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Abstract: Rising temperatures and changes in precipitation patterns in the last decades have led to
an increased awareness on low flow and droughts even in temperate climate zones. The scientific
community often considers low flow as a consequence of drought. However, when observing low
flow, catchment processes play an important role alongside precipitation shortages. Therefore, it is
crucial to not neglect the role of catchment characteristics. This paper seeks to investigate low flow
and drought in an integrative catchment approach by observing the historical development of low
flows and drought in a typical German low mountain range basin in the federal state of Hesse for
the period 1980 to 2018. A trend analysis of drought and low flow indices was conducted and the
results were analyzed with respect to the characteristics of the Gersprenz catchment and its subbasin,
the Fischbach. It was shown that catchments comprising characteristics that are likely to evoke low
flow are probably more likely to experience short-term, seasonal low flow events, while catchments
incorporating characteristics that are more robust towards fluctuations of water availability will show
long-term sensitivities towards meteorological trends. This study emphasizes the importance of
small-scale effects when dealing with low flow events.

Keywords: low flow; drought; catchment characteristics; low flow indices; drought indices; trend

analysis; low mountain range catchment

1. Introduction

Insufficient understanding of the relationship between low flows, drought propaga-
tion, and catchment processes has been identified as a challenge in the assessment of the
effects of influencing factors such as climate and catchment characteristics on the low flow
behavior of a stream or river.

Low flow is a hydrological extreme that may severely influence water quantity and
quality in streams, affecting not only the associated environment [1] but also the socioe-
conomic realm [2]. In order to understand the causes and consequences of low flow, it
is important to take into consideration the processes in complex hydrological systems.
Drought events are known to be a major influencing factor of low flow [3].

The World Meteorological Organization (WMO) defines low flow as the “flow of water
in a stream during prolonged dry weather” [4]. This indicates an inherent relation between
the occurrence of low flows and droughts. Droughts may be defined as natural hazards
that result from shortfalls in precipitation over a certain period of time [5]. However,
not every drought event has a low flow event as a consequence. This is the case, e.g.,
when the existing water resources in a catchment can compensate for the precipitation
deficit. Furthermore, low flow may occur as a seasonal phenomenon and, thus, as an
essential element of the flow regime of any river. These seasonal low flows may further
be aggravated by climatic developments. On the one hand, below-average precipitation
may result in a low flow event. On the other hand, a seasonal low flow event does not
necessarily imply a drought [6].
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Observing the long-term measurement data of climate variables and stream discharge
helps to analyze regional climate trends while providing the possibility to depict drought
and low flow events. However, to promote a better understanding of the processes that
evoke low flow on a catchment scale, the influence of catchment characteristics on runoff
and stream discharge should be taken into consideration as well [7].

An increase in global temperature and changes in precipitation patterns in the last
decades has led to regionally varying effects on small-scale hydrological processes and
hydrological extremes. In agreement with the United Nations Framework Convention
on Climate Change (UNFCCC), these global developments are understood as climate
change [8].

Since 2018, the awareness on low flows and droughts as an emerging issue has risen
in Germany. The concern that low flow severities and frequencies will increase has grown
with warming temperatures and lengthening dry seasons [9-11]. Droughts have gained
importance, resulting in national projects such as the drought monitor at the Helmholtz
Centre for Environmental Research (UFZ) in Leipzig or national research projects such as
DrIVER, DiiMa-3sam, or DRIeR at the University of Freiburg [12,13].

Several papers discuss the drivers and effects of reduced water availability in hydro-
logical systems [3]. Often, precipitation and temperature are seen as determining factors
not only in the occurrence of droughts [14] but also in the evolvement of low flow [15-17].
Some studies focus on so-called drought-induced low flows [18], but only a few studies
observe droughts and low flow in an integrated approach on a catchment scale [19,20].
However, when observing low flow in particular, catchment processes such as runoff,
infiltration, and storage play major roles in addition to drought events [3,21,22]. Van Lanen
et al. [7] showed that runoff processes and, thus, sensitivities of streams towards droughts
are largely influenced by catchment characteristics. Not only the stream flow itself but
also dry anomalies such as drought and low flow are related to catchment characteris-
tics [23-25]. Even on the catchment scale, spatial variation is important and should be
taken into account. For example, Peters et al. [26] found that, for the Pang catchment in the
UK, groundwater droughts spatially varied, attenuating with increasing distance from the
stream. Furthermore, Trambauer et al. [27] found differences in the hydrological behavior
of the Limpopo catchment and its subcatchments. Consequently, even catchments with
very similar climatic conditions may show differences in their low flow behavior [28].

How much the impacts of influencing factors, such as climate and catchment charac-
teristics, weigh on the low flow behavior of a stream or river has not been fully understood.
The scientific community has not yet established a fundamental understanding on the
relation between catchment processes, drought propagation, and low flow [3].

Therefore, this study aims to take a further step towards enhancing the understanding
of low flow processes in river catchments by investigating the historical development of
low flows and drought in a typical German low mountain range basin in the federal state
of Hesse.

The state of Hesse was severely affected by the heat wave in 2018. The Hessian
State Agency for Nature Conservation, Environment, and Geology (HLNUG) reported
consequences for the state of Hesse, such as field and forest fires as well as damages and
losses of crops. Moreover, the severe water shortages in rivers and streams led to strict
regulations in water withdrawals and to economic shortages [29].

This study took place in the catchment of the river Gersprenz in south Hesse. Mea-
surement data of the smaller, upstream subcatchment, the Fischbach, enabled an analysis of
the results with respect to spatial variability. Furthermore, catchment characteristics of the
study region were taken into consideration in the interpretation of the low flow analysis.
The specific objectives of this study included (1) exploring trends in drought and low flow
for the period 1980 to 2018 for the Gersprenz catchment and the Fischbach subcatchment
and (2) analyzing these trends with respect to trends detected for the climate variables
Precipitation (P) and Temperature (T) as well as the catchment characteristics. In order
to achieve these objectives, the drought indices Standardized Precipitation Index (SPI)



Water 2021, 13, 316

30f22

and Standardized Precipitation-Evapotranspiration Index (SPEI) were computed to assess
trends in the evolution of the magnitude of drought events. Exceptionally dry years, also
referred to as drought years [30], were identified to contextualize and match the occurrence
of severe low flow events. To depict low flow, an analysis with daily measurement data
was performed. The 1-, 7-, and 30-day annual minima were determined, and the charac-
teristic values SumD, MaxD, and SumV were computed for each year of the study period.
Finally, the results were observed on the basis of the development of climate variables and
extensively discussed in line with the catchment characteristics, allowing an integrative,
catchment-based approach towards drought and low flow analysis.

2. Materials and Methods
2.1. Study Site: River Basin Gersprenz

Located in the temperate climate zone of central Europe, the catchment of the Ger-
sprenz river is a typical low mountain range basin. The river basin was established as a
field laboratory by the Chair of Engineering Hydrology and Water Management at the
Technical University of Darmstadt in 2016 [31], with the goals to enhance the understand-
ing of small-scale catchment processes and to establish an ongoing research with varying
foci, creating an integrated and interdisciplinary approach towards hydrological research.
The Gersprenz basin measures approximately 500 km?, enclosing the significantly smaller
subbasin of the Fischbach, which measures approximately 36 km? (Figure 1). The catch-
ment is part of the river basin district Rhine. The Gersprenz river flows into the lower
Main river. In agreement with the Water Framework Directive, the Gersprenz may be
classified as a “small river” (catchment size between 100 and 1000 km?), while the Fis-
chbach may be classified as a “stream” (catchment size below 100 km?) [32]. As shown
in Figure 1, the Gersprenz catchment was delineated by the gauge Harreshausen for this
study (ID: 24762653) [33]. The gauge in Grof3-Bieberau 2 defines the Fischbach catchment
(ID: 24761005) [33].

Germany A
L N

Gersprenz Catchment
(GER)

Harreshausen

© (GER,,} Fischbach Catchment
(FIS)

GroR Bieberau 2
I (FIS,.)

Datasource: GeoBasis-DE/BKG 2019/HLNUG 2020

Figure 1. Field laboratory located in the federal state of Hesse in Germany.

For simplicity of affiliation, the Gersprenz catchment from now on will be denoted
as GER and the Fischbach catchment will be referred to as FIS, while the outlets will be
referred to as GERyyt and FISqyt, respectively.

The dimensions of the catchments are reflected in the discharge (Q) of the rivers.
Within the 39-year study period, a mean discharge (Q) of 3.08 m3/s was determined for
the Gersprenz at the outlet GERyy: while Q measured 0.34 m3/s at FIS,y, the outlet of
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the Fischbach (Table 1). The lowest recorded daily discharges, the Absolute Minimum
Flow (AMF), were 0.37 m3/s and 0.02 m3/s for GERyy¢ and FISyy, respectively, within the
period 1980 to 2018.

Table 1. Mean discharge (Q) and Absolute Minimum Flow (AMF) in the Gersprenz outlet (GERoyt)
and the Fischbach outlet (FISyyt) for the study period 1980-2018 (data source: The Hessian State
Agency for Nature Conservation, Environment, and Geology (HLNUG) [33]).

GERout FISout
Q 3.08 m3/s 0.34m3/s
AMF 0.37 m3/s 0.02m3/s

In FIS, the elevations range from 160 to 600 m above sea level (m.a.s.l.). GER comprises
elevations reaching down to 100 m.a.s.l. The average hill slope in FIS (10.4°) is nearly
double the size of the average hill slope in GER (6.2°)—based on a Digital Elevation Model
(DEM) of 1 m resolution [34]. The climate changes with varying terrain conditions: The
temperature and precipitation data sets retrieved from weather stations in the study region
were shown to have distinctive statistical properties, given the different topographical
features of the basins. Whilst the average temperature (T) for the study period measured
10.2 °C in GER, T was lower in FIS at 8.8 °C. The average annual precipitation (P) was
774.8 mm in FIS, whereas GER experienced 641.7 mm of rainfall per year on average for the
study period 1980 to 2018 [35]. The climate variable data sets were retrieved from stations
in proximity to the gauges. The data should be treated with care, as the stations may not
reflect the conditions in the catchment as a whole. The exact locations of the measurement
stations are given in the next section.

Different drainage densities further characterize the study area GER and its subcatch-
ment FIS. The so-called drainage density defines the ratio between the total length of a
river and the catchment area [36]. It is determined by the permeability of the subsoil as
well as the slope. High drainage densities indicate steeper slopes than low drainage densi-
ties. Furthermore, lower drainage densities in catchments with similar climatic conditions
indicate higher permeability of subsoils and deep seepage. The drainage density in FIS
was shown to be slightly higher than in GER (compare Figure 2), indicating that, in FIS,
impermeable soils may prevail while reflecting the sloping terrain of the subcatchment.

In general, FIS is a typical German low mountain range river basin dominated by
coarse substrates and rich in silicates. Different forms of granite and diorite prevail in
this area, which is part of the crystalline Odenwald [37]. Thus, the water storage capacity
in FIS is presumably low. To the north, the catchment area of the Gersprenz passes from
the crystalline Odenwald to the Reinheimer Hiigelland (Reinheimer Hill Country) into the
Untermainebene (lower Main plain). Soft rock soils made of sand, gravel, and clay dominate
here. The Untermainebene consists mostly of tertiary deposits covered by younger river
deposits [31]. Consequently, the lower areas of GER are characterized by higher infiltration
rates and water storage capacities.

The groundwater (GW) resources reflect this: large parts of the study area go without
any significant GW reservoirs. However, an extended porous aquifer is located in the
subsurface north of GER (See Figure 3). This leads to a higher overall yield in the wells in
the northern part of the catchment. The yield of the wells in FIS is estimated to be less than
2 L/s[38]. While the GW reserves vary noticeably between the northern and southern parts
of the study region, the GW recharge rates were shown to be nearly equal in GER and FIS.
The Federal Institute for Geosciences and Natural Resources (BGR [39]) estimated average,
annual GW recharge rates for Germany based on a multi-level regression method [40].
Based on this data, the average annual GW recharge rates were found to be 134 mm/a and
140 mm/a in FIS and GER, respectively. In agreement with the Bavarian State Office for
the Environment (LfU), GW recharge should not be set equal to the GW availability [41].
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Especially the crystalline, mountainous areas are often characterized by high GW recharge
rates but low underground storage capacities.

Mainhausa

Figure 2. Drainage density in the Gersprenz (GER) and Fischbach (FIS) in km/ km? (data source:
BfG [38]).

. extended porous aguifer

D local porous aquifer
b . extended porous, fractured aguifer
‘D local porous, fractured aquifer

D extended karstic, fractured aquifer

. no significant GW-resources

Figure 3. Groundwater resources in the GER and FIS (data source: BfG [38]).

On the scale of annual values, the groundwater recharge rate corresponds approxi-
mately to the baseflow, which feeds the receiving water body even during periods of low
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rainfall. Thus, the baseflow is the fraction of the GW feeding into the river, which may
be indicated by the Baseflow Index (BFI) [42]. Kissel and Schmalz [43] investigated the
suitability of various baseflow estimation methods for German low mountain ranges based
on the discharge time series retrieved from FIS,,t. The examined baseflow separation meth-
ods included digital filters, a Mass Balance Filter (MBF), and noncontinuous estimation
methods. Based on the results of the conducted analysis, a recommendation to use the
Kille method for baseflow estimation was derived for the study region. Consequently, this
method was applied to estimate the BFI for GERyyt and FISyy;. The plot of the ranked
monthly minima from 1980 to 2018 is shown for the respective river gauges in Figure 4.
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Figure 4. Ranked monthly flow minima according to Kille [44] and mean baseflow value in GERoyt and FISyy,t. The green

dots are manually selected interpolation points for the fitted red line. Based on daily flow data from the HLNUG [33].

The mean baseflow in GERyyt is 1.36 m3/s, which corresponds to a BFI of 0.44. The
mean baseflow in FISyy; is 0.149 m3/s, resulting in a BFI of 0.45. The BFI in FIS,; deviates
by 0.01 from the BFI detected by Kissel and Schmalz for the same river gauge. This may
be explained by the different study periods; Kissel and Schmalz [43] determined the BFI
based on daily discharge data from 1974 to 2013, while in this study, the computation was
based on daily discharge data from 1980 to 2018.

Additional discharge into the Gersprenz takes place through municipal wastewater
treatment plants at nine locations. The inlets are located mostly close to settlements. In
FIS, no additional water is discharged into the stream [45]. Anticipating that the additional
discharge in GER was not taken into consideration in the determination of the BFI, the
baseflow fraction in FIS,; is estimated to be slightly higher than in GERyyt, despite the
lower storage capacity of the crystalline Odenwald.

It is common knowledge that hydrological processes are greatly influenced by land-
use [46]. An analysis of the change layers of the CORINE Land Cover data set [47] showed
that no significant increase in sealed soil took place between 1990 to 2018 (reference year)
in the study area. Paved areas were augmented by approximately 2%. According to
Authorative Topographic-Cartographic Information System (ATKIS) data provided by
the Hessian Agency for Land Management and Geoinformation (HVBG [34]), GER is
dominated by agricultural land-use types, which add up to 48.3%. Forests are ranked
second with 36.1%, while settlements make up 12.6% of the land-use coverage. In FIS,
the prevailing land-use type is forests, with 50.1%. Agriculture and settlements take up
41.8% and 6.5% of the area, respectively (See Schmalz and Kruse [31] for a more detailed
description of land-use types in the research basin). Consequently, water resources in
the entire Gersprenz catchment are mainly used for agricultural purposes. However,
extractions for private purposes are also notably high and have become an issue during
dry periods, as repeatedly reported by local newspapers (e.g., ECHO) [48]. In 2018, the
low flow situation reached a point to which the regional council of Darmstadt imposed
restrictions on water withdrawal due to the alarming water scarcity [49].
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2.2. Database

Historic low flow and drought analyses require long-term, consistent measurement
time series. The discharge measurement data used in this study was provided by the
HLNUG as daily averages for the stations GERoyt and FISyyt for the entire study period
1980-2018 [33].

The measurements of climate variables T and P were retrieved from measurement
stations of the German weather service (DWD) [35]. Available data was highly limited due
to the period of interest being only 39 years. Finally, with the objective to link the climate
variables to the discharge measurements, the weather stations were selected according to
their proximity to the gauges. P for the catchment of Fischbach was retrieved from the
station Reinheim, located at 165 m.a.s.l., as shown in Figure 5. Unfortunately, the station
Reinheim (ID: 4134) lacked T records.

6 Kilometers

®

Schaafheim-Schlierbach |

ne

“ Weather Station
® River Gauge
Elevation
[ ]100-165
[ 165 - 212
[212-272
I 272 - 337
Il 337 - 421
[_1421 - 600

Figure 5. Locations of measurement stations (data source: HVBG (50)).

Time series on T were retrieved from the weather station Lindenfels-Winterkasten
(ID: 3018), which is located at 445 m.a.s.l. and was found to be representative for the
subcatchment.

The weather station closest to GERqyt was found to be Schaaftheim-Schlierbach (ID
4411), providing both P and T time series. This station is located at 155 m.a.s.l., and was
therefore representative for the elevation range of 100 to 165 m.a.s.l. (compare Figure 5).
Missing values were interpolated via regression analysis.

2.3. Drought Indices

Studies have shown that there is a close interrelation between the occurrence of
droughts and the variability of T and P over time [50-53]. Changes in P patterns and
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increasing T were shown to favor the emergence of droughts. Therefore, this study ini-
tially observed the trends and development of annual average T and annual sums of P in
the study region. Subsequently, the occurrence of droughts throughout the study period
was investigated. In order to adequately identify and classify the severity of drought
events, existing indices were used. In agreement with the German Weather Service [54],
the Standardized Precipitation Index (SPI) is the most widely used drought index. De-
veloped by McKee et al. [55], the index enables classification of drought according to its
magnitude while expressing the drought event’s probability (Table 2). The index may be
calculated based on multiple timescales reflecting the impacts of a drought on various
water resources [56].

Table 2. Standardized Precipitation Index (SPI) and Standardized Precipitation-Evapotranspiration
Index (SPEI) categories and their probability of recurrence.

Range Category Probability of Recurrence
—1to0 mild dryness 1in 3 years

—15t0 -1 moderate dryness 1in 10 years

—2to—-15 severe dryness 1in 20 years

<=2 extreme dryness 1in 50 years

In this study, the SPI was obtained for each calendar year by fitting a gamma distri-
bution to monthly precipitation values. For an automated computation of the index, the
R-Studio package precincton (precipitation intensity, concentration, and anomaly analysis)
was used [57]. The advantage of the SPI index requiring only P data in its computation is
also its offset. Especially with climate change and increasing global temperatures [58], it
has become of interest to include evaporation processes as a factor in the identification of
drought events. Thus, an extension of the SPI was developed by Vicente-Serrano et al. [59],
namely the Standardized Precipitation-Evapotranspiration Index (SPEI). The SPEI takes
into consideration Potential Evapotranspiration (PET) in mm based on T time series and
the measurement location. Based on the limited data availability, Hargreaves’ equation
was chosen for the determination of PET:

ET = 0.0022 % Ry * AT % (T +17.8), (1)

where R 4 is the mean extraterrestrial radiation (mm /a), which is a function of the latitude;
AT is the temperature difference of the mean monthly maximum temperature and the
mean monthly minimum temperature for the respective month of interest (°C); and T is the
mean air temperature (°C) [60]. The SPEI was computed using the R-Studio package SPEI
developed by Cadro and Uzunovi¢ [61] for each calendar year of the study period. Both
indices were obtained taking into account 3-, 6-, 12-, and 24 months of antecedent rainfall.
Therefore, the minimum requirement of 30 years for good results was exceeded [62]. Based
on the analysis of T, P, SPI, and SPEI time series, it was possible to depict exceptionally dry
years, so-called drought years, within the study period.

2.4. Low Flow Indices

According to German normative regulations, low flow may be defined as a minimum
flow that falls below a certain threshold (DIN4049) [63]. The thresholds thereby applied
are based on the averages of so-called n-day time series [6,64]. In this study, the 1-, 7-, and
30-day annual minima (AMIN, AMIN7, and AMIN30) were determined [65,66]. In order
to ensure comparability with the drought indices, all low flow indices were computed for
each calendar year of the study period. The n-day time series showed the development of
the lowest daily, weekly, and monthly flows for each year of the study period 1980-2018,
consisting of 39 flow rates given in m3/s. The time series were analyzed for trends as
described in the last subsection of this section. The threshold values were calculated based
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on the n-day time series. In detail, they were derived by creating the mean of the annual
minima time series (MAM, MAMY7, and MAM30) [21]. Based on these thresholds, it was
possible to determine the characteristic values SumD, MaxD, and SumV (see Table 3).

Table 3. Low flow characteristic values [67].

Characteristic Value Description Unit

Total number of days within
SumD a year on which the flow falls  Days (d)
below a defined threshold.

Maximum number of
consecutive days within a
year on which the flow falls
below a defined threshold.

MaxD Days (d)

Sum of the volumetric deficit
SumV between the daily flow anda  Volume (m?)
defined threshold for one year.

These further values enabled us not only to take into account the absolute minima, as
given by the n-day time series but also to identify the frequency and duration of low flow
events. While SumD defines the total number of days with flow under a certain threshold,
MaxD describes the maximum number of consecutive days with low flow for each year.
If the difference between the two parameters is minor, the longest continuous period of low
flow is regarded as characteristic for the respective year [9]. SumV is the volume deficit
in m® for each year. As SumV is an absolute number, which is linked to the stream size,
a fourth threshold-dependent indicator was determined: MAM?7-days is the number of
days with MAMY flow needed to balance out the deficit of each year [9]. Finally, consulting
these indicators, it was possible to identify the years especially effected by low flow and to
link these with the prior determined drought years. In addition, the development of the
characteristic values throughout the investigative period was examined for trends.

Finally, low flow is significantly influenced by the catchment’s water storage capacity.
High storage capacities will buffer meteorological extremes [68]. The ratio MAM/Q
indicates the storage capacity of a catchment as well as the variability of the discharge
regime throughout the year [9]. The index ranges between 0 and 1, and the higher the
value of the index, the lower the sensitivity of a catchment towards hydrological extremes,
such as droughts.

As mentioned, the calculation of low flow extremes and characteristic values was
executed based on historical measurement data retrieved from the gauges GERqyt (delin-
eating the Gersprenz catchment) and FISyy; (delineating the Fischbach catchment) [33]. The
period for the study (1980-2018) was chosen according to data availability while ensuring
that the total amount of years taken into consideration exceeded the minimum requirement
for the low flow statistical analysis of 30 years [21,67].

2.5. Trend Analysis

The trend analyses in this study were carried out according to the regulations of the
German Association for Water, Wastewater, and Waste [69,70]. Trends were depicted for the
measurement time series as well as the obtained drought and low flow indices for the study
period 1980 to 2018 using a simple linear regression analysis. The significance of the trends was
evaluated with Student’s t-test at a significance level of 5% (x = 0.05) after confirming a normal
distribution of the respective data set using the Kolmogorov—Smirnov Test.

3. Results
3.1. Temperature and Precipitation

Average annual T was shown to significantly increase throughout the study period. As
measurement data on evaporation was not available for the study region [71], total annual
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PET was obtained using the Hargreaves method (see the section on drought indices). The
results displayed a significant increase in the determined annual PET in the study area
from 1980 to 2018. The average PET in FIS was 730 mm for the study period, increasing by
2.7 mm per year. In GER, the average annual PET was nearly 843 mm, with an increase
of 3.7 mm each year. The increases in T and PET are likely to be affiliated with climate
change, as supported by the global analysis given in the National Center for Environmental
Information’s Global Climate report (NOAA) [72] as well as a regional analysis conducted
by the Hessian Center for Climate Change and Adaptation [10]. While the increase in
global T is quite certain, the resulting effects of climate change on P are harder to measure
and predict due to regional and seasonal variations in rainfall patterns [73]. This was
confirmed by the results of this study, where a negative trend of total annual rainfall was
examined in both catchments but only the decline of annual P in FIS was shown to be
significant at the 95% confidence level. Dry years were identified by observing deviations
from the long-term averages (N = 39 years). The five years with a maximum sum of the
absolute positive deviations of T and the absolute negative deviations of P were classified
as exceptionally dry for both catchments, with 2018, 2015, 2011, 2003, and 1991 resulting as
dry years (Figure 6).

GER
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1 —Iﬂn:—. EU:(
o
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Iél:
—]

O
[mm]
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o
o
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—
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1994
1996
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2016
2018

Figure 6. Deviations of annual mean temperatures and annual precipitation to long-term averages in GER (top) and FIS
(bottom): the years 2018, 2015, 2011, and 1991 were identified as exceptionally dry.

The identified dry years correspond to the dry years defined in Klimaverinderung und
Wasserwirtschaft (KLIWA)—a study on low flow carried out by the south German states
Baden-Wuerttemberg, Rhineland-Palatinate, and Bavaria [9]. The findings confirm that
2018 was an extremely hot and dry year [11,29]. The results should be treated with care,
as uncertainties arise from the locations of the historic weather stations, which are in the
lower areas of the respective catchments and do not take into account rainfall events in the
upper elevations of the catchments [74].

3.2. Drought

The number of months considered in the calculation of drought indices determines
the drought characteristics [56,75]. SPI3 and SPEI3 take into consideration three months for
each monthly index and therefore reflect short-term P patterns. HLNUG [29] states that the
SPI3 indicates agricultural droughts in Germany. Taking into account more months within
the calculation process will indicate medium- to long-term changes in P, which are likely
to affect changes in the hydrological realm. Considering 6 months for the calculation will
indicate seasonal trends in P, determining stream flow and reservoir levels, while taking
into account 12 or more months will designate drought events, which may even hint to
changes in GW levels [56]. Figures 7 and 8 show the drought indices SPI and SPEI for 3-,
6-, 12-, and 24 months throughout the study period for GER and FIS, respectively.
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Figure 7. Drought indices SPI and SPEI for 3-, 6-, 12-, and 24 months in GER.
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Figure 8. Drought indices SPI and SPEI for 3-, 6-, 12-, and 24 months in FIS.

The SPI24 and SPEI24 take into consideration many months, usually resulting in
the minor fluctuations in wet and dry conditions balancing out to zero, which is why
these indices designate historically exceptional droughts [56]. Observing the results in
Figures 7 and §, it is remarkable to see a shift from predominantly moist conditions, which
are indicated by positive SP124 and SPEI24 values in blue, to predominantly dry conditions,
indicated by the negative values in red, in both catchments. In general, the results presented
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in Figures 7 and 8 confirm the findings of Bindi et al. [62] and Labudova et al. [75], which
state that, with an increasing number of months, drought events will become less frequent
with longer durations and lower magnitudes.

Extreme events with indices lower than -2 usually occur once every 50 years [56]. The
findings presented in Table 4 display the years and month(s) in which extreme drought
events took place in GER and FIS throughout the study period 1980 to 2018. Extreme
events were determined when the indices SPI3, —6 and —12, as well as SPEI3, —6 and —12,
fell below -2. They were ranked according to their magnitude. More than 92% of extreme
events occurred in the last 15 years of the 39-year study period.

Table 4. Years with extreme drought events (SPI and SPEI < —2 and a probability of recurrence of 1 in 50 years) taking into

consideration the 3-, 6-, and 12-month antecedent conditions in GER and FIS.

SPI SPEI
RK 3 6 12 3 6 12

1 2011 (May) 2018 (Oct-Dec) 2004 (Jan—Jul) 2018 (Jul-Nov) 2018 (Sep—Dec) 2004 (Jan-May)

2 2017 (Jan—Feb) 2017 (Jan-Feb, Apr) 2003 (Dec) 2011 (May-Jun) 2017 (Jan—Mar) 2017 (Jun)

3 2018 (Aug-Nov) 2003 (Jul-Sep, Nov) 2017 (Jun) 2017 (Feb) 2003 (Aug-Sep) 2018 (Dec)
GER 4 1996 (Mar) 2015 (Jul) 2014 (Mar) 2003 (Dec)

5 2003 (Apr) 1996 (Mar-Apr) 2011 (Jun)

6 2012 (Apr)

7 2015 (Jun—Jul)

8 1993 (Aug)

1 2016 (Dec) 2018 (Aug-Dec) 2018 (Oct-Dec) 2018 (Oct-Dec) 2018 (Oct-Dec) 2004 (Mar-May)

2 2018 (May-Sep) 1991 (Jul-Aug) 2017 (Mar-May) 2011 (May) 2017 (Jan)
FIS 3 2011 (Feb-Mar, Sep) 2015 (Jun) 2004 (Jan—-Apr) 2017 (Feb) 2011 (Jun)

4 1991 (Apr) 1996 (Apr) 2015 (Sep)

5 2017 (Jan, Mar-Apr)

With respect to the indices, it was shown that, when taking into account PET in
drought determination, as done for computation of the SPEI, the magnitudes of the events
were considered less extreme, as the total number of extreme events detected with the
SPEI was lower than that of the SPI. Computation of the SPI and SPEI on the 6- and 12-
month bases showed an increase in the magnitude of hydrologically relevant droughts. It
was shown that the magnitudes of the drought events significantly increased at the 95%
confidence level throughout the study period in both catchments. The years dominated by
droughts with high magnitudes and long durations were found to be coherent with the
dry years depicted in the last section of this paper. Regarding the magnitude and duration
of drought, 2018 was shown to be an exceptional year.

3.3. Low Flow

Annual Q significantly decreased throughout the study period at both gauges (t-test).
A slight decrease in annual maxima was observed but was not found to be significant at
the oc = 0.10 level after accounting for serial correlation. The time series of AMIN, AMIN?7,
and AMIN30 displayed significant negative trends at both gauges (Figure 9). The results
confirm a decline in water availability in the Gersprenz and Fischbach catchments from
1980 to 2018. The findings are supported by the study conducted by KLIWA, which states
that climate trends, such as increasing T, have a greater impact on low flow than on average
flow [9].



Water 2021, 13, 316

13 of 22

G’Eunt ........................ AMIN ------- AMINT

AMIN3O

Linear (AMIN30)

0.0

<2
o
E
1
0
[=] ™~ = o o o ™~ = o o o [ =t o o [=] ™~ =T ] =+
o =] =] =] o [a) o [=a] o o = = = — pm)
ial - - — - ial - = - ial ™~ ™~ (] ™ ™~ ™~ (o] ™ ™~
03
FlSuu e AMIN == === = - AMINT AMINZO Linear (AMIN30)
2
o
E

1380

1984
1550
1992
1994
1956
1558
2000
2002
2004
2008
2010
2012
2014
2016
2018

:

1982
1986
1988

Figure 9. AMIN, AMIN7, and AMIN30 time series with linear trends given for the AMIN30 data in GERqyt and FISqy;.

The five years with the lowest AMINXx values and the year and month(s) of occurrence
are ranked in Table 5. Most extreme values occurred in the late summer months or in the
early autumn months. This confirms the findings of Belz et al. [76].

Table 5. Top five years with the lowest extreme values (AMIN, AMIN7, and AMIN3) in GERout
and FISqyut.

GERoyt FISout
R AMIN AMIN7 AMIN30 AMIN AMIN7 AMIN30
1 1991 (Sep) 1991 (Sep) 1991 (Aug/Sep) 1992 (Sep) 2017 (Jun) 1991 (Aug/Sep)
2 1990 (Aug) 2018 (Sep) 2018 (Aug/Sep) 1990 (Jul) 1991 (Sep) 1990 (Jul/Aug)
3 2017 (Jun) 1990 (Aug) 1990 (Jul/Aug) 1991 (Aug) 1990 (Jul/Aug) 2017 (May/Jun)
4 2018 (Sep) 1993 (Aug) 1993 (Aug/Sep) 2017 (Jun) 1992 (Sep) 2012 (Aug/Sep)
5 1993 (Jul) 2017 (Jun) 2015 (Aug/Sep) 1993 (Jul) 1993 (Jul) 1993 (Jun/Jul)

In addition, it was shown that the years 1990-1993 were determined by extreme low
flows in both catchments. The analysis of T and P data identified 1991 as a dry year.
However, dry conditions ranging over a period of three years were not immediately visible.
From the drought indices, the SPI and SPEI24 clearly depicted this period as exceptionally
dry, showing that antecedent drought conditions play a major role when dealing with
low flow.

In general, extreme AMINXx values do not reflect the duration of low flow events and
the frequency of low flows throughout the year. This is why further low flow characteristic
values were determined. By averaging the n-day time series, it was possible to obtain the
threshold values necessary for determination of the characteristic values SumD, MaxD,
and SumV (Table 6).

Table 6. Threshold values retrieved by averaging the AMIN, AMIN7, and AMIN30 time series.

GERout FISout
MAM 0.772m3/s 0.093 m3/s
MAM?7 0.851 m3/s 0.102 m3/s

MAMS30 1.043 m3/s 0.118 m3/s




Water 2021, 13, 316

14 of 22

Characteristic values were given for the thresholds MAM, MAM?7, and MAM30 for
each year of the study period. The threshold MAM was obtained by averaging the AMIN
time series, the threshold MAM7 was obtained by averaging the AMIN? time series, and
so on. It may be pointed out that, with an increasing number of days taken into account
for calculation of the threshold, the resulting characteristic values are augmented: e.g., the
total number of days with low flow for the study period will be higher for the monthly
threshold MAM30 than for the daily threshold MAM.

The results are presented in Tables 7 and 8. A color scale was adapted ranging from
green (low values) to red (high values). The sums of the characteristic values for the 39-year
study period are given below the time series in the second-last row of the table. Whether
the detected trends of each annual time series are significant at the 95% level is indicated in
the last row.

Table 7. Characteristic values GERqyt 1980-2018.

SumbD (d) MaxD (d) SumV (m?)

Threshold ~ MAM MAM?7 — MAM30 MAM MAM?7  MAM30 MAM MAM?7  MAM30
1980
1981
1982
1983
1984
1985 10
1986 7
1987
1988
1989 497,871
1990
1991
1992 172,534 407,476 1,537,839
1993 855,958
1994 2725 25,676 458,946
1995
1996 41 426,225
1997 18 30 70 6 12 24 106,937 260,130 1,082,363
1998 27 36 65 17 18 22 223,045 438,646 1,298,688
1999 26 70 57,888 177,696 1,061,627
2000
2001 9 38,814 335,055
2002
2003 36 30 222,380 408,406 1,441,935
2004 13 14 103,281 176,544 601,876
2005 © 31 654447 1,181,376
2006 22 22 63,338 189,438 863,298
2007 5 28 16 316,305
2008 32 74 10 28,977 169,588 1,020,414
2009 34 44 78 15 20 172,999 441,083 1,472,544
2010
2011 4 14 6580 60,857 993,083
2012 11 23 16 56,758 165,334 862,390
2013
2014 6 31 19 328,379
2015 906,735
2016 23 39 67 13 65,265 285120 1,131,633
2017 47 64 88 17 18 18 547,975 914,599 2,168,278

2018
Total 765 1075 2103 359 646 8,631,094 14,784,990 40,628,758
Trend sig. sig. sig. sig. sig. sig. - - sig.
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Table 8. Characteristic values FISq,; 1980-2018.

SumD (d) MaxD (d) SumV (m%)

Threshold  MAM MAM?7 MAM30 MAM MAM?7 MAM30 MAM MAM?7 MAM30
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989 3 13 37 1 3 8 658 4600 40,959
1990
1991
1992
1993
1994
1995
1996 2 10 35 2 3 12 439 3272 36,036
1997 51 63 85 25 32 33 38,833 81,442 188,480
1998
1999
2000
2001
2002
2003 97,639 153,651 295,414
2004 45,413 112,922 269,705
2005 13 23 49 8 10 12 2851 14,784 67,039
2006 37,092 80,211 208,774
2007
2008 4 20 46 2 4 9 1741 7409 55,335
2009 66,521 122,735 296,338
2010
20n1
2012
2013
2014 19 29 47 6 8 10 9351 26,079 81,124
2015 108,585 188,364
2016 6
2017 39
2018 30 60,008 120,554 289,080
Total 1154 1652 2255 468 616 795 1,805,620 2,831,417 5,662,441

Trend - sig. sig. - - sig. - - =

Significant increases in SumD and MaxD were identified for all MAMXx thresholds
in GERoy; (Table 7), indicating a tendency towards years with more days with discharge
subceeding the threshold as well as a prolongation in the duration of low flow periods. For
the characteristic value SumV, increasing trends were detected; however, the trend was
only significant at the 95% level with a threshold of MAM30. In FISy, positive trends
were equally identified for all characteristic values. For SumD, these were only significant
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with MAM7 and MAMB30 as thresholds, whereas the development of MaxD over time
showed only a significant positive trend with MAM30 as the threshold (Table 8). For SumV,
no significant trends were detected in FISyy. Interesting enough, when observing the
characteristic values, close to double the number of total SumD and MaxD values were
found in FISyyut compared to GERqyt. This exposes FISqyt as far more likely to experience
low flows of higher frequencies and durations compared to GERyyt. In contrast, GERout
displays significant increases in SumD and MaxD already at the lowest threshold.

Prior dry years were identified based on annual T and P deviations as well as drought
intensities within that year. The years with high SumD and MaxD values indicated the
years with exceptionally many days with low flow and long low flow durations. In GER,
these low flow years correspond better to the dry years than in FIS. A clarifying example is
given in the extreme year 2018: this year was the most extreme year regarding droughts,
identified by the drought indicators SPI and SPEIL On the one hand, this is reflected by
the characteristic values in GERqy¢, where 2018 is the most extreme low flow year for each
category and threshold. On the other hand, low flow in FISyy: seems to have been less
affected by the intense hot and dry period in 2018. As an extreme low flow year, the year
1991 stands out in FISq;.

These results are further visualized in Figure 10, where SumD and MaxD are presented
as scatterplots for each catchment for the threshold MAM?. Each year is indicated as a
point value within the scatterplot. The closer the points are to the dotted line, the larger
the fraction of consecutive days with low flow within that year. A point located on the
dotted line indicates a year with an uninterrupted low flow event. The size of each dot
indicates the number of days needed to balance out the deficit within that year. The larger
the circle, the more days with MAMY flow needed to compensate the lack of water. While
GER would have needed 37 days of MAMY flow to balance the deficit in 2018, FIS would
have needed only 14 days. The graph also shows that, the lower the sum of SumD, the
more likely there is an accordance between the total number of days below the threshold
and MaxD (the maximum number of consecutive days below the threshold). Figure 10
confirms that FISyy: experiences low flow more frequently than GERgy.
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Figure 10. Scatterplot presenting SumD and MaxD values for the threshold MAMY for each year of the study period
1980-2018: the size of each circle indicates the number of MAM?7 days necessary to balance out the deficit of each year
(scheme inspired by KLIWA [9]).
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4. Discussion

Given the topographical characteristics of the study region, average T is slightly higher
(~1.4 °C) and average P is slightly lower (=133 mm) in GER compared to FIS. However,
the development towards hotter and drier years is a common factor within the study area.
While T rose by approximately 0.05 °C annually in the study area, P sank by 1.6 mm/a
and 5.3 mm/a in GER and FIS, respectively. In addition, PET rose by 3.7 and 2.7 mm/a in
GER and FIS, respectively. Consequently, drought events were shown to occur with greater
magnitudes and prolonged duration in both catchments within the investigation period
1980 to 2018. This common development of climatic conditions was not reflected entirely
when observing low flow patterns and occurrences. While there was a general trend of
decreasing water availability in both streams, the development of characteristic low flow
values comprised slight—but significant—differences in the two basins.

The total sums of characteristic values SumD and MaxD were found to be close
to double as high in FIS,,; compared to GER,y: for the entire study period (Figure 11).
On the other hand, GER,y: was characterized by significantly trending increases in low
flow occurrences and duration already for the lowest threshold (MAM). In FISqyt, SumD
increased significantly at the 95% level solely for thresholds MAM?7 and MAM30. The
characteristic value MaxD was shown to increase only for the monthly threshold (MAM30).
Resultantly, FISy,: experienced a high total number of low flow events throughout the
study period, while in GERyyt, the frequency and duration of low flow events per year
increased significantly throughout the study period from 1980 to 2018.

1500 -
B GERoyt
1000 | ® FlSue
o
500 -
. m
SumD MaxD

Figure 11. Total SumD and MaxD values for the MAM threshold in GERyyt and FISyyt (1980-2018).

An analysis of the change layers of the CORINE Land Cover (CLC) data sets did not
reveal significant changes in land-use. Consequently, urban expansion or diversification of
land-use may be ruled out as the reason for these depicted trends, leaving meteorological
factors as the main impacting variables. Therefore, it is very likely that the significant
increases in characteristic values SumD and MaxD in GERyy; are linked to increasing T and
decreasing P values. Additionally, PET rose at a higher rate in GER compared to FIS, very
probably resulting in more low flow days per year [77].

The findings suggest that low flow in GERyyt shows a higher sensitivity to climate-
induced variability and has a greater long-term sensitivity towards droughts than in
FISout. The ratio of MAM and Q in GERyy: was shown to be lower than in FIS,y: while
MAM/Q equals 0.25 in GERyyt, the ratio equals 0.28 in FISyy;. In addition, the BFI in
FISout was slightly higher than that in GERoyt, at 0.45 and 0.44, respectively, with the actual
BFI in GERyyt probably being even lower, as the additional discharge in GER,y¢ through
wastewater treatment plants was not taken into account. Both the MAM/Q and the BFI
indicate a higher sensitivity of GERyy towards hydrological extremes, such as droughts.
However, these indices should be treated with care, as they were determined for a main
catchment and its upstream subcatchment. Nevertheless, higher correlations between low
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flow indices and drought indices were also determined for GER,yt. Subsequently, there
seems to be a higher likelihood for drought-induced flows in GERyyt compared to FISqyt.

The results suggest a longer duration of low flow events as well as a higher frequency
of low flow in FISy; from the catchment’s characteristics described in Section 2. While
FIS is located in the crystalline Odenwald, the prevailing environments in GER are the
Reinheimer Hiigelland and the lower Main plain. While the elevations in the south measure up
to 600 m.a.s.1., the lowest point of GER lies at about 100 m.a.s.l. Even though the altitude
causes higher overall P, the steep slopes and the low usable field capacity of the soils
prevailing in FIS lead to a high proportion of direct runoff while suggesting low buffering
reserves of GW or intermediate storage [37]. Stoelzle et al. [20] found that hydrogeology
has a decisive influence on how sensitive a catchment is towards short and long dry periods
in Germany. It was shown that porous, complex aquifers have an increased long-term
sensitivity towards droughts. This is in accordance with the findings in this paper. On
the one hand FIS, which does not encompass any noticeable GW resources, showed high
frequencies of low flow. On the other hand, GER, in which extended, porous aquifers are
located, experienced low flow less frequently while showing a greater sensitivity towards
the trends of changing climate variables. Staudinger et al. [78] state that catchments at
lower elevations and low slopes, such as GER, are more sensitive towards meteorological
droughts than catchments at higher elevations with steeper slopes, such as FIS, further
supporting the findings of this study. In addition, the higher drainage density in the
subcatchment suggests a lower permeability of the subsoil and less deep seepage. The
domination of unconsolidated rock in the northern part of the catchment hint to overall
better infiltration rates and storage capacities. Moreover, the smaller catchment size of
FIS and the lower discharges make the stream more susceptible to dry and hot periods.
While Q measured 0.34 m®/s in FISyy for the entire observation period of 39 years, the
average flow rate in GERyy: measured 3.08 m?3/s. While the Gersprenz is a small river,
the Fischbach belongs to the category of streams. At the same evaporation rate, the losses
in the Fischbach are expected to be higher than in the Gersprenz. In addition, the actual
Evapotranspiration (ET) in the catchment may impact the catchments’ sensitivity towards
droughts and low flows. The German Federal Institute of Hydrology (BfG) [79] estimated
the average annual sums of actual ET for certain land-use types in Germany based on
a method developed by Glugla et al. [80]. It was shown that the actual ET in forests
was up to nearly 27% higher than in agricultural land-use types depending on the soil
conditions and tree types. The prevailing land-use type in the subcatchment FIS is forests,
while the prevailing land-use type in GER is agriculture. The PET determined with the
Hargreaves equation was higher in GER than in FIS. However, the Hargreaves equation is
based on the assumption of endless water availability and does not take into consideration
land-use. Therefore, it is very likely that the actual ET is higher in the subcatchment, in
which more than half of the area is covered in forests. Consequently, the impact of actual
ET rates should also not be neglected. Finally, the evidence from this study suggests that
FISout seems to be more prone to seasonal, short-term low-flow events, which do not
necessarily inaugurate a meteorological drought [6], while low flow in GERyy; is sensitive
towards long-term changes of climatological variables, reflecting the trends of increasing
magnitudes of drought events depicted for the study period.

In agreement with Smakhtin [6], the international glossary of hydrology [4] defines
low flow as the “flow of water in a stream during prolonged dry weather”. This definition
is adapted widely [81] and suggests an inherent relation between low flow and drought.
The results of this study, however, emphasize that even small-scale system processes will
influence low flow behavior. Therefore, extreme caution must be taken when analyz-
ing the effects of droughts and trending climate variables on hydrological processes or
when modeling low flow. This study showed that low flow is highly sensitive towards
regional circumstances and catchment characteristics. In addition, the results emphasize
the importance of antecedent conditions when identifying major low flow periods. The
drought indicators SPI24 and SPEI24, which take into account climatic conditions of the
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24 antecedent months, were most accurate in identifying years with extreme low flow
behavior. This is in accordance with the study of Rolls et al. [1], which determined an-
tecedent conditions as one of six ecologically relevant hydrological attributes of low flow.
Generally, the superposition of influencing factors leads to a complex chain of effects.
Nevertheless, the results of this study allow the conclusion that catchment characteristics
and climatological variability and trends weigh differently in their impacts on low flow
in different catchments. As a result, a climatic dry phase or drought does not necessarily
result in low flow. Catchment characteristics significantly determine the sensitivity of the
low flow behavior with respect to climate change.

5. Conclusions

This study showed that there has been a strong tendency towards drier and hotter
years in the low mountain range basin of the river Gersprenz in the period of 1980 to 2018.
This result is in coherence with the worldwide trend of global warming. Concurrently,
the region was shown to experience droughts of increasing magnitudes throughout the
study period. In addition, a general trend towards extreme low flows was proven for the
study area. Thus, the results portray declining water availability for the Gersprenz and
the Fischbach catchments. However, the catchments encompassed different trends and
low-flow sensitivities. The evidence from this study suggests that the effects of drought on
low flow depend on the catchment’s characteristics and the antecedent climate conditions.

In general, it was shown that a catchment’s sensitivity towards low flow is highly
dependent on the site’s morphology, hydrogeology, prevailing land-use types, as well as
catchment and stream size. Catchments comprising characteristics that are likely to evoke
low flow (e.g., low water storage capacities, low seepage, steep slopes, low drainage densi-
ties, etc.) are probably more likely to experience short-term, seasonal low flow events. In
contrast, catchments incorporating characteristics that are more robust towards fluctuations
of water availability (e.g., high water storage capacities, high seepage, moderate terrain,
high drainage densities, etc.) will show long-term sensitivities towards meteorological
trends. As a consequence, it can be inferred that alteration and shaping of watershed
properties can influence the low-flow sensitivity of the watershed. Taken together, this
study emphasizes the importance of small-scale effects when dealing with low flow events,
showing that even subcatchment characteristics will determine whether a low flow event
is drought-induced. Despite the interaction of influencing factors complicating the determi-
nation of each individual factor’s role, this study can be seen as a further step in enhancing
the understanding of low flow processes in river catchments.
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