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Abstract: Hydropower remains the most important and largest source of renewable energy. However,
besides many additional benefits, such as dams for water supply, irrigation, flood control, recreation,
navigation, etc., hydropower generation has a negative impact on the environment. This study aimed
to investigate the hydrologic changes in Lithuanian lowland rivers caused by small hydropower
plants (HPPs). Thirty-two indicators of hydrologic alteration (IHA) were studied in 11 rivers down-
stream of hydropower plants in the post-impact and pre-impact periods. The findings showed
that HPPs and reservoirs considerably disturbed the primary flow of river ecosystems downstream.
The largest changes in mean IHA values were found for low and high pulse characteristics (up to
57%) and the number of reversals (up to 44%). Only small or no deviations of the timing of annual
extreme flows were found. The number of reversals, a low pulse count, and a fall rate were the
flow characteristics that fell outside their historical ranges of variability most often. Six (out of 11)
hydropower plants were identified that provoked hydrologic alterations of a moderate degree.

Keywords: hydropower plants; lowland rivers; indicators of hydrologic alteration (IHA); range of
variability approach (RVA)

1. Introduction

Hydropower (or hydroelectric power) is one of the oldest sources of energy used by
humans. To date, it remains the most important and largest source of renewable energy. In
addition, hydropower dams are useful for water supply, irrigation, flood control, recreation,
navigation, and more. Unfortunately, besides the aforementioned benefits, hydropower
production also has a negative impact on the environment. Frequent and sudden changes in
water level and temperature, disturbed sediment transport, and blockage of fish migration
routes are just a few of the many consequences that threaten the river ecosystem after
constructing a dam. The EU Member States have identified hydropower and dams as major
contributors to the deterioration of the aquatic environment [1]. The use of rivers for energy
production is a topic that does not lose relevance among politicians, environmental NGOs,
hydropower professionals, hydrologists, ecologists, ichthyologists, and many others.

Balancing human (energy production) and environmental (suitable conditions for
aquatic ecosystem communities) needs is complex and difficult. This raises awareness
of the need to care for aquatic ecosystems and resources to ensure long-term economic
viability [2—4]. Naturally variable flows create and maintain the dynamics of in-channel
and floodplain conditions and habitats essential to aquatic and riparian species [5]. River
flow is regarded as the fundamental process determining the size, shape, structure, and
dynamics of riverine ecosystems [6]. The influence of artificial flow regulation has attracted
worldwide attention from the research community. To represent biologically relevant
streamflow attributes, Olden and Poff [7] examined a total of 171 hydrologic indices,
analyzed in 13 published papers, trying to find out how many indices are necessary to
characterize flow regimes adequately. Poff and Zimmerman [8] reviewed 165 papers
on ecological responses to altered flow regimes. Most of the studies included in their
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review investigated changes of flow magnitude; however, studies on changes of other
important components of the natural flow regime, including frequency, duration, timing,
and rate-of-change, were identified as well.

The total installed capacity of hydropower plants in Lithuania is 128 MW. According
to the International Hydropower Association [9], Lithuania ranks 29th among 43 European
countries in terms of this capacity. Although Lithuania belongs to the humid climate zone
and is rich in rivers and lakes, it is a lowland country, not very favorable for hydropower
development. Lithuanian rivers are mostly used to build dams and generate electricity in
small hydropower plants (HPP). It is considered [10] that these hydropower plants (HPPs)
do not significantly alter the hydrological regime of a river and, therefore, have a lower
environmental impact than larger HPPs. Even though some researchers have stated that a
large untapped potential of small hydropower remains [10], most available studies devoted
to the impact of HPP on the hydrologic regime and certain components of the impounded
river ecosystem are not in favor of such optimism. Zdankus et al. [11] showed that the
operation of HPP turbines is subject to frequent and sudden fluctuations in river flow
and depth. Punys et al. [12] examined deviations of the hydrologic regime and identified
downstream river flow (stage) ramping. Gailiusis et al. [13] discussed HPP impact on the
flow regime of the impounded rivers and proved that the environmental flow, set by the
law, is the reason for the considerably transformed frequency of minimum flows. There
have been studies [14,15] demonstrating that dams changed the regimes of suspended
solids, fine particles, and nutrients, as well as the composition of macroinvertebrates. The
results obtained by Virbickas et al. [16] revealed that hydrologic changes caused by the
low-head HPPs might have a significant impact on fish habitats in the lowland rivers of
Lithuania and presented the ecological effectiveness of calculated environmental flow.

However, so far, previous studies have mainly focused on some particular aspects
of the impact and/or specific indices of flow changes due to the operation of small hy-
dropower plants; besides, none of the analyses performed were based on flow observation
data before and after the installation of HPP in the river. The authors of the present study
intended to contribute to a deeper understanding of the changes in the key components of
the natural flow regime by quantifying the dam-induced changes.

The method of the Indicators of Hydrologic Alteration (IHA, proposed by Richter
et al. [17]) chosen in the present study is based on the natural flow paradigm. The IHA tool
covers the full range of natural intra- and inter-annual variation of hydrologic regimes and
associated characteristics of timing, duration, frequency, and rate of change critical to sus-
taining the full native biodiversity and the integrity of aquatic ecosystems [5]. This method
has gained wide international recognition in the scientific community. In its native U.S.,
the IHA method was applied to quantify the hydrologic alteration of the rivers following
impoundments [18,19], to set [20] and restore [21] environmental flow. In China, which
is the leader among hydroelectricity producers, based on the IHA application, a broad
analysis of environmental effects of HPP dams was made [22,23], and a multi-objective
reservoir optimization model incorporating ecological adaption was proposed [24]. The
same methodology was used for similar purposes in Brazil [25-27], Sudan [28], India [29],
Vietnam [30], etc. In Europe as well, flow estimates using IHA were employed for a vari-
ety of water management purposes. The flow alteration in the selected catchments was
described by the IHA in the studies of Bizzi et al. [31], De Girolamo et al. [32], Stefanidis
et al. [33], Halleraker et al. [34], and Gierszewski et al. [35]. In three catchments from three
European ecoregions (Central Plains, Central Highlands, and Alpine), climate change im-
pacts on ecologically relevant hydrological indicators were investigated by Kiesel et al. [36].
Flow regime projections, using the IHA, were made for the whole of Europe by Schneider
et al. [37]. However, no European studies have been identified that provide a country-wide
assessment on the hydrologic regime of the lowland rivers modified by hydropower plants.

The article aimed to evaluate the potential impact of HPP dams on the flow of lowland
rivers in Lithuania by comparing the pre- and post-impact flow regimes using a set of
32 hydrologic parameters of the IHA software.
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2. Materials and Methods
2.1. Data

The study was dedicated to Lithuanian rivers modified by the development of hy-
dropower plants. Lithuania is a country (of over 65,000 sq. km) in the south-eastern part of
the Baltic Sea region. All 22,000 local and transboundary Lithuanian rivers and streams
belong to the category of lowland rivers due to the low height of their catchments (215 m
above sea level). According to the Kppen-Geiger climate classification system, this country
belongs to a humid continental climate. It falls within the excess water zone because the
annual precipitation to evaporation ratio is 1.47. The macroclimatic conditions of the area
are almost the same [38].

Today, the total installed capacity of hydroelectric power plants is 128 MW, 101 MW
belongs to the large Kaunas Hydropower Plant, and the remaining part (27 MW) belongs
to 99 small hydropower plants, which in total make up about 0.5-0.7% of the total electric
energy demand for the national economy:.

Eleven small hydropower plants (HPPs), i.e., about 10% of all small HPPs operating in
the country, were selected to analyze changes in the hydrologic regime in downstream river
reaches (Figure 1). The selected HPPs are distributed throughout the territory of Lithuania.
These HPPs met the length-of-record criteria, as recommended by the developers of the
software Indicators of Hydrologic Alteration [39], which was applied in this study.

75 150 300 Km ” - 3 Km
| N N T O Y T O | 0 125 25 %0 e 100

Figure 1. Study area.

The characteristics of HPPs and water gauging stations (WGS) are presented in
Tables 1 and 2. The length of the data series was chosen based on the year of construction
of the hydropower plant. First, the post-impact period, which began in the construction
year and ended in 2018 (i.e., latest available observation data), was selected. The period
of the same duration before the construction of the HPP was then chosen and used as the
pre-impact period. The studied HPPs were installed in 1999-2005. Thus, the analyzed
periods ranged from 14 to 20 years (17 years on average). The daily flow data were taken
from the hydrologic yearbooks of the Lithuanian Hydrometeorological Service [40].
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Table 1. Characteristics of the investigated hydropower plants.
Construction Installed Reservoir Reservoir Water
No. River HPP Year Power, KW Head *, m Qinst/QOma ** Surface Volume, Retention
4 Area, ha Mm?3 Coefficient ***
1. Bartuva Skuodas 2000 220 8 0.80 85.9 2.34 42.0
2. Jara Balskai 2005 2900 13 1.83 280 14.8 29.2
3. Lévuo Akmeniai 1999 35 2.1 0.63 9.4 0.159 834
4. Mituva GirdZiai 2003 200 6.6 1.53 57.5 1.09 82.9
5. Misa Dvariukai 2002 500 5 1.16 136.4 3.05 86.1
6. Sirvinta Sirvintai 2002 180 4 1.24 51.9 0.882 769
7. Susve Angiriai 2000 1250 15.8 1.87 248.3 15.5 12.2
8. éventoji Kavarskas 2002 1500 5.1 1.39 78.3 1.42 697
9. Venta Rudikiai 2002 70 2.5 0.39 7.7 0.102 3052
10. Venta KuodZziai 2005 600 4.5 0.57 1 0.484 1935
11. Verkne Aukstadvaris 2000 180 15.5 1.51 293.5 19.3 1.7

* The head is a vertical change in elevation between the head (reservoir) water level and the tailwater (downstream) level. ** The ratio of
the installed and multiannual discharges. *** The water retention coefficient K is the ratio between the inflow into the reservoir (annual
river runoff) and the reservoir volume.

Table 2. Characteristics of the water gauging stations.

Investigation Period Discharge, m3s~1
No. River WGS

Pre- Post- Qavg * Qavg ** OQmin * OQmin ** Omax * Omax **
1. Bartuva Skuodas 1981-1999 2000-2018 8.79 691 0.728 0.419 83.7 55.9
2. Jara Taurage 1991-2004 2005-2018 21.3 23.2 3.64 2.27 237 199
3. Leévuo Bernatoniai ~ 1979-1998 1999-2018 3.87 3.77 0.465 0.459 31.2 24.6
4. Mituva Zindaitiai 1987-2002 2003-2018 3.12 2.55 0.075 0.068 37.7 34.2
5. Misa Ustukiai 1985-2001 2002-2018 121 10.1 1.19 0.796 106 88.3
6. Sirvinta Liukonys 1985-2001 2002-2018 6.56 6.46 1.27 0.959 49.5 37.5
7. Sugve Josvainiai 1981-1999 2000-2018 6.13 5.87 0.387 0.318 69.3 499
8. Sventoji Ukmerge 1985-2001 2002-2018 44.8 40.9 13.8 15.0 179 150
9. Venta Papile 1985-2001 2002-2018 11.0 9.42 1.45 0.987 86.8 61.4
10. Venta Leckava 1991-2004 2005-2018 30.3 27.8 3.64 2.86 217 157
11. Verkné Verbyliskés ~ 1981-1999 2000-2018 5.34 5.20 1.67 1.87 31.5 234

* The pre-impact value. ** The post-impact value.
2.2. Methods

An easy-to-use open-access tool, called the Indicators of Hydrologic Alteration (IHA)
and proposed by Richter et al. in 1996 [17], was used to calculate the characteristics of
natural and altered hydrologic regimes. The IHA method estimates 33 ecologically relevant,
yet sensitive to human influences, statistics divided into five major groups (Table 3; [39]).

In the first step of the research, using daily discharge data, the IHA software was
applied to calculate the annual means of all analyzed flow characteristics and then evaluate
the deviation between the modified and natural regime values. The deviation factor (in %)
of each IHA parameter was calculated using the following equation:

x 100% 1)

where Myt indicates IHA mean value in the post-impact period, and My is the pre-impact
mean value. A positive sign shows an increase, while a negative sign shows a decrease in
the post-impact IHA mean value.
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Table 3. Analyzed IHA parameters and their role in the ecosystem (adapted from the IHA manual [39]).

IHA Parameter Groups

Hydrologic Parameters

Ecological Role

1. Magnitude of monthly
water conditions

Mean value for each
calendar month

Habitat availability for aquatic organisms
Soil moisture availability for plants
Availability of water for terrestrial animals
Availability of food/cover for furbearing mammals
Reliability of water supplies for terrestrial animals
Access by predators to nesting sites
Influences on water temperature, oxygen levels, photosynthesis in water column

2. Magnitude and
duration of annual
extreme water conditions

Annual minima, 1-day mean
Annual minima, 3-day means
Annual minima, 7-day means
Annual minima, 30-day means
Annual minima, 90-day means
Annual maxima, 1-day mean
Annual maxima, 3-day means
Annual maxima, 7-day means
Annual maxima, 30-day means
Annual maxima, 90-day means

Base flow index: 7-day minimum
flow/mean flow for year

Balance of competitive, ruderal, and stress-tolerant organisms
Creation of sites for plant colonization
Structuring of aquatic ecosystems by abiotic vs. biotic factors
Structuring of river channel morphology and physical habitat 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, such as low oxygen and concentrated
chemicals, in aquatic environments
Distribution of plant communities in lakes, ponds, floodplains
Duration of high flows for waste disposal and aeration of spawning beds in
channel sediments

3. Timing of annual
extreme water conditions

Julian date of each annual 1-day
maximum and 1-day minimum

Compatibility with life cycles of organisms
Predictability /avoidability of stress for organisms
Access to special habitats during reproduction or to avoid predation
Spawning cues for migratory fish
Evolution of life history strategies, behavioral mechanisms

4. Frequency and
duration of high and
low pulses

Number of low pulses within each
water year
Mean duration of low pulses (days)
Number of high pulses within each
water year
Mean duration of high pulses (days)

Frequency and magnitude of soil moisture stress for plants
Frequency and duration of anaerobic stress for plants
Availability of floodplain habitats for aquatic organisms
Nutrient and organic matter exchanges between river and floodplain
Soil mineral availability
Access for water birds to feeding, resting, reproduction sites
Influences on bed load transport, channel sediment textures, and duration
of substrate disturbance (high pulses)

5. Rate and frequency of
water condition changes

Rise rates: Mean of all positive
differences between consecutive
daily values
Fall rates: Mean of all negative
differences between consecutive
daily values
Number of hydrologic reversals

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

In the second step, the Range of Variability Approach (RVA) [39,41] was applied to
compare the variation in the IHA parameters before and after the installation of HPP on
the river. The RVA uses the pre-development natural variation of IHA parameter values as
a reference to define the extent to which natural flow regimes have been altered. Richter
et al. [41] suggest that water managers should strive to keep the distribution of annual
values of the IHA parameters as close to the pre-impact distributions as possible. In
this study, the suggested RVA target range of +1 standard deviation from the mean was
selected. A measure of hydrologic alteration is the degree to which the RVA target range is
not attained [42]. This measure of hydrologic alteration expressed as a percentage can be

calculated as:
Nobs - Nexp

D; =
l Nexp

x 100% , )
wherein N, is the count of years in which the observed value of the hydrologic parameter
fell within the targeted range; Neyy is the count of years for which the value is expected to
fall within the targeted range. Hydrologic alteration is zero when the observed frequency
of post-development annual values falling within the RVA target range equals the expected
frequency. A positive deviation indicates that the annual values fell inside the RVA target
window more often than expected; negative values indicate that the annual values fell
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within the target window less often than expected. The absolute value of the hydrologic
alteration degree (0-100%) can be divided into three categories: less than 33% represents
little or no alteration; 33-67% represents moderate alteration; more than 67% represents
high alteration.

To estimate the overall degree of hydrologic alteration regarding both the maximum
and mean values of degree of alteration for each group of IHA, Xue et al. [22] have proposed
the following equation:

Diax -+ Di,
—ar T )
where Dy, and Dy, are the maximum and mean values of degree of alteration for each
group of indicators. The overall degree of hydrologic alteration is suggested to be classified
into five groups: slight alteration (<20%), low alteration (20—40%), moderate alteration
(40-60%), high alteration (60-80%), and severe alteration (>80%).

To define the relationships between the degree of established hydrologic alterations
(predictands) and characteristics of HPP and reservoir (predictors: reservoir area, reservoir
volume, dam head, installed power, etc.), the calculations were performed in two steps.
In the first step, the correlation coefficients between all variables of both groups were
calculated. In the second step, only those hydrologic variables that significantly correlated
with specific HPP characteristics were selected. In this study, given the length of the data
series, the following recommendations (by [43]) were used: shorter data series can be
used for correlation analysis, but a higher correlation coefficient is required to establish
a significant relationship between parameters. Thus, we determined that the correlation
coefficient should reach or exceed 0.7. Furthermore, a multiple regression analysis was
used to determine the relationships between the selected groups of parameters.

D:

3. Results
3.1. Results of IHA Analysis

Initially, before the detailed investigation of hydrological regime variables using
the IHA method, a statistical significance (at p < 0.05) of the average, maximum and
minimum discharges of the pre- and post-impact periods (Table 2) was tested using a
t-test. No statistically significant changes in the average discharges were identified. This
confirms that the small HPP reservoirs, which were studied, are mostly daily regulated
and do not considerably affect average annual flows. Conversely, the t-test results of
extreme (minimum and maximum) flows in some rivers downstream of the dams showed
significant changes, indicating substantial dam-induced modifications. The maximum
flows changed significantly in the five studied river stretches, while the minimum flows
changed significantly in the four stretches.

3.1.1. Magnitude of Monthly Flow Regime

The first group of results obtained using the IHA software program was deviations
from the mean values of each monthly flow. In the studied rivers, the operation of HPPs
caused changes of negative and positive signs of different magnitudes (Table A1). At only
four WGSs, all changes between the post-impact and pre-impact monthly means were less
than 33%, i.e., little or no change was estimated. At the remaining stations, considerable
deviations of more than 33% were recorded for a minimum of two months or a maximum
of 7 months per year. The largest mean decrease (—35%) was found for the June flow,
and the largest mean increase was found for the August flow (30%) (Table 4). On average
(considering absolute values of the changes), the smallest changes occurred in January and
the largest in June. In general, there were more negative values of the analyzed parameters
at the top of the table (January—June) and more positive deviation values at the bottom of
the table (July-December). The greatest effect at monthly scales was mainly concentrated
in April-August.
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Table 4. Change (%) in the mean monthly flows (group 1 of IHA parameters).

Parameters

Jan

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Mean decrease

Mean increase
Mean (IHA) 3

2

—10.6
3.73
8.75

-129 -156 -284 -232 352 =272 132 197 -109 -914 724
26.7 7.09 14.9 14.7 2.52 234 30.5 14.82 27.3 171 22.8
17.9 14.8 27.2 225 32.3 24.1 27.4 16.6 19.9 14.2 15.7

1 Mean of negative values. 2 Mean of positive values. > Mean of absolute values given by the IHA program.

The most significant average monthly flow changes were estimated in the Mituva
and Susvé rivers downstream of the HPPs, 45.4% and 30%, respectively. Records of the
most affected WGS (Mituva-Zindaitiai) show (Table A1) that by the early summer, the
post-impact flows are generally lower than natural (before impact) flows, whereas in July—
November, the artificially modified flows become higher than in the pre-impact period
(Figure 2). Due to the GirdZiai HPP operation, the post-impact flows were distinguished by
significantly smaller values from January to June, while from July to October, the changes
of alarming magnitude were of the opposite direction, in which the flow reached high (96%
in October) and even critical (132% in July) values.
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Figure 2. Monthly flow changes (in m3s~1) at Mituva-Zindai¢iai WGS downstream of Girdziai HPP.

3.1.2. Magnitude and Duration of Annual Extreme Flow Conditions

Table A1l provides the results of obtained changes in magnitude and duration of
annual extreme flows (group 2 of IHA parameters) downstream of HPPs. The studied
WGS data demonstrated a high annual extreme minimum flow variation, with an average
change of 17% (absolute values). However, generalizing tendencies of these parameters is
complicated. In some impacted rivers, they substantially decreased, while in others, their
values slightly increased or had mixed tendencies. Most of the estimated deviations had a
negative trend. The average of the negative deviations in the minimum flows was 20.6%,
while the positive changes were 9.6% (Table 5). The 1-day minimum flow changed the
most, by 22% on average, and in most cases, they were negative deviations. The analysis
revealed that, in contrast, the post-impact maximum flows of different duration diminished
in all studied rivers. The most substantial changes occurred in the case of the 1-, 3-, 7-day
maximum flows. These parameters were reduced by more than 20% on average. In general,
the shorter duration extreme events tended to be modified more considerably. The response
of the base flow index (i.e., the 7-day minimum flow /mean flow per year) to HPP operation
varied in magnitude and sign.
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Table 5. Change (%) in the magnitude and duration of annual extreme flows (group 2 of IHA parameters).

1-Day 3-Day 7-Day 30-Day  90-Day 1-Day 3-Day 7-Day 30-Day  90-Day Base Flow

Parameters Min Min Min Min Min Max Max Max Max Max Index
Mean 245  -233  -188  —157  —200  -226  -223  -212  —190  —129 ~115
decrease
Mean increase 10.6 7.40 8.07 6.74 12.1 n/a* n/a n/a n/a n/a 11.7
Mean (IHA) 22.0 19.0 15.9 13.2 15.0 22.6 22.3 21.2 19.0 12.9 11.6

* No positive values.

It was obvious (Table A1) that the extreme flow conditions in the Bartuva River were
most significantly affected by HPP operation (Figure 3a,b). In this river, all parameters
indicating extreme flow conditions were reduced by 26.5% on average, in some cases as
much as —42.5% (1-day minimum) or —37% (3-day minimum). Considerable changes
(especially in the case of extreme minimum flows) were also recorded at Jara-Taurage,
Misa-Ustukiai, and Venta-Papilé WGSs. The Mituva River was distinguished for an
increased 90-day minimum value, reaching 37% (Figure 3c). For the Sventoji and Verkne
rivers, all extreme minimum flows increased slightly.

Pre-Impact Flow Post-Impact Flow +1 Standard deviation - ---Mean -1 Standard deviation
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Figure 3. Changes (in m? s71) in extreme flow conditions: 1-day minimum flow (a) and 1-day maximum flow (b) recorded
in the Bartuva downstream of Skuodas HPP; 90-day minimum flow (c) in the Mituva downstream of GirdZiai HPP.

3.1.3. Timing of Annual Extreme Flows

In the post-impact period, the date of 1-day minimum flows was shifted from —25 to
43 days (16 days on average), while the date of maximum flows was shifted from —66 to
21 days (18 days on average) (Table 6). The timing of minimum flow was advanced at six
WGSs and delayed at five WGSs. More often (eight cases out of 11), the maximum flow
values were observed earlier (by 21 days on average) than pre-impact.
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Table 6. Change (in days) in the means of the timing of annual extreme flows (group 3 of IHA parameters) and change

(in %) in the mean frequency and duration of high and low pulses (group 4 of IHA parameters), as well as the rate and

frequency of hydrologic changes (group 5 of IHA parameters).

Group 3 Group 4 Group 5
Parameters Date of Date of Low Pulse  LowPulse HighPulse High Pulse Rise Fall Rate  Number of
Minimum Maximum Count Duration Count Duration Rate Reversals
Mean decrease -13.9 —21.2 —29.7 —59.7 —16.00 —15.6 —27.3 —20.4 425
Mean increase 19.4 11.0 221.0 36.7 8.89 10.3 5.43 15.3 47.5
Mean (IHA) 16.4 18.4 163.6 55.1 13.2 13.6 25.3 19.9 44.2

Due to the regulation, the largest deviation of the mean timing of extreme flows was
recorded at Sugve-Josvainiai WGS, where the 1-day minimum flow was delayed by an
average of 43 days, while the 1-day maximum flow occurred 66 days (equivalent to a
two-month duration) earlier on average. Only slight changes in this parameter group
were observed at Venta-Leckava and Verkné-Verbyliskés WGSs. In general, the observed
changes were moderate: the date of minimum shifted by 9% and the date of maximum by
10% (in absolute values). The timing of annual extreme flows is likely to be a quite random
variable that depends on the human (HPP manager or the owner) need to produce energy
at a particular time rather than on the operation of the HPP itself.

3.1.4. Frequency and Duration of High and Low Pulses

Group 4 of IHA parameters was particularly sensitive to HPP provoked flow regime
modifications (Table A1l). In our analysis, high and low pulses were considered as periods
when daily flows were above or below the mean pre-impact value plus or minus 1.0 stan-
dard deviation. Especially large changes were indicated in the number of post-impact low
pulses (Figure 4). On average, it deviated by almost 164% (the mean increase reached 220%),
getting much higher values at individual WGSs: 495% at Sugvé-Josvainiai and over 270% at
Misa-Ustukiai and Sirvinta-Liukonys. In the Sugvé, the number of low pulses ranged from
one to eight times a year before the impact, and after the impact, this parameter reached
even 53-54 times in individual years (Figure 5). That is the greatest estimated change of
the IHA parameter in this study. Duration of low pulses was the parameter that experi-
enced the second largest change in this group and among all IHA parameters. Although
it increased at two WGSs, at other stations, this parameter was markedly reduced by an
average of —59% (Figure 4). The high pulse frequency and duration changed considerably
less (but in some cases still more than 20%); they had mixed signs (Table 6), indicating that
flows exceeding the defined threshold did not have consistent patterns.

At five stations, the mean change in group 4 parameters was greater than 50%. Sugve-
Josvainiai WGS recorded an average of 150% deviations. At the remaining four WGSs of
éirvinta-Liukonys, MiiSa-Ustukiai, Bartuva-Skuodas, and Lévuo-Bernatoniai, the average
changes were 90.1%, 89.7%, 70.2%, and 54.1%, respectively.

3.1.5. Rate and Frequency of Hydrologic Changes

Changes in the rates of discharge (group 5 of IHA parameters) are presented in Table A1.
In the IHA analysis, the rise rate is the mean of all positive differences between consecutive
daily values, and the fall rate is the mean of all negative differences between consecutive
daily values. The reversals are calculated by dividing the hydrologic record into “rising”
and “falling” periods, which correspond to the periods during which the daily changes
in flows are either positive or negative, respectively. The rise and fall rates at all stations
tended to decrease on average by —27% (Table 6), except for Sugve-Josvainiai, where all
recorded parameters of this group increased. The largest observed change between the pre-
and post-impact rise rates reached —39.7% (at Bartuva-Skuodas); the smallest reached 5.4%
(at Sugveé-Josvainiai). The fall rate deviations fluctuated from —31.8% (at Verkneé-Verbyliskeés)
to 15.3% (at Sugve-Josvainiai). At 10 stations, the number of reversals increased by an average
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of 47%. The number of reversals was one of the most affected IHA parameters in the studied
rivers. At Lévuo-Bernatoniai, this variable was artificially elevated by 79% (Figure 6).

On average, Lévuo-Bernatoniai and Bartuva-Skuodas stations manifested the most
significant changes in the positive and negative differences between the consecutive daily
means and the number of changeovers/reversals, of 45.5% and 43.3%, respectively. The
data of Mituva-Zindaitiai showed the least response. The operation of Angiriai HPP
invoked an increase in all parameters of this group in the Sugve River.
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Figure 4. Changes in the number and duration of low pulses downstream of HPPs.
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Figure 5. The number of low pulses at Sugve-Josvainiai WGS before and after construction of
Angiriai HPP.
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Figure 6. The number of reversals at Lévuo-Bernatoniai WGS before and after construction of
Akmeniai HPP.

3.1.6. Overall Parameter Group Changes

The results of deviations of the IHA parameter values are presented in Figure 7. They
show that among the studied parameter groups, the most dramatic changes occurred in the
frequency and duration of high and low pulses, i.e., in group 4. In contrast, IHA parameters
indicating the timing of extreme flows were the least impacted hydrologic variable. The
analysis revealed the most affected rivers downstream of the hydropower plants: the Sugve,
Mii$a, and Bartuva, where the average of parameter groups exceeded 33%, indicating mod-
erate changes. A possible explanation for the most significant changes in IHA parameters
downstream of Angiriai HPP in the Sugve River is the ratio of installed and multiannual
discharges (Qinst/Qma), which is the highest—(1.87) among the studied HPPs (Table 1). The
turbines installed in this HPP leak a large amount of water and are not regulated; therefore,
their activation causes hydropeaking phenomena in the river reach below.

3.2. Results of IHA Analysis

In the second step of our study, the range of variability approach (RVA) was applied
to calculate the alteration in a variation of the IHA parameters after installation of HPP
on the river or, in other words, to estimate the degree to which the defined RVA target
range (£1 SD from the mean) was not attained. In the post-impact period, the calculated
degree of inter-annual variation of the monthly flows (group 1 of IHA parameters) in the
defined range was mostly low, i.e., it mostly equaled the expected frequency. Only low
range (0-33%) alterations were identified for February flows. In January, April, July, August,
and November, several cases of moderate alterations (33—67%) were estimated. In general,
the most noticeable alterations in the post-impact monthly flows at Mituva-Zindaiiai
and Jara-Tauragé WGSs were observed: 22% (ranging from —40% to 44%) and 21% (from
—36% to 36%) in absolute values, respectively. At the remaining WGSs, the monthly flow
alterations varied from 12.5% to 18.5%.
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Figure 7. Average changes of the IHA parameters groups at the studied WGSs.

Considerably higher degrees of hydrologic alteration were estimated for the extreme
flow conditions (group 2 of IHA parameters). The frequency of minimum flows of different
duration had a moderate alteration degree more often than in the case of maximum flow
durations. The largest alteration was found in the extreme minimum flows for the 7-day
minimum flow (from —54.6% to 70%), and in the group of the extreme maximum flows,
it was found for the 7-day maximum flow (from —56.3% to 44.4%). MaSa-Ustukiai WGS
data showed the largest positive moderate alteration of the extreme minimum flows
(except for the 7-day minimum, where its range of 70% indicated a high alteration degree;
Figure 8a). However, at Bartuva-Skuodas WGS, the greatest negative alterations of the
extreme maximum flows of the moderate range were estimated (e.g., —53.9% in case of the
3-day maximum, Figure 8b). The highest alteration degree in the extreme flow data was
established at Mituva-Zindai¢iai WGS (on average 34.5%).
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Figure 8. Hydrologic alteration of 7-day minimum (a) at Masa-Ustukiai WGS and 3-day maximum (b) at Bartuva-
Skuodas WGS.

The alteration in parameter group 3 that refers to the timing of 1-day minimum and
1-day maximum flows was, in most cases, the smallest (of low degree). For individual
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WGS, the alteration in the minimum flow date ranged from —45.5% to 21.4%, and in the
maximum flow date, it ranged from —50% to 18.2%. The moderate alteration degrees for
the date of the maximum flow (—50%) were identified at Bartuva-Skuodas WGS, and at
Mituva-Zindaitiai WGS they were identified for the date of the minimum flow (—45.5%).
At other WGSs, the timing parameters failed to fall within the target range slightly in most
cases, and the dates of the extreme flows recorded at Jira-Tauragé WGS maintained the
same variability patterns.

Large changes of inter-annual variation of post-impact values were estimated for
group 4 parameters. Due to the operation of HPD, the natural frequency of the low pulse
and its duration was highly reduced, on average by 35% and 27%, respectively. The values
of hydrologic alteration at individual WGS ranged from —88.9% to 12.5% for the low pulse
count and from —100% to 0% for its duration; it ranged from —46.7% to 33.3% for high pulse
count and from —25% to 44.4% for its duration. A high degree of hydrologic alteration
of the low pulses at Bartuva-Skuodas (—83%), éirvinta—Liukonys (—89%, Figure 9) and
Susve-Josvainiai (—70%) WGSs was calculated. In contrast, no changes in the variation
were estimated for the low pulse count at Mituva-Zindai&iai and Verkné-Verbyliskés WGSs;
for the low pulse duration at Jtira-Taurage, Masa-Ustukiai, and Verkné-Verbyliskés WGSs;
and the high pulse count at Masa-Ustukiai and Sventoji-Ukmerge WGSs. Overall, the most
considerable alterations were identified at girvinta—Liukonys (42.7%) and Bartuva-Skuodas
(42.4%) WGSs.
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Figure 9. Hydrologic alteration of low pulses at Sirvinta-Liukonys WGS.

The parameters of group 5 experienced the largest alterations. Variation of the rise rate
values was from —61.5% (at Bartuva-Skuodas WGS) to 22.2% (at MaiSa-Ustukiai), the fall
rate was from —66.7% (at Verkné-Verbyliskeés) to 8.3% (at Sugve-Josvainiai), and the number
of reversals was from —100% to 9.1%. The values of the number of reversals fell outside
the defined RVA ranges in 90% of the years in the post-impact period (at Bartuva-Skuodas,
Jara-Taurage, Sirvinta-Liukonys); all of these values fluctuated outside the target range
at Musa-Ustukiai and Susve-Josvainiai WGSs (i.e., alteration of —100%, Figure 10). In
this study, the number of reversals was identified as an indicator of the most dramatic
change in hydrologic alteration. The alterations of the rise and fall rate values were low
to moderate. In general, the variation of parameters of group 5 was the most shifted at
Bartuva-Skuodas (by 65%), Mtisa-Ustukiai (by 56%), and Lévuo-Bernatoniai WGS (by 54%),
in absolute values.
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Figure 10. Hydrologic alteration of the number of reversals at Sugve-Josvainiai WGS.

Figure 11 indicates the percentage of hydrologic indicators in each category of hydro-
logic alteration: low, moderate, and high. Records in the Bartuva and Jtira downstream of
the HPPs show the largest percentage of flow indicators in the range of moderate and high
alterations. Thirty-one hydrologic indicators fell in the low and only one of them was in
the moderate alteration range at Venta-Papilé WGS downstream of the HPP.
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Figure 11. The percentage of hydrologic indicators in each RVA category.

Figure 12 presents the overall degree (in %, according to Equation (3)) of hydrologic
alteration, taking into account both the mean and maximum values of the degree of
alteration for each indicator group. At six WGSs, this degree was rated as moderate (higher
than 40%), i.e., the rivers of Bartuva, Sirvinta, Sugve, and Masa were identified as the most
hydrologically modified by HPP operation. The applied concept of hydrologic variability
revealed that Rudikiai HPP modified the Venta River the least.
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Figure 12. The overall degree (%) of hydrologic alterations.

3.3. Influence of Hydropower Plants and Reservoir Characteristics on Hydrologic Changes
in Rivers

In the previous sections, it has been established that the changes in the hydrologic
regime took place after the construction of the HPPs. It is important to determine which
HPP or reservoir characteristics had the greatest impact on the river reaches below. The
following HPP and reservoir characteristics were selected for this analysis: reservoir
volume and surface area, water retention coefficient, dam head, HPP installed power, and
Qinst/ Qma ratio (Table 1). It was investigated whether there was a relationship between the
mentioned HPP characteristics and the hydrologic alterations (%) of 32 flow parameters in
all 5 groups (Table 3) due to the HPP construction. For this purpose, a correlation analysis
was performed. However, when calculating the relationships between the two groups of
parameters, only a few significant relations were detected when the correlation coefficient
was equal to or greater than 0.7 (Table 7).

Table 7. Correlation coefficients (only greater than 0.7).

Reservoir Volume, Reservoir Surface
Mm?3, (X1) Area, ha (X2) Qinst/Qma (X3)
. .
Hydrologic alteration (%) 0.75 0.73 0.70

of 7-day max flow (Y)

The alteration degree of the 7-day maximum flows was found to be the most depen-
dent on three characteristics (Table 7): reservoir volume, surface area, and Qjngt/Qma- A
regression equation with a correlation coefficient of 0.80 was estimated:

Y =-4040+4373x1—-0.15x2+2585x%3 4)

Most of the studied HPPs (8 out of 11) significantly affected the hydrologic alteration
of the 7-day maximum flows, i.e., values of these extreme flows fell outside the boundaries
of natural river functioning (Figure 13a). This means that during spring or flash floods,
the reservoir can accumulate a certain amount of water and, due to such regulation (HPP
operation), reduce the maximum flows in the lower reaches of rivers. Furthermore, the fate
of maximum flow depends on the ratio Qinst/Qma. These ratios were highest (1.51-1.87) for
the three HPPs, leading to the opposite alteration in the 7-day maximum flows (Figure 13b),
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i.e., the post-impact values of these flows tended to fluctuate in the defined range more
often than before the impact. These ratios indicate that the installed flow in these HPPs
is the largest compared to the multiannual flow rates. In addition, in these three HPPs,
turbines do not regulate flow and not adapt to river flow rate. They release the maximum
discharges out of the reservoir without reducing them (i.e., they do not perform the runoff
regulation function).
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Figure 13. Hydrologic alteration (in m3s~1) of extreme flow conditions (7-day maximum) in the Bartuva downstream of
Skuodas HPP (a); in the Jira downstream of Tauragé HPP (b).

Likely, the study of more hydropower plants and the possibility to assess the lower
correlations as significant would reveal more significant relationships between the charac-
teristics of HPP and reservoir and the degree of hydrologic alterations.

4. Discussion

The findings of the performed analysis revealed that the damming of rivers and the
construction of reservoirs for hydropower production affected the hydrologic regime of the
studied lowland rivers. To the best of our knowledge, this is the first study in Lithuania and
the Baltic States to examine the full range of natural hydrologic regime variables, including
size, time, frequency, duration, and change rates that play a key role in maintaining the
aquatic ecosystem.

The environmental consequences of river flow alteration are well documented in
literature [8,18,23,27,44]. The power of the method of Indicators of Hydrologic Alteration
applied in the present study is that it can summarize long periods of daily hydrologic data
into a much more manageable series of ecologically relevant hydrologic parameters [39].
In addition, the proposed 33 IHA parameters are considered to be robust in the ability to
quantify alterations peculiar to specific human influences [17]. Since this method is widely
used, comparing the findings with other studies was convenient and efficient.

In the post-impact period, smaller or larger changes of both positive and negative
signs of the mean values of studied hydrologic indicators downstream of all dams were
identified. Monthly flow changes did not have clear tendencies; the largest mean decrease
was estimated in the June flow, and the largest increase was in the August flow. The
greatest effect of flow modification was observed in April-August. In general, due to river
exploitation by HPP, flows were reduced during the flood period and increased during
the low flow period. Studies of dams” hydrological impacts [45] have indicated that such
redistribution of the flooding regime, directly and indirectly, affects fish populations.

However, flow regulation by HPP dams does not always result in reduced high flows
and enlarged low flows. A significant increase in the mean extreme minimum flows and
a significant decrease in the extreme maximum flows over different durations following
impoundment across the studied sites was estimated by Magilan and Nislow [18] and
Costigan and Daniels [19]. Very similar outcomes were presented by Song et al. [23].
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Conversely, there were recorded cases of different (mixed) tendencies [27,46]. In the present
study, the maximum flows diminished in all rivers, and the tendency of more considerable
changes in the shorter maximum flow events was detected. However, no clear trends in
the changes of minimum flows were identified. Virbickas et al. [16] analyzed the impact of
three HPPs (Skuodas, KuodZiai, and Dvaritikai, i.e., the same as in the present study) on
fish habitats in downstream river stretches in the warm period. The analysis revealed that
at the extremely low flows, the studied stretches became unsuitable or only partly suitable
for studied fish species. In a dry year, when a suitable habitat area falls below the threshold
area, the number of stress days may increase even more significantly.

The post-impact dates of 1-day extreme flows demonstrated low changes. No patterns
in modified extreme flows were detected; this could be attributed to different regulation
modes at the selected HPPs.

In contrast, in the case of low pulses, huge differences between pre- and post-impact
characteristics were estimated. However, the mean high pulse number and duration
changed slightly (in most cases decreased). These measures of frequency and duration of
high and low water conditions together show the pulsating behavior of environmental
variation over a year and provide measures of the shape of these environmental pulses [17].
Their role in the aquatic ecosystem is listed in Table 3. In the present study, the identi-
fied considerably increased frequency of low pulses and their reduced duration may be
attributed to both decreasing river flows due to climate change [47] and artificial flow
regime regulation. Despite the naturally lower flows, HPP owners have to release the
environmental flow and still need to generate electricity. A considerable increase in low
pulse number and a decrease in their duration were detected by Zhang et al. [46] and Song
et al. [23]. The frequency and duration of high and low pulses were identified as the most
affected elements of the hydrologic regime by Ely et al. [27].

The estimated means of rise and fall rates decreased in most cases studied, and the
number of reversals got considerably greater. Costigan and Daniels [19] discovered a
dramatic increase in the number of reversals and a faster rise and fall rate. The studies of
Magilan and Nislow [18], Song et al. [23], and Zhang et al. [46] also revealed an increasing
number of reversals following impoundment. The changes in the rates of flow variation
were mentioned among most common and noticeable by Magilan and Nislow [18] and
Ely et al. [27]. Since the present study was based on daily flow data, it was not possible
to compare the results with those of Punys et al. [12] and Cesoniene et al. [48], which
used sub-daily (hourly) flow data and identified a significant flow hydrograph ramping
downstream from some studied HPP dams. However, the findings of [48] showed that the
ramping did not correlate to a significant impact on the biological indices. Still, such a rapid
and frequent flow and stage fluctuation certainly indicate a high undesirable, unnatural
modification of the flow regime. In [12], causes of flow ramping and measures to reduce
the effects of HPPs by adapting turbines to the river natural flow were proposed.

River flow regulation by HPPs modified not only the post-impact mean values, but
also a variation of the studied hydrologic parameters at a different rate. Not always,
a variation of hydrologic indicators met the defined RVA targets. The degree of inter-
annual variation of monthly flows mostly equaled the expected frequency. The hydrologic
alteration of extreme flows was more pronounced: it had a low degree in most cases.
However, minimum flows of different durations, more often than maximum flows, had
a moderate degree of the alteration as well. Low pulse count and duration in a number
of cases had moderate or high alterations, while the majority of high pulse parameters
experienced alterations of a low degree. A group of hydrologic parameters that describe a
rate and frequency of changes in conditions (rise and fall rates and the number of reversals)
experienced the largest alterations. Estimated hydrologic alteration of the number of
reversals was the most dramatic in the present study. In many cases, its values were greatly
outside the boundaries of natural variation. In general, the number of reversals, low pulse
count, and fall rate were the flow characteristics that fell outside their historical ranges of
variability most often and strongly. Fall rate ranked first of all hydrologic alteration values
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by Zuo and Liang [49]. Song et al. [23] stated that the number of reversals had the largest
alteration, followed by rise and fall rates, among others. Even the study by Gierszewski
et al. [35], which analyzed flow regime changes in the periods of different operating
conditions of HPP, estimated that in the entire analyzed period, the average values of the
rise rate, the fall rate, and the number of discharge reversals significantly exceeded RVA
ranges. Richter et al. [41] also indicated the considerably higher non-attainment rates for
the post-dam period for high and low pulse counts and durations, numbers of hydrograph
falls and rises, and the hydrograph rise rate. The same study found that the computation
of rise and fall rates and rise/fall counts in the IHA method does a reasonably good job
of detecting hydropower-induced change. The study of Zhang et al. [46] reported that
the three indicators of the rate and frequency of the daily streamflow (i.e., rise rate, fall
rate and, the number of reversals) were informative to delineate the critical role of dam
construction on streamflow change. Therefore, the results of this study appear to be almost
consistent with other results of a similar nature obtained by other researchers. In general,
the sensitivity of the IHA parameters to flow modifications was very similar in most of the
reviewed studies. If there were any differences, they might be attributed to a variety of
climatic and geographical conditions, reservoir size, installed power of HPP, environmental
legislation determining the more or less environmentally friendly mode for exploiting a
river, etc. Table 3 indicates what kind of ecological response might follow the revealed
hydrologic alterations. Larger changes in flow alteration are associated with a greater risk
of ecological change from pre-management conditions [8].

According to the overall degree of hydrologic alterations, exploitation of six (out
of 11) HPPs caused moderate alterations of investigated flow indicators. In some cases,
hydrologic parameters were altered unexpectedly strongly. The IHA tool is based on mean
daily flow data; therefore, if hourly data were available, it would likely be possible to
capture even greater hydrologic alterations. The findings showed that HPP and reservoirs
considerably disturbed the primary flow of downstream river ecosystems. Nevertheless,
regression analysis of HPP or reservoir characteristics provoking such changes was not
successful, likely due to a short sample of affected river reaches; thus, we could not de-
termine which specific HPP attributes led to the largest alterations. It is possible that
the study of a larger number of modified river reaches and the opportunity to assess the
lower correlations as significant would reveal more noteworthy relationships between the
characteristics of HPP and reservoir and the degree of hydrologic alterations. Regressing
IHA response variables against HPP and reservoir attributes may be complicated because
of different HPP operation modes due to specific management objectives. Magillan and
Nislow [18], trying to explain the difference and direction of the hydrograph properties,
discovered that dam characteristics emerge as important variables generally in combination
with climatic variables. Timpe and Kaplan [25] detected that reservoir area and volume
and dam elevation were consistently significant predictors of the observed hydrologic
alterations. By scaling hydrologic alteration by electricity production capacity, they estab-
lished that lowland dams with large reservoirs affected the hydrologic regime more than
higher elevation dams with smaller reservoirs. The outsized impact of small dams has
been demonstrated by other studies [50,51] as well.

Taken together, these findings suggest that the proposed hydrologic indicators may
help to find solutions for how to mitigate the dam-induced changes. The severity of certain
alterations results from the hydropeaking mode that should not be allowed, especially
during the low flow periods. In the exploitation schemes of the small HPPs, the requirement
to operate in a run-of-river mode during the low flow period should be defined and
emphasized [13]. The use and results of the RVA approach are designed for ecologically-
minded management of water resources to balance human and ecosystem needs. It can
help to set the requirements for a more environment-friendly range of river flow.
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5. Conclusions

The aim of this study was to investigate the hydrologic changes caused by small
hydropower plants in Lithuanian lowland rivers. Thirty-two indicators of hydrologic
alteration (IHA) were studied in 11 rivers downstream of hydropower plants in the post-
impact and pre-impact periods.

The largest changes in mean IHA values were found for group 4 parameters (low and
high pulse characteristics) of 57%. The low pulse rate changed by 164%, and its duration
averaged 55%. Only small or no deviations of group 3 parameters (timing of annual
extreme flows) were found.

The most considerable hydrologic alterations were established in group 5 parameters
(rate and frequency of hydrologic changes) of 41%. The post-impact number of reversals
altered from the natural range by 64%. The other two most altered parameters were low
pulse number and fall rate (from group 4), which altered by 35% and 30%, respectively.

By applying the Indicators of Hydrologic Alteration method, six hydropower plants
were identified that provoked hydrologic alterations of a moderate degree in downstream
river flows.
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Appendix A
Table Al. Change (%) in the mean values of IHA parameters.
River-WGS *
Parameters
1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11.
Group #1 of IHA Parameters

January —8.6 9.1 1.4 —27.3 —5.8 -11.3 0.7 —-194 —-1.2 —29 —8.4
February -7.3 —18.8 23.4 —22.8 -57 17.3 45.5 -1.6 —2.8 —31.0 20.4
March —28.6 —3.5 7.1 —35.2 -7.8 -10.3 -11.5 —11.0 -85 —25.1 —144
April —51.6 14.9 -31.9 —35.5 —33.3 —19.6 —34.6 —24.0 —33.0 —4.0 —16.6

May —23.5 —12.6 —19.5 -39.7 =361 14.7 —43.4 -9.3 —31.0 —15.5 -19

June —39.6 —31.2 —143 —51.9 —49.9 —-1.2 —60.0 —54 —58.1 —40.9 2.5

July 55 21.3 —2.6 132.3 —51.8 3.5 17.0 22 10.7 2.1 15.7
August 55 89.6 19.4 51.4 14.4 —8.6 16.4 6.0 -17.9 54.6 17.4
September 6.1 8.2 1.6 29.7 —30.8 —3.6 48.8 41 —43.0 5.3 —-14

October —-37.7 —0.2 —6.7 96.5 7.6 12.5 34.3 -9.9 —0.1 10.7 2.3

November -22.9 16.8 28.1 15.7 —6.2 18.0 36.6 1.0 —6.4 -1.1 3.7
December —125 65.0 13.9 -7.0 —2.6 15.0 114 3.9 -33 27.7 —10.7

Group #2 of IHA Parameters

1-day minimum —425 —37.6 -1.3 -10.4 —32.9 —24.6 —17.8 8.7 —31.8 —21.4 12.5

3-day minimum —37.1 —35.1 0.1 -79 —28.1 —16.2 —16.4 12.3 —-287 173 9.8

7-day minimum —32.2 —30.2 24 —2.5 —22.8 —8.0 —12.5 13.6 —27.4 —14.9 8.2

30-day minimum  —26.3 —-19.7 —2.4 0.7 -20.8 -1.7 —15.8 11.3 —28.0 -10.8 8.2
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Table A1. Cont.
River-WGS *
Parameters
1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11.
90-day minimum  —12.4 32 9.1 37.1 —26.8 10.8 -10.2 9.3 —30.4 2.3 13.0
1-day maximum —33.2 —16.1 -21.2 -9.3 —17.0 —24.3 —28.0 —16.5 —29.3 —27.8 —25.8
3-day maximum -30.5 —15.3 —19.3 —164 —17.8 —-225 —243 —16.3 —279 —27.6 —-27.1
7-day maximum —28.6 —11.6 —19.8 —26.0 —18.0 —-21.0 —20.8 —16.4 —224 —233 —25.1
30-day maximum  —22.6 —11.1 —19.4 —29.2 —-19.9 —16.8 —17.6 —18.7 —16.8 —-20.4 —16.8
90-day maximum  —16.7 —6.1 —105 —26.7 —16.5 -5.0 -7.6 —14.4 —13.2 —19.8 —5.6
Base flow index —10.0 —35.6 7.5 3.1 —24 —5.7 -27 26.9 —15.2 -9.0 9.3
Group #3 of IHA Parameters
Date of minimum 3.1 13.9 8.5 7.6 55 8.3 23.6 11.7 9.3 4.0 29
Date of maximum 13.3 2.5 5.6 6.3 8.6 12.9 36.4 11.9 3.6 2.5 7.0
Group #4 of IHA Parameters
Low pulse count 175.5 113.9 132.6 —12.7 279.6 277.8 495.3 —75.0 -1.3 72.2 -
Low pulse —656 —502 —595 157 583 —784 -564 -778 578  —316 -
duration
High pulse count  —28.2 1.1 —4.1 22 —114 0.0 —24.1 —-20.3 —24.2 16.7 —13.3
High pulse —11.6 78  —202 -293  -92 42 235 -180 55  —199  —08
duration
Group #5 of IHA Parameters
Rise rate —39.7 —26.1 —334 —13.8 —28.5 -5.0 54 —33.5 —36.6 -30.0 —26.3
Fall rate —252 —10.8 —23.7 -17.3 —18.2 —5.8 15.3 —26.6 —28.4 —-15.9 -31.9
Number of 651 450 794 251 725 500 454 436 152 382  —65
reversals
* Indicated in Table 2.
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