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Abstract: At the beginning of the 21st century, ongoing climate change led to research into extreme
streamflow phenomena. This study aimed to assess the patterns of low-flow changes in different
hydrological regions of Lithuania using selected hydrological indices (the annual minimum 30-day
flow (m® s~1) of the warm period—30Q), its duration, and deficit volume (below the 80th and
95th percentile flow: 30Q80 and 30Q95). Differences in low-flow indices in separate hydrological
regions and over different periods (1961-2020, 1961-1990, 1991-2020) were analyzed, applying the
HydroOffice tool, the TREND software package, and mapping using the Kriging interpolation. The
highest specific indices of 30Q were estimated in the Southeastern hydrological region (3.97 L/s-km?)
and the lowest in the Central hydrological region (1.47 L/ s-km?). In general, the 30Q values in the
periods 1961-2020 and 1991-2020 had no trends. In 1961-1990, trends in 30Q data were significantly
positive, and positive in most investigated rivers of the Western and Central hydrological regions.
The average number of dry days at both thresholds decreased in the Western and Southeastern
hydrological regions and increased in the Central hydrological region comparing two subperiods.
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Spatial and Temporal Patterns of

Low-Flow Changes in Lowland 1. Introduction

Rivers. Water 2022, 14, 801. https:// Low flow is a seasonal phenomenon and a basic component of the river flow regime [1].
doi.org/10.3390/w14050801 Low flows occur after periods of low rainfall or when precipitation falls as snow [2]. Since
one or both situations occur annually in many regions, by the season of occurrence, low
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are reduced, become fragmented or lost, aquatic species lack the ability to disperse due
to the altered environment, alteration of food resources occurs, changes in the strength
and structure of interspecific interactions are observed, etc. [4—7]. Water scarcity threatens
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iations. the ecosystem, businesses, and the community. The Communication on Water Scarcity
and Drought [8], adopted by the European Commission in 2007, highlights the emerging

challenge of basic needs so that every human being and most economic activities have
EY access to sufficient good quality water. A recent report of IPCC [9] warns of a continuing rise
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Low-flow patterns depend on geographical, climatic, and anthropogenic factors [13].
A study of seasonal timing and the main drivers of low flows across 1860 European and US
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catchments [13] revealed that low flows tend to occur in either late summer/autumn or
winter across these study regions. In Europe, winter low flows occur mainly in the Alps
and northern Scandinavia; in the rest of the European sites, annual low flows are observed
almost exclusively in late summer (August and September) and are primarily associated
with periods of high excess potential evapotranspiration. The records of near-natural
streamflow from 441 small catchments in 15 countries across Europe showed that low flows
have increased in most winter low-flow regimes and decreased in most summer low-flow
regimes [10]. However, on a finer scale, the authors found that decreasing trends are often
weak in the areas with summer low-flow regimes and patterns of directionality are mixed;
positive trends predominate around the Baltic Sea and are found locally elsewhere. A
study based on thousands of time series of river flows and hydrological extremes across
the globe [14] found that the observed trends can only be explained if the effects of climate
change are considered.

To describe and analyze low-flow regimes, researchers often use a variety of hydro-
logical indices, such as mean minimum monthly flows, low-flow index, low-flow pulse
count and duration, annual minima of 1-/3-/7-/30-/90-day means of daily discharge,
low exceedance flows, etc. [15]. Since maintaining a certain low flow in a river is related
to defining environmental flow standards, such indices are widely used and, in some
countries, are officially adopted. Trends in low flows of German rivers were analyzed using
annual minimum low flows (for 1-/7-/14-/21-/30-/60-/90-days), discharge deficits (below
Q90 and Q95 by calendar year), and low-flow durations (below Q90 and Q95 by calendar
year) [16]. Although each index is applied for different purposes in water management
applications, the authors found similar spatial patterns for all used indices. The study of
trend detection in river flow indices [17] stated that, in Poland, in general, decreases of
low flow, expressed as the annual minima of 7-day averaged daily flows, were observed in
areas where the mean river flow was low. The applied mean summer minimum discharge
did not indicate an expected significant decrease in low flows in the most studied Cen-
tral European headwaters [18]. In contrast, results based on the 7-day annual minimum
streamflow and the 10th percentile of the annual flow duration curve showed a general
decline in low flows throughout the rivers in Spain [19]. In Ireland, statistically significant
trends in the 7-day sustained low-flow time series of mixed direction were identified only
at a part of studied gauging stations [20]. No clearly pronounced decrease in low flows
was detected using annual minimum 30-day flow (m?3 s~!) and prevalence of low flows
(number of days below the 90th percentile flow) based on 120 near-natural catchments in
the UK [21]. Statistical analysis of average low flow and minimum monthly summer and
winter discharges showed significant positive trends in all parameters of the low-water
period in the rivers of the European part of Russia [22]. Analysis of the Latvian river
discharge regime revealed that, in most cases, there were no statistically significant overall
long-term changes in low-flow discharges of the warm period (defined as a series of the
30-day minimum discharge in May-October); however, a statistically significant upward
trend in low flow during the cold period was found [23].

In Lithuania, low flows typically occur during extended dry periods in the late summer
and early autumn. For many years, only a limited number of studies have been related to
this critical component of a river flow regime. However, at the beginning of the 21st century,
research into extreme streamflow phenomena has intensified with the growing evidence
of climate change. Low-flow changes in Lithuanian rivers in the 20th century (more
precisely—till 2003) were investigated [24]. The authors identified the cyclic variations
in the 30-day minimum discharge series, but no significant trends of this characteristic
were detected. The meteorological and hydrological drought patterns were analyzed in the
Lithuanian permanent rivers [25]. It has been established that climate change predicted
at the end of the 21st century may increase the likelihood of more intense and frequent
meteorological droughts in Lithuania [26]. Summer flows projections in the studied rivers
showed a decreasing tendency [27,28]. The ongoing signs of climate change led to the
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investigation of intermittent rivers, which are particularly sensitive to any alterations in
meteorological conditions or any anthropogenic disturbances [29].

Although the summer low-flow period is a critical time for water users and aquatic
ecosystems, the spatial and temporal behavior of low flows in Lithuanian catchments is not
fully understood. This study, therefore, set out to assess the patterns of low-flow changes in
different hydrological regions of Lithuania using selected hydrological indices. The paper
analyzed the annual minimum 30-day flow (m3 s71) of the warm period (30Q), its duration,
and deficit volume (below the 80th and 95th percentile flow: 30Q80 and 30Q95). The
defined differences in low-flow indices in different hydrological regions and over different
periods (1961-2020, 1961-1990, 1991-2020) provide a better understanding of low-flow
behavior in lowland river catchments.

2. Materials and Methods
2.1. Study Area and Data

Lithuania (total area of 65,200 kmz) has over 22,000 rivers with a total length exceeding
37,000 km. The annual river runoff varies from 4.2 to 14.0 L/ (s-km?). The Nemunas River is
a major Lithuanian river. Its total length is 937 km, while the basin area covers 98,200 km?,
of which 46,600 km? belong to Lithuania (comprising 72% of Lithuanian territory). Climatic
factors, soil structure, geology, geomorphology, and anthropogenic activities affect the
hydrological regime of the Lithuanian rivers [29]. According to the hydrological regime
and the river feeding type, the territory of Lithuania is divided into three hydrological
regions (Figure 1): Western (W-LT), Central (C-LT), and Southeastern (SE-LT). In the W-LT
region, the main source of river feeding is precipitation. In the SE-LT region, subsurface
feeding dominates: widespread permeable sandy soils effectively absorb snowmelt water
and gradually release it later, supplying rivers during the low-water period. The type of
river feeding in the C-LT region is mixed; the rivers here obtain water mostly from two
main sources: rainfall and snowmelt. Very irregular distribution of discharges throughout
the year is the main feature of the rivers in this region.

Daily discharge data (1961-2020) from 17 water gauging stations (WGS) in different
hydrological regions were used for this study (Table 1). These data sets were obtained from
the Lithuanian Hydrometeorological Service. In this study, low flows were defined as the
30-day minimum discharge (30Q, m3/s) and were calculated for each year (average of 30Q
in the period 1961-2020 was defined from 30Q,y); this definition in Lithuanian hydrology
was formed historically due to the frequent violation of low flow stability by rain floods
in summer. Thus, 30Q is less prone to critical deviations that show values over a shorter
period (e.g., 1, 3, 5, 7 days) and eliminates deviations caused by precipitation. The 30Q95
and 30Q80 flow quantiles were estimated from the 30Q time series. The homogeneity of
used daily discharge data for 1961-2002 was checked by the Standard Normal Homogeneity
Test (SNHT) and the Pettitt Test.

2.2. Methods

There are two types of low flows in Lithuania—winter and summer—-autumn. This
study focused on the summer low-flow events observed from 1 May to 31 October. A typical
hydrograph of a river in the SE-LT region and selected low-flow indices are presented
in Figure 2.

Low flows were calculated for the periods of 1961-2020, 1961-1990, and 1991-2020.
Generally, in Lithuanian catchments, the period of 30Q is observed in summer and autumn,
and it differs depending on the hydrological region. In addition, two more indices of low
flow were estimated: 30Q95 and 30Q80. For calculation of mentioned indices, the data
set of 30Q, which was equal to or exceeding 95% and 80% of all values, was used. These
indices were used as a threshold for estimating the duration of low flow and deficit volume.
To facilitate the comparison of the low-flow indices on various spatial scales, a specific low-
flow q (30q, 30995, and 30q80) was calculated, which should be defined as q = Q/A-1000
(where Q is 30Q/300Q95/30Q80 low flow discharge in m?3/s, A—the catchment area in km?).
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Modular coefficients for the low-flow period K = 30Q; /30Qay (30Q; is the discharge in year
i, and 30Q,y is the average discharge for the entire period of observation) were used to
estimate the regularities and to examine how low flows differed by decades (1961-2020)
in the rivers from the different hydrological regions. This relative coefficient K enables a
comparison of the rivers with different runoff values.
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Figure 1. Geographical position (left) and water gauging stations of three hydrological regions of
Lithuania (right).

To quantify the information incorporated in hydrographs, the HydroOffice software
package [30] was applied. The HydroOffice tool FDC (flow duration curves; version 2.1)
is often used to assess low flows. It was selected to calculate 30Q95 and 30Q80. FDC
can be created from the entire imported time series or defined parts, such as annual or
monthly segments. The HydroOffice tool TLM (threshold level or sequence peak algorithm
methods; version 2.1) can be used to evaluate extreme flow conditions. Segments with
extreme conditions can be statistically processed and visualized. TLM is designed to assess
hydrological drought and flood events. Daily discharge and threshold values were used as
input data for calculation with TLM, while drought period (duration), maximum deviation,
and deficit volume were obtained as output data (Figure 3).
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Table 1. Characteristics of selected water gauging stations (1961-2020).

e River WGS Abbreviation A, km?>  Qu,m%s  30Qu, m%s  30Q95m%s  30Q80, m3/s
Western hydrological region
1. Jara Taurage JUR 1690 22.05 3.72 1.62 2.43
2. Akmena Paakmenis AKM 314 429 0.69 0.30 0.45
3. Minija Kartena MIN 1230 16.56 2.93 1.32 1.77
4. Bartuva Skuodas BAR 612 7.55 0.76 0.30 0.50
Central hydrological region
5. Sugve Josvainiai SuUS 1100 5.62 0.62 0.22 0.33
6. Sesuvis Skirgailai SES 1880 15.20 2.47 1.19 1.72
7. Nemunélis  Tabokiné NEM 2690 19.63 3.12 1.19 1.81
8. Muasa Ustukiai MUS 2280 10.40 1.37 0.53 0.70
9. Venta Papile VEN1 1570 9.81 1.67 0.73 1.08
10. Venta Leckava VEN2 4060 29.91 5.24 2.32 3.10
Southeastern hydrological region
11. Merkys Puvodiai MER 4300 31.92 21.79 16.20 18.43
12. Ula Zervynos ULA 679 4.88 2.93 1.94 242
13. Verkné Verbyliskeés VER 694 5.05 2.16 1.46 1.78
14. Stréva Semeliskés STR 234 1.65 1.00 0.69 0.82
15. Zeimena Pabradé ZE1 2580 20.46 12.14 8.09 10.15
16. Sventoji Anyks¢iai SVE1 3600 26.46 10.32 3.96 7.41
17. Sventoji Ukmerge SVE2 5440 39.05 14.51 6.48 10.05
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Figure 2. Low flow indices (example of the Sventoji at Ukmerge WGS in 1973).

Maps were created in ArcGIS 10.4 using the Kriging interpolation method (Spatial
Analyst toolbox). Kriging assumes that the distance or direction between sample points
reflects a spatial correlation that can be used to explain variation in the surface. The Kriging
tool fits a mathematical function to a specified number of points, or all within a specified
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radius, to determine the output value for each location. The general formula for both
interpolators is formed as a weighted sum of the data:

A N
Z(so) = Y AiZ(si)
i=0

where Z(s;) is the measured value at the ith location, A;—an unknown weight for the
measured value at the ith location, sp—the prediction location, N—the number of measured
values. The weight, A;, depends solely on the distance to the prediction location. However,
with the Kriging method, the weights are based not only on the distance between the
measured points and the prediction location, but also on the overall spatial arrangement of
the measured points.
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Figure 3. Principal scheme of TLM tool.

The TREND software package (V.1.0.2.) is a standalone product of the CRC for Catch-
ment Hydrology’s (CRCCH) Climate Variability Program designed to facilitate statistical
testing of trend, change, and randomness in hydrological time series data [31]. It contains
12 statistical tests based on the WMO/UNESCO Expert Workshop on Trend /Change De-
tection. This software was used to detect and examine the statistical significance of trends
by the Mann—Kendall (MK) and Spearman’s Rho (SR) nonparametric tests. The MK non-
parametric test was developed by Mann [32] and Kendall [33] to detect linear or non-linear
trends. The SR test is applied to identify the absence of trends [34,35]. The presence and
direction of monotonic trends in the data series of 30Q were tested at significance levels
o = 0.1 or 0.05 (positive /negative or significant positive/negative, respectively).

3. Results
3.1. Spatial Variability of the Low-Flow Indices
Low flows may occur at any time of the year, depending on the climatic conditions

and hydrological processes taking place in the catchment. Regional patterns in low-flow
behavior were analyzed using specific low-flow indices (30q, 30995, and 30q80 (L/s-km?))
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for the two selected periods (1961-1990 and 1991-2020) (Table 2). In the Southeastern
hydrological region (SE-LT), the increase in lower values of all low-flow indices was estab-
lished by comparing the 1961-1990 and 1991-2020 periods. In the Western hydrological
region (W-LT) and the Central hydrological region (C-LT), a different allocation of lower
values between selected periods was established, e.g., lower values of 30q decreased, and
meanwhile, no clear tendencies in the changes of other indices were identified.

Table 2. Low-flow indices by the different regions and periods.

1961-1990 1991-2020

30q 30q95 30q80 30q 30q95 30q80
W-LT 1.28-2.63  045-1.13  075-156  1.04-232  049-123  0.74-1.69
C-LT 063331 015238 032271  046-339 018242 024291
SE-LT 224507  120-377  166-484  262-5.06  151-377  187-4.25

The analysis of the distribution of low-flow indices showed that, in the W-LT region,
the 30q average was 2.07 L/s-km? in 1961-1990 and 1.83 L/s-km? in 1991-2020 (Figure 4).
There were no pronounced differences between 30q of the selected periods in the C-
LT region (1.49 and 1.46 L/s-km?, respectively, in two periods) and the SE-LT region
(3.97 L/s-km? in both periods). The biggest 30q average was found in the SE-LT region in
both periods. The same tendencies were estimated by the other two indices (30q95 and
30g80). Meanwhile, the lowest average values of all three indices in both periods were
detected in the C-LT region.

1961-1990 1991-2020 Difference, %

30q

30495

WGS

® 68.63 - 80.00

@ 80,01 - 90.00

< 90,01 - 110,00
= 110.01 - 120,00
®120.01 - 127.38

WGS

® 63,54 - 80.00

2 80.01 —90.00

< 90,01 - 110.00
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30980

........
R

WGS

@ 78.35 - 80.00
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Figure 4. Distribution of low-flow indices (30q, 30995, 30q80) in the different hydrological regions in
1961-1990 and 1991-2020, and the difference between low-flow indices in the two periods.
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Further details on the established differences of low-flow indices in 17 WGSs in
3 hydrological regions are provided in Figure 5. The figure shows differences in the indices
both over time and across regions. The highest indices were estimated in the SE-LT region,
and the lowest were in the C-LT region.
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Figure 5. Temporal changes of low-flow indices in three periods: (a) 30q, (b) 30q95, and (c) 30q80.

In Figure 4, the differences of the low-flow indices between the two periods (1961-1990
and 1991-2020) and three hydrological regions are given as percentages. Only differences
greater than 20% were taken into account in the analysis.

In the W-LT region, a significant decrease in 30q (by 27%) over the last thirty years
was estimated for BAR. In the C-LT region, for SUS and VEN2, a considerable difference
in the decrease in 30q (32% and 29%, respectively) was found. Meanwhile, in the SE-LT
region, the most pronounced increase in 30q was detected for SVE2 (27%).

The changes in 30q95 values over time and across different hydrological regions
revealed substantial differences between the two periods. In the W-LT region, in AKM,
30q95 increased by 28%; meanwhile, in BAR, it decreased by 37%. In the C-LT region, three
WGSs showed significant differences, i.e., in SUS, 30995 increased by 56%, and in two other
WGSs, it decreased (SES (27%) and VEN2 (21%)). In the SE-LT region, 30q95 significantly
increased at one WGS (SVE2 by 38%).

Differences in the 30q80 values were also significant. The C-LT region should be
singled out as the one where, in almost all WGSs, the 30q80 values decreased (in three of
them significantly, i.e., by more than 20%).

In summary, it should be highlighted that the low-flow indices changed the most
significantly in the rivers of the C-LT region. For example, in SUS, 30q decreased by 32%
and 30q80 decreased by 22%, whereas 3095 increased by 56%.

To compare the low flows of different rivers, a modular coefficient K of 30Q was
calculated for three hydrological regions in different decades (Table 3). This analysis
showed that the modular coefficient varied differently: in the W-LT region, its values
were 0.80-1.42; in the C-LT region, they were 0.83-1.37; and in the SE-LT region they were
0.97-1.05. The smallest deviation was detected in the SE-LT region. In all hydrological
regions, the highest K was determined in 1981-1990, whereas the lowest values were
established in the W-LT region in 1961-1970, in the C-LT region in 2011-2020, and in the
SE-LT region in 1971-1980.

Table 3. Distribution of K by decades for hydrological regions.

1961-1970 1971-1980 1981-1990 1991-2000  2001-2010 2011-2020

W-LT 0.80 1.14 1.42 1.04 0.91 0.89
C-LT 0.87 1.08 1.37 091 0.93 0.83
SE-LT 0.97 0.92 1.05 0.97 1.07 1.02

3.2. Temporal Analysis of Low Flow Indices

The analysis of 30Q changes in the individual rivers from different hydrological
regions (MIN from the W-LT region, MUS from the C-LT region, and MER from the SE-LT
region) confirmed the presence of different low-flow patterns in the period 1961-2020
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(Figure 6). In the W-LT region, 30Q tended to decrease; on the contrary, 30Q had tendency
to increase in the SE-LT region. There was no trend detected in 30Q of MUS from the

C-LT region.
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Figure 6. 30Q variation in different hydrological regions.

The general behavior of the low-flow (30Q) trend characteristics was assessed for all
17 WGSs using the Mann-Kendall (MK) and Spearman’s Rho (SR) tests over 3 periods
(1961-2020, 1961-1990, and 1991-2020). Both tests revealed very similar results (Figure 7).
This analysis indicated different trends in different WGSs during the same observation
period and in the same hydrological region. It is important to note that no zero-flow values
in any low-flow sequence of 30Q were found.

1961-20201961-1990|1991-2020
M]<| SR |MK| SR |MI<| SR

Western hydrological region

JUR +
AKM +
MIN =
BAR -

SUS Trend direction

SES Significant positive trend

NEM Positive trend

MUS Significant negative trend

VEN1 Negative trend

VEN2 - Not statisticaly significant trend
Southeastern hydrological region

MER - - + +

ol - - - - -
VER + - + - + +
SIR - - + + = =

ZEI - -+ o+ - -
SVE1
SVE2 + +

Figure 7. The significance of trends (30Q) by the three periods applying MK and SR tests (red/blue
color means that the trend is very significant (x < 0.05), light red/light blue color means that the
trend is significant (« < 0.1), no color means that there is no significant trend (« > 0.1)).
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Different tendencies in data of 30Q were detected during the entire observation period
and two thirty-year periods. The 30Q values of the longest period (1961-2020) had no
trends in the W-LT and C-LT regions (Figure 7). Only in the SE-LT region, significant
positive trends of 30QQ were identified in two WGSs located on the same river (SVE1 and
SVE2). On the opposite, in 1961-1990, trends in 30Q data were significantly positive, and
were positive in most rivers, except for a few WGSs, which had no trend (mainly from the
SE-LT region). Both tests showed, mostly, no significant trends for the period of 1991-2020,
except for one WGS with a significant negative trend in the W-LT region, two WGSs with
trends of different significance in the C- LT region, and one WGS in the SE-LT region with a
significant negative trend.

Thirty-year moving averages of 30Q data sets of 17 WGSs were estimated for the period
1961-2020 using the Mann—Kendal test (Figure 8). This approach allows for examining the
evolution and dynamics of low flows in a more detailed resolution. In all WGSs, positive
or significant positive trends were estimated until 1973, except for one WGS in the SE-LT
region with an opposite direction. After 1973, all WGSs in two hydrological regions (W-LT
and C-LT) showed negative or significant negative trends. WGSs in the SE-LT region
usually did not have significant trends. Moreover, one river with two WGSs had positive
or significant positive trends in this region. In contrast, the values of 30Q were significantly
increasing in SVE2 (the SE-LT region) until 1976, making it the only WGS with significant
increases throughout the whole observation period.
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Figure 8. The results of the MK test for 30-year moving averages for 1961-2020 (red /blue color
means that the trend is very significant (x < 0.05), light red/ light blue color means that the trend is
significant (« < 0.1), no color means that there is no significant trend (x > 0.1)).
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In general, statistically significant positive trends prevailed during the first half of the
observation period in the W-LT and C-LT regions, while the negative trends were more con-
centrated in the middle and at the end of the 1973-2020 period. Meanwhile, WGSs showed
different trend directions in the SE-LT region, mainly for the entire observation period.

3.3. Alternations of Duration and Volume of Low Flow

During the analysis of low flow, attention was paid to hydrological droughts, which
were determined by two threshold values, namely the indices 30Q95 and 30Q80. For a more
detailed analysis of the extreme conditions, drought probability curves were constructed
depending on each threshold value for each river (Figure 9a,b). From the obtained graphs,
it can be concluded that the duration of droughts increased from the W-LT region to the
SE-LT region. This trend can be explained by the impact of different feeding sources in each
hydrological region. The rivers of the W-LT region with primary rain feeding were more
resistant to prolonged droughts. In the calculations with the threshold value of 30Q95, the
highest probability of short droughts (1-2 days) was established in the C-LT region. The
longest droughts at the 30Q80 threshold were observed in these rivers: SVE1 was 151 days,
SVE2 was 111 and 121 days, ULA was 103 days. With a threshold value of 30Q95, the
longest-lasting droughts were observed in these rivers: SVE2 was 72 and 85 days, MER
was 61 days.
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Figure 9. The average number of drought days for the three regions: (a) at threshold 30Q95, (b) at
threshold 30QQ80.

The distribution of dry days over time (Figure 10) showed that, at both thresholds,
the average number of dry days per year per river tended to decrease in the W-LT and
SE-LT regions, and to increase in the C-LT region. The driest years in Lithuania were
1969 and 1971 (for both thresholds), 1976 (for the 30Q80 threshold), and 2006 (for the
30Q95 threshold). In general, the highest concentration of dry days was observed in the
periods 1963-1976, 1992-2006, and 2015-2020. The driest years in the W-LT region were
1969 (33 days for 30Q95, 76.5 days for 30Q80); in the C-LT region, 1971 (47.3 days for 30QQ80)
and 2006 (21.5 days for 30Q95); in the SE-LT region, 1971 (33.7 days for 30Q95, 64.4 days
for 30Q80).

Analysis of annual trends of the deficit of discharge and the number of dry days in
each river showed no clear patterns (Figures 11 and 12). In some cases, there was a positive
trend towards increasing droughts and a negative trend towards decreasing discharge
deficit. For example, in the case of JUR for a threshold value of 30Q95, the mentioned
tendencies can indicate a decrease in the deficit of discharge and an increase in dry days.
The trends obtained using the two thresholds generally coincided. An exception was ZEI,
in which, at the 30QQ95 threshold, the duration of droughts and discharge deficits tended to
decline, while, at the 30Q80 threshold, the opposite trend was observed.
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Figure 10. The average number of drought days in the three regions: (a) at threshold 30Q95, (b) at

threshold 30Q80.

More detailed information on each river is provided in Tables 4 and 5 (for thresholds
30Q95 and 30Q80, respectively). These results confirmed previous findings in the C-LT
region—the number of dry days and discharge deficit is higher in the second period—but it
should be noted that the depth of droughts (maximum deviation) for some rivers decreased
compared to the first period. In the W-LT region, only general trends in the decline of dry
days were detected in the second period; all other data were heterogeneous. Only in the
case of MIN, the consistency in all drought indices and downward trends in the deficit of
discharge and the duration of the drought in the second period at both thresholds were
identified. In the rivers of the SE-LT region, no tendencies of decline in the duration or

depth of droughts were found.
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Figure 11. Examples of drought changes for 30Q95 threshold over time: (a) days with drought in
VER river, (k) days with drought in ZEI river, (1) deficit volume in ZEI river.
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Figure 12. Examples of drought changes for 30Q80 threshold over time: (a) days with drought in

JUR river, (b) deficit volume in JUR river, (c) days with drought in MIN river, (d) deficit volume in

MIN river, (e) days with drought in SES river, (f) deficit volume in SES river, (g) days with drought in

VENR2 river, (h) deficit volume in VEN2 river, (i) days with drought in VER river, (j) deficit volume in

VER river, (k) days with drought in ZEI river, (1) deficit volume in ZEI river.
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Table 4. Changes for 30Q95.

Average Average Flow Flow
Deficit Deficit Days with  Days with Deficit Deficit The Lowest The Lowest
River during during Drought Drought during during Deviationin  Deviation in
1961-1990 1991-2020 (1961-1990)  (1991-2020) 1961-1990  1991-2020 1961-1990 1991-2020
(103> m3/day)  (10%-m3/day) (103-m3) (103-m3)
Western hydrological region
JUR 29.6 155 62 49 1834.3 760.3 -1.18 —0.44
AKM 3.9 5.6 117 13 457.9 72.6 —0.14 —0.30
MIN 17.7 141 155 96 2751.0 1351.3 —0.74 —0.37
BAR 3.5 54 25 79 87.3 426.8 —0.10 —0.28
Central hydrological region
SuUS 6.0 5.3 120 59 718.9 312.8 —0.23 —0.12
SES 17.9 17.8 47 138 838.9 2450.3 —0.61 —0.41
NEM 19.2 17.8 99 132 1899.9 2343.2 —0.52 —0.56
MUS 6.9 5.6 69 113 477.8 630.7 —0.29 —0.14
VEN1 11.5 8.5 70 84 805.3 710.2 —0.33 —0.30
VEN2 30.8 45.6 54 131 1660.6 5975.4 —1.05 —1.96
Southeastern hydrological region
MER 53.7 122.6 82 140 4399.5 17,159.0 —2.11 —4.41
ULA 3.0 5.2 4 116 12.1 597.0 —0.05 —0.15
VER 13.0 7.4 191 77 2479.7 570.2 —0.76 —0.24
SRE 12.2 7.3 362 196 4430.6 1435.1 —0.42 —041
ZEI 40.0 38.6 46 78 1840.3 3012.8 —1.33 —1.24
SVE1 90.3 48.8 103 58 9295.8 2830.5 —2.34 —1.56
SVE2 79.3 223 281 27 22,284.3 603.1 —2.40 —0.64
Table 5. Changes for 30Q80.
Average Average Flow Flow
Deficit Deficit Days with  Days with Deficit Deficit The Lowest ~ The Lowest
River during during Drought Drought during during Deviationin  Deviation in
1961-1990 1991-2020 (1961-1990)  (1991-2020) 1961-1990  1991-2020 1961-1990 1991-2020
(103> m3/day)  (10%-m3/day) (103-m3) (103-m3)
Western hydrological region
JUR 16.7 68.2 415 198 6946.6 13,515.6 —1.82 —1.08
AKM 8.7 57 491 249 4243.1 1423.9 -0.29 —0.45
MIN 26.8 23.5 358 252 9594.7 5932.2 —1.05 —0.68
BAR 6.9 9.9 207 447 1436.0 4436.6 —0.30 —0.48
Central hydrological region
SuUS 10.9 49 199 449 2172.1 2202.4 —0.33 -0.22
SES 22.5 31.8 418 471 9409.0 14,982.6 —1.13 —0.93
NEM 33.6 34.9 375 502 12,585.0 17,511.6 —1.10 —1.14
MUS 11.3 11.9 239 381 2702.6 4549.0 —0.46 —0.31
VEN1 18.6 18.7 286 396 5322.2 7420.0 —0.65 —0.62
VEN2 41.0 50.3 192 369 7869.3 18,552.7 —1.67 —2.58
Southeastern hydrological region
MER 126.4 164.0 359 378 45,374.7 61,986.8 —4.33 —6.63
ULA 12.6 21.7 154 586 1941.4 12,694.8 —0.49 —0.59
VER 23.8 17.0 463 291 11,013.4 4952.5 —1.05 —0.53
SRE 15.5 10.4 627 479 9684.6 4996.5 —0.54 —0.53
ZEI 87.3 96.2 319 483 27,841.5 46,453.8 -3.22 -3.13
SVE1 93.2 83.1 448 217 41,760.6 18,030.8 —3.78 —3.00
SVE2 114.1 81.5 733 132 83,650.8 10,752.5 —3.93 —2.17
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4. Discussion

The abundant and indisputable scientific evidence that significant climate change is
taking place leaves no doubt that low flow is undergoing substantial changes. Therefore,
this study intended to provide fresh insight into this phenomenon in Lithuanian rivers,
using a long series of available data and more sophisticated methods than previously used.

Two features determine the hydrological regime of Lithuanian rivers. They are all
lowland rivers. It is well-known that low-flow formation processes differ in the highlands
and lowlands [13,36,37]. Therefore, the Lithuanian river network is expected to have a
homogeneous flow behavior. Besides that, catchments in this relatively small country
exhibit different hydrological characteristics depending on physico-geographical and cli-
matic (mainly on the distance from the Baltic Sea) conditions. This is the second important
feature of Lithuanian river catchments: based on the listed conditions, they are classified
into three distinct hydrological regions: Western (W-LT), Central (C-LT), and Southeastern
(SE-LT). It is important to mention that since the 1970s, when the first attempt to classify
Lithuanian river catchments into regions was made [38], the regional boundaries shifted
only slightly [39], and this shift occurred due to climate changes.

For the above reasons, in this study, the regularities of low flow using specific low-
flow indices, 30q, 30995, and 30g80 in rivers in different hydrological regions and over
two subperiods (1961-1990 and 1991-2020), were compared and analyzed. The highest
indices were estimated throughout the entire observations period in the SE-LT region
(30q = 3.97 L/s-km?), and the lowest in the C-LT region (1.47 L/s-km?). In the SE-LT region,
the lowest values of indices became less extreme compared to the first subperiod. There
were no clearly expressed changes in the river indices of the W-LT and C-LT regions
over time.

The trend analysis of 30Q data in rivers from different hydrological regions confirmed
the presence of different low-flow patterns in the selected periods, as well. In general, the
30Q values over the entire period (1961-2020) had no trends in all hydrological regions. An
exception was one river (from the SE-LT region) having two WGSs (SVE1 and SVE2), where
both tests estimated significant positive trends in 1961-2020. In the subperiods, values
of the low-flow indices in SVE1 and SVE2 also demonstrated a more or less significant
increase. On the opposite, in the first subperiod (1961-1990), trends in 30Q data were
significantly positive and positive in most rivers of the W-LT and C-LT regions. Whereas,
in the SE-LT region, only a few significant trends were found. The most recent subperiod
(1991-2020) can be characterized as having the least pronounced tendencies in the low-flow
changes. With some exceptions of more or less significant trends of mixed direction, in the
bigger part of WGSs, only a downward direction was identified.

Contrary to expectations, this analysis did not find a significant difference in low-
flow characteristics between the regions. Explaining the estimated regularities is a rather
complicated task. The fact that no significant changes were observed in the SE-LT region
may be related to the runoff fed specifics of the rivers there. Since these rivers are mainly
groundwater-fed, it can be argued that despite the ongoing climate change, the low-flow
regime of the rivers remains the least affected. The significant positive trends in the first
subperiod and slight tendencies of decrease in the second thirty-year period in rivers from
other regions might be attributed to climate change, as the river runoff in the W-LT and C-LT
regions is more dependent on rain variability [39]. In these regions, estimated thirty-year
moving averages in 30Q data in 1961-2020 also showed a decrease in low-flow discharge.

No trends in the annual variation of 30Q over the more extended periods of 1922-2003
and 1941-2003 were detected in the earlier study by Kriaucitiniené et al. [24]. The identified
positive trends in rivers in the W-LT region in 1961-2003 were explained by a very wet
period of 1977-1991 in this territory. A similar study of Latvian rivers revealed no statisti-
cally significant long-term trends in 30Q of the warm period [23]. The findings of trend
analysis of flow indices in Polish rivers [17] demonstrated the existence of some complex
spatial gradient. The distance of the catchment centroid from the coast was found to be a
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very good predictor of trend slopes for most studied indices. In the pan-European study,
Stahl et al. [10] found dominant positive trends of low-flow indices around the Baltic Sea.

Over time, the average number of dry days (at both thresholds: 30Q95 and 30Q80)
decreased in the W-LT and SE-LT regions and increased in the C-LT region. The identified
changes (and the already mentioned lowest specific low-flow indices) in the C-LT region
may explain the presence of intermittent rivers. However, the trends in the number of
dry days and flow deficit of individual Lithuanian rivers did not help distinguish clear
tendencies (e.g., in the study of Bormann and Pinter [16]). In most cases, changes in these
two indices went in the same direction; however, the trend of low-flow indices in some
rivers was the opposite. The absence of a direct relationship between the two indices shows
that low-flow behavior is complex and often catchment-specific.

The most obvious finding to emerge from this study is that the low-flow regime in
Lithuanian rivers has changed over time. Similar changes in 30Q in the W-LT and C-LT
regions may be related to the predominant surface feeding type of river runoff. In recent
decades, the observed decreasing precipitation amount [40] could cause a decrease in low-
flow discharges. The estimated increase in the number of dry days in the rivers of the C-LT
region may be explained by the decrease in humidity (as the climate becomes less humid
moving away from the sea). It has been found that weak infiltration characteristics and
high dependence on surface feeding sources (mainly rain and snow) are related to zero-flow
phenomena in this region [29]. The differences of low-flow characteristics among the rivers
inside the hydrological regions may point to various complex local catchment-specific
features that are difficult to include in the investigation. Meanwhile, the absence of a direct
link between climatic variables and low-flow events does not indicate that the impact of
climate change can be dismissed [36]. Therefore, the present findings showed that it is
difficult to establish clear tendencies in the observed low-flow changes over time, and such
results are consistent with those obtained in other adjacent and geographically similar
catchments. Although in the present study, analyzed river catchments were semi-natural,
the potential impact of anthropogenic nature on the identified regularities should not be
neglected as well [16,41].
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