation of hydroelectric
plants in several basins in Brazil, among them the Itiquira HPP, using the IHA metrics
associated with daily data. Using the hydraulic change rate, they classified the flow changes
across the dam as low magnitude (HCR = 15%). Adopting the same calculation criteria
as [19], but with sub-daily parameters, we report a HCR of 60.0% for the dry season and a
HCR of 11.7% for the rainy season. It is apparent from these divergent results that while
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the hydrology at daily and seasonal scales has changed very little, at the sub-daily scale
there are substantial differences during the dry season.

The hourly fluctuations in flow observed downstream from the Itiquira HPP during
the dry season are likely due to intermittent turbine operations. To operate the turbines, a
minimum flow and pressure head is required. During the rainy season there is sufficient
water to run all turbines continuously. However, during the dry season, one or more
of the turbines may be operated in a cyclical fashion such that when a turbine is shut
down, the reservoir is allowed to fill. Once the reservoir is sufficiently full, the turbine is
restarted causing the reservoir to drain. During these cyclical operations the downstream
hydrograph experiences periodic decreases in flow (when the reservoir is filling) followed
by periods of increased flow (when the water is released through the turbines).

According to [29], rivers with stable flow characteristics are impacted to a greater
extent by the operations of hydroelectric plants. Such results appear to be confirmed by
this study since the number and magnitude of change in indicators was larger during the
stable dry season than the more variable rainy season. The availability of sub-daily data is
still a limitation for the assessment of hydroelectric dams within the PHB and many parts
of the world. While the 31-day data sets are relatively short, these selections of dry and
rainy seasons represent the extremes of the seasonal cycle of the Pantanal; transitional flow
seasons can be expected to show intermediate results between these two datasets.

The cyclical turbine operation can be inferred in indicators such as the daily range,
since short duration low and high pulses that did not exist before now occur. Rates of
ascent and recession due to the abrupt activation and deactivation of turbines occur may
also be affected. Many diversion channel hydroelectric facilities reduce the pass-through
flow during the night, since the energy demand is low. With this maneuver, the operator
expects the reservoir to fill at night but drain during part of the day. However, the Itiquira
HPP reservoir is mostly silted, leaving little useable storage volume available, so the
quartile indicators did not present large changes between the quartiles as might have been
expected [21].

The Itiquira HPP is one of 47 hydroelectric facilities operating in the PHB. The opera-
tional effects of these facilities are felt by the riverside population of the region who report
great variations in the water levels, with occurrence of “droughts and floods in the same
day” [30]. There are also reports of fishermen who have witnessed a reduction in fish catch
during the times when there are high pulses derived from the operations of the turbines; a
fact also recorded by [31] in the Amazon Basin.

To minimize these impacts, a “Manual of Procedure and Operation” was launched
by the Brazilian National Electric System Operator (ONS), which includes four facilities
located in the PHB where operational guidelines are defined (this manual entered into
force in October 2017). For the Itiquira HPP, it is now required that in the dry season there
can be no downstream variations greater than 10 m> s~! during a period of 2 h. In addition,
it was required that the minimum downstream flow rate not be less than 40 m3 s 1, so as
not to impair the ichthyofauna and the fishery in the region. In the presented data, it was
verified that these restrictions have been obeyed in the operation of the enterprise (Table 3),
even though enforcement of the manual commenced after the period studied.

It should be noted that ONS only regulates hydroelectric plants with a power greater
than 30 MW and, despite the limitations imposed on Itiquira HPP, it has no legal responsi-
bility for the overall management of water resources. In Brazil, small hydroelectric plants
do not undergo any type of operational regulation of flows for environmental protection,
as is the case in some countries in Europe and North America [32].

Our findings do not allow us to directly link hydrological change to ecological impacts
downstream of dams. However, changes in hydrological indicators at the sub-daily scale
show that the downstream hydrological regime has changed where previous studies had
shown little variation. Ref. [33] proposes that when it is not possible to establish links
between hydrological alteration and ecological modifications, a presumptive limit should
be adopted, and based on a review of previous studies, they recommended that less than
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20% of indicators should be allowed to change. By this criterion, we can say that the
hydrological changes in the dry season are above acceptable levels.

In December 2018, in the stretch immediately downstream from the Itiquira HPP, the
death of about 400 large fish (Pseudoplatystoma fasciatum) was reported by stranding during
the breeding period [34]. Cross referencing the date of this record with the flow of the
Itiquira River, we can infer that mortality was caused by two hydropeaking events, when
the flow increased from 73.35 to 99.7 m? s~! in the interval of one hour, and then reduced
to 62.1 m> s~ ! in ten hours, before rising again to 91.4 m3 s ! in seven hours (Figure 5).
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Figure 5. Hydropeaking causes the death of fish downstream of the Itiquira hydroelectric power plant.

Sudden variations in the river level, such as those recorded in the dry season, can
negatively affect fishing. Fishermen from the Madeira River (Amazon Basin—Brazil),
argue that the increase in the irregularity and unpredictability of the flow regime caused by
hydropeaking negatively affects fish catches [31]. For the rivers that form the Pantanal, the
ecological effects of hydropeaking on the behavior of fish remains unknown and deserves
further investigation.

5. Conclusions

This study shows that hydropeaking events occurring downstream from a hydroelec-
tric run-of-river facility do significantly impact proposed sub-daily hydrologic indicators.
The evaluations carried out at the Itiquira HPP presented two distinct scenarios: the rainy
season, where 94% (16) the indicators showed low change rates due to the presence of the
reservoir—with only two indicators presenting a medium and high hydrologic change rate
(number of flow reversals and duration low pulse)—and in the dry season, in which 53%
(9) of the indicators showed high hydrologic change rates.

This finding is the first piece of evidence in the basin that shows a small run-of-the-
river reservoir is causing significant hydrological changes over the sub-daily regime of
the river, which may affect the region’s energy planning. This change in energy planning
may have come to fruition because the justification for the installation of the 138 proposed
facilities in the basin is that, since they are formed mostly of small hydroelectric plants
(<30 MW) with run-of-river operation, they would not be likely to change the regime of
the Pantanal rivers. The installation of hydrometric monitoring stations downstream of
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hydroelectric plants, with high frequency measurements and adequate maintenance, to
avoid failures, is an important instrument for understanding, and therefore mitigating
and controlling impacts. This instrument associated with metrics that characterize the
sub-daily hydrological regime allows the development of operational protocols that reduce
the occurrence of hydropeaking and its undesirable effects in stretches downstream. Finally,
we recommend that the Brazilian environmental agencies, when defining environmental
flows for rivers with high ecological importance, also consider sub-daily variations, as is
the case in some countries in Europe and North America [30]. In this way we will also be
contributing to the achievement of goal six (Clean Water and Sanitation) of the Sustainable
Development Goals and to the efficient management of water.

Supplementary Materials: Hydrological data are available at http:/ /www.snirh.gov.br /hidrotelemetria/
Mapa.aspx.
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