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Abstract: The hydrologic regime of a river is one of the factors determining its ecological status.
This paper tries to indicate the present hydrologic stress occurring across European rivers on the basis
of model integration. This results in a pan-European assessment at the resolution of the functional
elementary catchment (FEC), based on simulated daily time-series of river flows from the model
PCR-GLOBWSB. To estimate proxies of the present hydrologic stress, two datasets of river flow were
simulated under the same climate, one from a hypothetic least disturbed condition scenario and the
second from the anthropogenic scenario with the actual water management occurring. Indicators
describing the rivers” hydrologic regime were calculated with the indicators of hydrologic alteration
(IHA) software package and the river total mean flow and the relative baseflow magnitude over the
total flow were used to express the deviations between the two scenarios as proxy metrics of rivers’
hydrologic alteration or hydrologic stress. The alteration results on Europe’s FEC-level background
showed that Southern Europe is more hydrologically stressed than the rest of Europe, with greater
potential for hydrology to be clearly associated with river segments of unreached good ecological
status and high basin management needs.

Keywords: Europe; functional elementary catchments; hydrologic regime; indicators of hydrologic
alteration; PCR-GLOBWB model

1. Introduction

The hydrologic regime represents the primary driving force of river ecosystems as it determines
the various characteristics of water flow over time (e.g., extent and duration of base flow or flooding),
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shapes the patterns of erosion and sedimentation, and influences the type and dynamics of the river
channels, banks and floodplains [1]. The hydrologic regime affects water chemistry through processes
of retention, dilution or concentration. By this, it constitutes the habitat template for the riverine biota.
Hydrology is thus an indispensable component of riverine ecology, and anthropogenic alteration of
the hydrologic regime entails ecological detriment [2].

Riverine hydrology is altered by humans in various ways [3,4]. At the local to regional scale,
water abstraction, water diversion, water drainage and channelization modify the flow regime for the
benefit of domestic, industrial or agricultural supply. In particular, dams represent one of the major
anthropogenic disturbances of the rivers” hydrologic regimes [5]. At the river basin scale, the water
retention capacities are reduced by converting natural vegetation into land used for agriculture or
urbanization. At the continental scale, patterns of precipitation and evaporation shift due to a changing
climate, with important changes in climate extremes over time. These alterations impact on the riverine
ecosystems and lead to changes in natural flows, including water scarcity or overabundance with
implications for ecological status and ecosystem services [6,7].

However, full understanding of the effects of hydrologic alteration is still not available [8]. On the
one hand, this relates to the intricate features of riverine hydrology covering the elements of timing,
magnitude, duration and frequency, all of which are integral components of the ecosystem [9]. On the
other hand, this relates to the lack of comprehensive datasets, e.g., from stream gauges, precluding
empirical cause-effect modeling. Data shortage applies in particular to records of unaltered, natural
hydrologic regimes and especially in the densely populated and highly modified landscapes of Europe
and elsewhere. These obstacles hamper scientific understanding in support of effective water and river
basin management as, for instance, required by the European Water Framework Directive (WFD) [10].

In the absence of measured data, hydrologic effects on the riverine ecosystems can be investigated
using flow regimes derived from hydrologic modeling. For the European context, various models are
available that all follow a similar approach and can all reasonably estimate discharges at a continental
scale, such as PCR-GLOBWB [11-16], LISFLOOD [17] or HYPE [18-20]. These models produce
discharge outputs taking catchment management into consideration; thus, they allow for simulating
river discharges under conditions modified by human activities (‘anthropogenic’), but can also predict
riverine hydrology under least disturbed conditions (LDC) altered only slightly by humans [21].
LDC refers to the best available physical, chemical, and biological habitat conditions given today’s
state of the landscape where the influence of human water management in the form of irrigation
and reservoir management is excluded, and for which we have data available. These two model
outputs (i.e., anthropogenic and least disturbed) enable comparisons between the modified and least
disturbed river discharges, providing prerequisites to calculate quality ratios used in environmental
assessment [22].

In this paper we have selected PCR-GLOBWB to demonstrate the application of a large scale
hydrologic model deriving daily time-series of river discharges at high spatial resolution covering the
entire European continent. The purpose was to analyze the time-series produced under two different
scenarios to discover the deviations between them and assess the present hydrologic alteration (or
‘stress’) of European rivers. Hydrologic alteration was expressed using the indicators of hydrologic
alteration [23] calculated for the two model outputs of anthropogenic and least disturbed conditions.
The resulting ratio allowed for determining types of hydrologic stress occurring across European
river basins, providing a first solid basis for future research on cause-effect modeling and catchment
management at cross-basin and continental scale.

2. Materials and Methods

2.1. Method of Indicators of Hydrologic Alteration (IHA)

The indicators of hydrologic alteration (IHA) were originally proposed by Richter et al. [9] to assess
the degree of hydrologic alteration caused by human intervention on rivers. The hydrologic parameters
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are computed with the use of a free software tool developed by The Nature Conservancy [23].
The tool has a user-friendly interface that needs daily time-series of river discharge as input. The IHA
method has been updated with a new set of hydrologic parameters (called ‘E-flow components’ [24]),
which categorizes river flows into low- and high-magnitude events. As a result, there are 70 hydrologic
parameters (indicators) that can characterize the annual or intra- and inter-annual variability in water
conditions, including the magnitude, frequency, duration, timing and rate of change of flows.

2.2. Hydrologic Data at European Scale—PCR-GLOBWB Modelled Data

The implementation of the IHA method at the European scale requires a continuous daily
discharge dataset covering the whole of Europe. This can only be achieved with the use of simulated
data. In this study we employed the global hydrologic model PCR-GLOBWB for the simulation
of river flows and runoff for Europe. PCR-GLOBWSB is essentially a “leaky-bucket” type of model
applied on a cell-by-cell basis [13,14]. A spatial resolution of 5 arc minutes (=10 km x 10 km at
the equator) and a daily temporal resolution were used in this study. A schematic representation of
PCR-GLOBWSB (version 2.0), which has been applied in this study, is given in Figure 1. For each time
step and cell, PCR-GLOBWB calculates water balance components. These include water storage in
three vertical soil layers (0-5, 5-30 and 30-150 cm) and one underlying groundwater layer, as well as
the water exchange between the layers (percolation, capillary rise) and between the top layer and the
atmosphere (rainfall, evapotranspiration and snowmelt). Sub-grid variability is taken into account
considering the variations of elevation, land cover, vegetation and soil. The total runoff of a cell
consists of direct runoff (saturation excess surface runoff), non-infiltrating melt water, interflow (lateral
drainage from the soil profile) and baseflow (groundwater runoff from the lowest linear reservoir).
Simulated runoff was routed along the river network based on the simulated topological networks
(STN30) [25]. Model parameterization was based on global datasets of soil properties, vegetation and
geological information. Parameterization together with model evaluation (global validation) details
have been presented in Van Beek et al. [13] and Sutanudjaja et al. [14].

PCR-GLOBWB simulations have been performed for the period 19602010, including the dynamic
changes in climate occurring within this 50-y period. Hydrologic alteration assessments were based on
10-y simulations though, using the last decade of this period’s simulations (see Section 2.5).

As for the meteorological forcing, the monthly precipitation, monthly temperature and reference
potential evaporation of CRU TS3.23 [26] were used. CRU TS3.23 has been constructed by interpolating
historical observed station time-series to a global grid with a resolution of 0.5 degrees. Its quality highly
depends on the availability of local station observations which is particularly high in North-Western
Europe. As PCR-GLOBWSB runs at daily resolution, the monthly fields of CRU TS3.23 forcing data
were downscaled to daily values using the ECMWEF ERA20C re-analysis from the European Centre for
Medium-Range Weather Forecasts (ECMWFEF). Daily averages and totals were computed by combining
the 6 h time steps of the re-analysis. The original spatial fields at 0.7° were assigned to the cells center
and then spatially interpolated to the finer model grid of 0.5° (30 arc minutes). Precipitation was
temporally downscaled by first applying a threshold of 0.1 mm day ! to the ERA daily timeseries
to estimate the number of rain days for ERA and remove drizzle. The amount of rainfall below this
threshold was proportionally allocated to the rain days. After this, the CRU monthly rainfall sums and
monthly average temperatures have been disaggregated to daily values based on the daily distribution
in the ERA20C re-analysis (see Sutanudjaja et al. [14]).
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Figure 1. Schematic overview of a PCR-GLOBWSB cell and its modelled states and fluxes. S1, S2 (soil
moisture storage), S3 (groundwater storage), Qdr (surface runoff—from rainfall and snowmelt), Qsf
(interflow or stormflow), Qbf (baseflow or groundwater discharge), Inf (riverbed infiltration). The thin
red lines indicate surface water withdrawal, the thin blue lines groundwater abstraction, the thin
red dashed lines return flows from surface water use and the thin dashed blue lines return flows
from groundwater use surface. For each sector applies: withdrawal—return flow = consumption.
Water consumption adds to total evaporation. Source: Sutanudjaja et al., (2018) [14].

2.3. Scenarios: Least Disturbed Condition and Anthropogenic

To address hydrologic stress in this study, hydrologic simulations were performed for two
scenarios. One was the least disturbed conditions (LDC) scenario where no water use, irrigation,
abstractions, industry or water/reservoir management are considered. For this scenario, only natural
surface water bodies (e.g., rivers, wetlands and lakes) are included. This scenario represents least
disturbed conditions because the land cover types do not represent pristine conditions, as unaltered
by man, but are (similar to the anthropogenic scenario; see below) based on the map of Global Land
Cover Characteristics Database version 2.0 [27] and MIRCA dataset for agricultural land cover types,
which encompasses current land use conditions including crop lands, production forests and built-up
areas, amongst others. A grid-cell contains different land cover classes but no land use/cover change
throughout the simulation was considered: no land use information was available to simulate a
scenario of pristine hydrologic conditions and we decided to maintain the land use map of 1960 and
not to expand the irrigation areas, which would reflect increased human activities throughout the
simulation period. Hence, all crop types under the LDC were modelled as rainfed.
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In the anthropogenic scenario a grid-cell constituted up to five land cover classes: short natural
vegetation, tall natural vegetation, surface water bodies (including reservoirs), and irrigated paddy
and non-paddy crop types. For this scenario, areal extents of fractions of all land cover classes changed
on yearly basis, particularly due to expansion of irrigated areas and progressive construction of
dams/reservoirs, which were taken into account based on Zarfl et al. [28], supplementing previous
data on reservoirs based on the GRAND database [29].

The anthropogenic differed from the LDC scenario in the sense that water use for industry,
irrigation, domestic use and livestock could be abstracted from the surface and groundwater depending
on availability and pre-defined groundwater abstraction limits. For the definition of water demand the
model relies on global datasets that have specifically been developed to aggregate country statistics and
localized information such as FAOSTAT and MIRCA2000 [30]. The PCR-GLOBWB model includes a
water demand scheme to estimate irrigation water requirements. Irrigation water demand is calculated
based on the crop composition (which changes per month and includes multiple cropping) and the
irrigated area per cell. The scheme separately parameterized two different irrigated crop groups: paddy
and non-paddy and their growing season defined based on the MIRCA2000 dataset [30]. The crop
vegetation phenology and rooting depths were based on the Global Crop Model [31]. Based on these
datasets, the fraction of the cell covered with the specific crop groups and their growing stage was
defined. In case of non-paddy irrigation, water was applied whenever soil moisture falls below a
pre-set value and then the soil column was replenished up to field capacity. In case of paddy irrigation,
the water level was kept at a water depth of 5 cm above the surface until the late crop development
stage (=20 days) before the harvest. After that, no irrigation was applied anymore such that the water
level is allowed to drop to zero under infiltration and evaporation [32]. The net irrigation demand is
corrected for irrigation efficiency and losses for which country-specific loss factors have been obtained
from Rohwer et al. [33] (for more details, see Wada et al. [32]). The quality of the estimated irrigation
needs is depended on the source data. The MIRCA dataset, for example, is available at the 5 arc
minutes resolution but the information content varies per country.

Other sectoral water demands, including those from livestock, industry and household, were
compiled from several sources, e.g., Wint and Robinson [34] and FAOSTAT (http:/ /faostat.fao.org/).
The development of these historical sectoral water demand databases in PCR-GLOBWB was mainly
based on the algorithm developed by Wada et al. [35] that considers many factors: trends in water
demand are prescribed on an annual basis as a function of population, electricity demand and gross
domestic product (GDP) per capita, which do show a strong relation with change in water use but are
only proxy-estimators. The annual domestic water demand is re-distributed throughout the year on
the basis of temperature. Domestic and industrial gross water demand was calculated from net water
demand using a country specific recycling ratio (RC; gross demand = net demand/[1 — RC]), which is
based on development stage or GDP per capita and additionally access to domestic water demand.
This takes into account that much of the domestic and industrial water is not consumed but returned
as surface water [32,35].

Livestock water demand was calculated by multiplying the number of livestock in a grid cell with
its corresponding drinking water requirement, which is a function of air temperature. The gridded
global livestock densities of cattle, buffalo, sheep, goats, pigs and poultry and their corresponding
drinking water requirements were obtained from FAO [36] and FAOSTAT (http:/ /faostat.fao.org/).
A simple reservoir management scheme was implemented that applies to approximately 6000
man-made reservoirs worldwide. A release strategy was imposed on these reservoirs that aimed at
passing the average discharge downstream, while maintaining reservoir levels between a minimum
and maximum storage [32].

In general, water demand was simulated to determine water abstractions considering water
availability. Both LDC and anthropogenic scenarios were projected with the climate of the period
2001-2010 (see Section 2.5), thus, differences in the two scenario outcomes were attributed to water
use, irrigation and reservoir management. The demand was an external force and not influenced by
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the model conditions, yet the actual use is limited by the local water availability. Within the model,
water for industry could be abstracted from ground- and surface water whereas return flows were
always added to the surface water.

In the configuration of the model applied here, water can be abstracted from surface water and
groundwater. The ratio between surface water and groundwater use is determined as a function of
their relative abundance. Surface water withdrawal was ceased if river discharge fell below 10 % of
the long-term average yearly discharge under naturalized flow conditions [37]. If the surface water
amount was insufficient (most likely during summer) the model fell back on groundwater to meet the
resulting gap. The amount of groundwater that can be abstracted was limited by the groundwater
pumping capacity, which is based on data from the IGRAC GIS database. For urban areas, we rely on
the data set of McDonald et al. [38] that states whether a surface water distribution infrastructure is
available. Here, industrial and domestic water withdrawals are mainly taken from surface water before
abstracting groundwater, otherwise groundwater is prioritized. For irrigation, we used the ratios
supplied by Siebert et al. [39] in regions where they are said to be reliable. Within the PCR-GLOBWB
abstraction scheme it was assumed that all the water demand is supplied from surface water and
groundwater resources in the same cell.

2.4. PCR-GLOBWB Data Allocation to Functional Elementary Catchments

The PCR-GLOBWB simulations resulted in two datasets of gridded daily discharges (m3/s).
The first dataset represented the daily discharges for the anthropogenic scenario (i.e., baseline
conditions), while the second dataset simulated daily discharges under the LDC scenario. The purpose
of this second dataset was to simulate the hydrologic conditions in Europe under a status of minimal
anthropogenic pressures on water arising from abstractions and water management modifications
(including reservoir operations).

We assigned the gridded hydrologic data from PCR-GLOBWB to the 104,334 functional elementary
catchments (FECs) of Europe, with an average area of ~60 km? [40], available in the database of
the project MARS [41,42]. The FEC background layer was selected as the best hydrogeographical
background layer at pan-European scale, available at the time of this research, being a robust mapping
product of suitable resolution to capture the gridded information of the PCR-GLOBWB model.
The gridded model output was transferred to FECs based on the closest neighboring distance and
verification with the use of upstream drainage areas of grids and FECs. At first, the centroids of the
FEC polygons were calculated and a new shapefile was produced as shown in Figure 2a. The share of
the upstream area that corresponded to each FEC was matched with the FEC centroid objects. Next,
a new shapefile of the centroids of the modelled raster cells was created (see Figure 2b). For each
FEC’s centroid a buffer with a 15 km radius was created (see Figure 2c) and then intersected with the
PCR-GLOBWB centroid shapefile to identify what cell centroids fall within the buffer area of each
FEC’s centroid. This resulted in having several grid points in one FEC buffer (see Figure 2d). Then,
for each case (FEC buffer) we selected the cell centroid for which the absolute difference between the
FEC’s upstream area and grid cell’s upstream area was at a minimum. This allowed us to reduce the
number of cases where a grid cell with a large upstream area was wrongly assigned to a neighboring
but non-representative FEC (e.g., a small tributary). Finally, we checked the correspondence between
the upstream areas of FECs and grid cells to ensure that a perfect match existed (1:1 line and R? = ~1).
This whole process had also been executed by using the outlet-points of FECs instead of FECs’
centroids in an effort to identify the most suitable correspondence between FECs and grid cells.
From the analysis we noticed that both approaches (FEC-centroids or FEC-outlet-points) resulted in
highly comparable outcomes, with the FEC-centroids approach performing slightly better.



Water 2019, 11, 703 7 of 17

0 40 80 160 Kiometsls ™ 0 40 80 160 Kilometers 0 40 80 160 Kilometers 0 40 80 160 Kilometers
[ B R | o bl [ B A R |

(@) (b) (c) (d)

Figure 2. From left to right: Example showing (a) calculated centroids of functional elementary
catchments (FEC) polygons, (b) calculated centroids of PCR-GLOBWB model raster cells, (c) buffer
zones created based upon the FEC centroids and (d) the PCR-GLOBWB centroid cells that fall within
the created buffer zones.
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2.5. Calculation of Indicators of Hydrologic Alteration for Europe

Due to the extremely time- and effort-demanding IHA calculations for the whole of Europe at
FEC-level we used daily PCR-GLOBWB time-series of only 10 years (10-y) in the present pan-European
work, ranging from 2001 to 2010. The anthropogenic scenario was represented by the climate and
anthropogenic activities of this period, while the LDC scenario was based on the land use and
management described in Section 2.3 and the same climate (2001-2010) in order to be able to attribute
changes to anthropogenic impacts (in terms of land use and water management). The 2 x 104,334
FEC-daily discharge datasets for the two scenarios were imported to the IHA software in groups of 1050
10-y daily time-series (1050 FECs) exploiting the batch import capability of the tool [23]. Each subset
needed almost half of a working day to run. This short time-series length, however, could be restrictive
for deriving representative statistical indices, especially with regard to hydrologic metrics related to
extreme events that require the definition of a rather big return period. Given the necessity to reach a
compromise, the 10-y length of the used time-series was considered as the optimum choice to explore
potential hydrologic stress on the basis of shorter than normal time-series, which nevertheless could at
least give reliable indication of the general hydrologic characteristics [43].

Seventy indicators were calculated by the IHA software from a time-series analysis. Among the
general indicators calculated were the mean flow and number of zero flow days of the entire time-series,
the Baseflow Index representing the entire time-series, which is defined as the seven day minimum
flow (average)/mean annual flow of the year within which the seven day minimum flow occurs, as
well as reversals, which are calculated by dividing the hydrologic record into “rising” and “falling’
periods, with the number representing the times that flow switches from one type of flow (high or
low) to the other [23]. Low and high flows have been determined first on a daily basis for the entire
time-series, with the criterion of flow being below or above thresholds that correspond to percentiles
predefined by the user (by default all flows greater than the 75th percentile of daily flows were high
flows, all flows less than or equal to the 50th percentile of daily flows were low flows, and thresholds
of flow rate were used to determine the type of daily flows for the intermediate values lying within
the 50th to 75th percentiles). Further, extreme low and very high flows (small and large floods) were
determined from the final sets of low and high flows respectively, with predefined percentiles or

7

the definition of a return period [23]. An event was comprised of consecutive days of low or high
flows and was ended on the day that the status changes from low to high and the opposite. The IHA
indicators addressed the frequency, duration and severity of high and low flow events, while also
giving the timing of the events and the 3, 7, 30, and 90 day minimums and maximums from moving
averages of the appropriate length calculated for every possible period that is completely within a
water year of the time-series.
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2.6. Formulation of Hydrologic Stress Metrics

We quantified the hydrologic stress calculating ratios between the values of each hydrologic
indicator derived from the anthropogenic scenario and the values of the respective indicators derived
from the least disturbed condition (LDC) scenario (anthropogenic scenario over LDC scenario) for all
FECs. This had the added benefit that any biases in the simulated flow were removed and comparison
between locations became easier. If the value for a certain indicator was unity, it meant that there
was no alteration between the anthropogenic model run and the LDC model run. If the ratio was
above unity, the value of the hydrologic indicator for the anthropogenic scenario was higher than
the LDC scenario, and if the ratio was below unity, the value of the hydrologic indicator for the
anthropogenic scenario was lower than the LDC scenario. In fact, to eliminate the very insignificant
changes between the two scenarios, the ‘no alteration’ class assigned to a ratio of unity was decided
to contain all ratios within the small range 0.975-1.025 and the other two classes the rest of the FECs
with a >2.5% increase or decrease in the hydrologic parameters between the two scenarios. All the
>2.5% increases and decreases were included in the two respective alteration classes regardless the
alteration intensity, as the purpose of this work was not to demonstrate various alteration magnitudes
at a spatially detailed context. The three classes of ratios (1, >1 and <1) were mapped at the FEC level
to show the areas with hydrologic alteration (either exceeding or falling below the LDC values) or no
hydrologic alteration, respectively.

To facilitate the mapping analysis at the large-scale (multiple sites with flow time-series) we had
to reduce the number of hydrologic indicators to be used to those that ensured a clear assessment of
the nature of the hydrologic alteration. As many of the calculated IHA indicators were inter-correlated
(e.g., duration and frequency), resulting in considerable information redundancy [44], we tested them
for collinearity according to the variation inflation factor (VIF) criterion [45]; indicators with VIF > 7
were removed. Furthermore, we excluded all monthly outputs and the timing of events occurrence.
On the one hand, it was not our purpose to analyze inter- or intra-annual hydrologic features and
their changes in this assessment of hydrologic stress. On the other hand, these parameters have been
proved to be of small reliability in similar studies [43]. Due to the short length of time-series used in
this study (10 years), the indicators related to the extreme low flows or the frequency and duration of
flood events were deemed to be biased [43]. They were thus not used in the pan-European mapping
analysis. Against this background, we focused on the indicator results related to the magnitude of
river flows, which is more sensitive to changes in water management and reliable in showing the
alteration trend, regardless the simulation length. We considered that relying on the magnitude also
reduces the influence of possible biases in the quantification of flows by the hydrologic model.

3. Results and Discussion

For this first assessment of hydrologic alteration at the European scale the use of the mean
annual flow (MAF) and the baseflow index (BFI) provided very informative outputs from the IHA
package implemented. In general, decreased MAF and BFI in the anthropogenic scenario from the LDC
scenario corresponded to an added stress on water because either the total flow (and water availability)
decreased or the baseflow component of total flow was reduced, with the latter being responsible for
the preservation of water availability in the river throughout the year. Both indicators showed distinct
patterns of hydrologic alteration across Europe (Figures 3 and 4).
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Figure 3. (a) Mean annual flow (MAF) (m3/s) of the 10-y period under the least disturbed conditions
(LDC) scenario, i.e., the scenario of the historic climate 2001-2010 with the least disturbed conditions.
(b) Alteration of baseline MAF (20012010 with modified conditions) from the LDC MAF, expressed as
MAF (baseline)/MAF (LDC). Ratios below unity indicate decrease in flow, values equal to unity show
no alteration and values above unity show increase from the least disturbed conditions. Reduction is
depicted with lighter colors and is observed mostly in parts of the Mediterranean countries. Increase in
flows (ratio > 1) is found in Central and South-Eastern Europe. Very large parts all across the continent
and especially in the North remain unaltered with respect to annual river flows (ratio = 1).
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Figure 4. (a) Baseflow index (BFI) of the 10-y period under the least disturbed conditions (LDC)
scenario, i.e., the scenario of the historic climate 2001-2010 with the LDC. BFI is defined as the 7
day minimum flow/mean annual flow of the year. (b) Alteration of the BFI from the least disturbed
conditions, expressed as BFI (baseline)/BFI (LDC). Ratios below unity indicate decrease in BFI due to
abstractions, values equal to unity show no alteration and values above unity show increase from the
least disturbed conditions. Reduction is depicted on the right map with lighter colors and is observed
mostly in parts of the Mediterranean countries. Increase in BFI (ratio > 1) is found in Central and
Eastern Europe. Very large parts all across the continent and especially in the North remain unaltered
with respect to BFI (ratio = 1).
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A clear reduction of annual river flows is indicated in Figure 3b by the <1 areas for parts of all the
Mediterranean countries (Greece, Turkey, Spain, France, Italy) due to the modified water management
and water abstractions occurring in the anthropogenic scenario. However, the alteration map of the
figure shows that the average flow conditions were not influenced for most of the rest of Europe
(ratio = 1), except a considerable part in Central Europe (mostly Germany and Northern Italy) and in
South-Eastern Europe, where the ratio is greater than unity. The reduction of flows in the South is
rather easy to interpret: irrigated crop areas added in the anthropogenic scenario were responsible
for large amounts of water abstracted from water bodies and used by crops. The typical irrigation
abstraction needed in the dry period of the year for the growth of a typical crop in Southern countries
is around 500 mm of water, which is equivalent to 5000 m3/ha [46,47]. Water in PCR-GLOBWB
was obtained either directly from rivers or from surface reservoirs and groundwater. The impact
of groundwater depletion on river flows is well-known in Southern countries, resulting in poorer
contribution to surface water hydrology as, due to the warm climate, this irrigated water becomes
almost entirely crop evapotranspiration [47,48]. Given that irrigated agriculture mostly exists in
the South, many rivers in the Mediterranean countries have been impacted negatively and this is
considered the major factor for noticing significant areas with MAF ratios < 1. On the other hand, the
areas with MAF ratios > 1 in Central and South—Eastern Europe show actual river discharges greater
than the natural ones. This seems strange as human impact is commonly expected to influence water
availability to the negative direction. The driver for this “positive” direction is caused by groundwater
abstractions for industrial water use, household water use and irrigation and the related return flows
or losses to the surface water system that are included in the anthropogenic simulations. Water for
industry and households can be abstracted from surface and groundwater but the release of the
non-consumptive water use, i.e., the return flows, is always added to the hydrologic surface water
network. A similar re-distribution of groundwater to surface water originates from irrigation where,
especially in summer and in dry regions, a large share is taken from the groundwater and added to the
top soil potentially leading to a minor runoff to the surface water. Near the Dutch-German border,
Southern Germany, Italy and South—Eastern Europe we found areas with relatively high groundwater
abstractions. Groundwater abstractions were highest around major cities, industrial areas and dry
irrigated areas. According to Wada et al. [49] groundwater abstractions have increased substantially,
especially in the second half of the past century. Since the 1990s this has contributed to a global increase
of river flow discharging to the sea.

Moreover, water storage in reservoirs may locally increase the surface water availability, and both
Central and South-Eastern Europe feature a high number of new dams and associated reservoirs [29].
According to the hydrologic model parameterization the construction of dams resulted in a number of
new reservoirs and thus increased surface water extent, yet not all dams necessarily resulted in large
upstream reservoirs. The increase in reservoirs” actual evaporation was at most locations relatively
small and local compared to the much more important role of groundwater abstractions. So the
return flows resulting from groundwater abstractions did mainly increase river flows in several parts
of Europe.

The BFI under the LDC scenario shows that aquifers play a key role in the streams’ total flow in
Central and Northern Europe, enhancing long low flow events as already described above (Figure 4a).
The higher the BFI, the greater the groundwater contribution is to streamflow. The highest BFI values
were observed in Northern Europe, especially in Northern UK and Scandinavia but also in parts of
Central and Southern Europe (e.g., Spain and Turkey) with values greater than 0.5 in many areas
(Figure 4a). In other parts of Southern Europe, however, the BFI was below 0.5, with Italy for instance
being entirely below 0.25. In general, the magnitude of the BFI depends on the topography and
hydrogeology of catchments, including the temporal distribution of recharge, and can vary greatly
across Europe.

What is more important here is the change of the index due to the simulation of the anthropogenic
scenario (baseline; Figure 4b). The BFI was not altered due to abstractions for large parts of Europe, but
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decreased mostly in parts of the Mediterranean countries (ratio < 1). Similarly to the analysis of MAF,
this is interpreted by the occurrence of considerable groundwater abstractions for irrigation that reduce
groundwater levels and thus the volume of water, which aquifers can release to adjacent streams and
rivers. Moreover, some areas in Central and Eastern Europe had greater BFI in the anthropogenic
scenario, and this was observed almost in the same areas that also had greater MAF. We think that
even in this case the driver is the same, namely the reservoir operations, industrial development
and associated return flows that cause important water release to the hydrographic network in the
Central European areas and the irrigation water returns in the South-Eastern areas. As a result of the
permanent water release to the rivers, the minimum 7 day low flow conditions (which are considered in
the calculation of BFI) increased, leading to an increased BFI compared to the LDC scenario. However,
in such cases the resulting BFI should be interpreted with caution: The 7 day low-flow used for the
calculation of the index cannot be solely attributed to aquifer’s contribution, but it may have artificially
increased due to the point source discharges and other return flows to surface waters. This reduces
the validity of the conceptual design of the index to describe flow conditions, specifically when BFI is
increased compared to a reference condition (LDC scenario in our case). The mathematical expression
of the BFI, having mean annual flow in the denominator, allows for ratios > 1 due to increased relative
significance of the numerator (7 day lowest flow) which may have been increased due to constant
releases from the dams or return flows.

The discussion above was based on our outcomes that the hydrologic indicators related to the
magnitude of river flows (and especially with the average and low flow conditions) were the most
informative in identifying hydrologic alteration or hydrologic stress. Other hydrologic indicators
related to the frequency and duration of events did not change at all or changed only slightly from
the reference conditions, but more importantly, they had limitations in this particular work. This is
in line with the study of Vigiak et al. [43] who discussed the hydrologic indicator results calculated
from the implementation of several models implemented in four European catchments. Their results
showed that modelled flow magnitude indicators were generally reliable, whereas indicators for flow
timing, duration, and rate of change were affected by large uncertainties. They also found that the
impact of the period length on the accuracy of 120 indicators of hydrologic alteration quickly improved
when the period of analysis increased from one to 15 years, with a minimum length of 20 years being
recommended when occurrence of rare events is of interest (extreme flows, duration of low flows).
Thus, their paper documents that prevalent weight should be given to those indicators that are more
robust to quantify, such as long-term mean annual indicators, compared to indicators that are highly
uncertain, such as those defined in relation to set thresholds.

Our work presented the hydrologic alteration through a general classification of the 104,334 FECs
of Europe (see Figures 3 and 4). One class contained the ‘no alteration’ results assigned to a ratio of 1,
which in fact contained all ratios within the small range 0.975-1.025. The other two classes included
the rest of the FECs with a >2.5% increase or decrease in the hydrologic parameters between the two
scenarios. As explained in the methodology, all the >2.5% increases and decreases were included in
the two respective alteration classes regardless the alteration intensity, as the purpose of this work
was not to demonstrate various alteration magnitudes at a spatially detailed context. It should also be
mentioned that in both the MAF and BFI results (Figures 3b and 4b, respectively) there were a very few
FECs (<1%) with a ratio extremely higher than unity or extremely close to zero. This is attributed either
to extreme changes in management under the anthropogenic scenario or to possible model errors in
those FECs. Given that these FECs were very few and were not geographically concentrated, they
were not distinguished from the others on the maps but remained within the two alteration classes.

Regarding other hydrologic indicators derived from the IHA software package, there were
interesting ones, although not informative. Starting with the characteristics of the low flow conditions
across Europe, the total number of low flow days remained unaltered for the majority of the European
area within the 10-y simulated periods of the LDC and the anthropogenic scenarios. This was expected
because in both scenarios low flows were defined as all daily flows less than or equal to the 50th
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percentile of the whole daily time-series of each FEC. But between the two 10-y scenarios we also
noticed that there were no considerable differences in the duration of low flow events (consecutive
low flow days) across Europe. In Northern and North-Eastern Europe low flow events were the
longest without particular difference between the two scenarios, while for all other, mainly the more
Southern areas, low flow periods were shorter and increased very slightly in the anthropogenic
scenario. Differences were so small (i.e., within the 2.5% deviation range) that they could not give us a
clear indication of hydrologic stress. On the other hand, high flow events did not last more than a week
on average in both Southern and Central Europe, but were much longer in Northern Europe reaching a
month or more. However, similar to the low flow events, they could not reveal considerable alteration
when compared between the two scenarios, with the calculated ratios being very close to unity.

Accordingly, the number of reversals, namely the changes in the type of flow (low/high) within
the entire 10-y simulation period, did not change substantially from the LDC scenario under the
anthropogenic scenario, and remained consistently lower (<<50 per year) in the Northern areas (longer
events, fewer switches from low to high flows and vice-versa) than in the rest of Europe (>50 per year).
Similarly, changes in the characteristics of the very high flow events were also of low significance all
across Europe. But more importantly, they were calculated from non-representative frequencies and
durations of the flood events occurring in the two scenarios. For example, large flood events were
defined as the high flow events with a (minimum) 10-y return period, questioning its usefulness in our
study, which used 10 years of length of the entire hydrologic time-series. Nevertheless, despite the
above, no remarkable changes of the frequency and duration of the very high flow events all across
Europe were expected between the anthropogenic and LDC runs in our constant-climate scenario study.

Those changes along with deviations of other hydrologic parameters would be more pronounced
in a climate change scenario study where precipitation and temperature averages and extremes may
change significantly. Future work can include holistic future world scenarios based on combinations
of representative concentration pathways (RCPs) and shared socioeconomic pathways (SSPs), which
represent future climate worlds with particular socioeconomic characteristics [50,51]. The RCPs refer
to radiative forcing pathways that describe an emission trajectory and concentration by the year
2100, while the SSPs are defined as ‘reference pathways’ describing plausible alternative trends in the
evolution of society and ecosystems. Such scenarios have been already produced and used in local
analyses in the EU funded MARS project [52,53], and would be interesting to run and give rise to
hydrologic alteration estimates at the European scale in the future.

Another issue worthy of discussion is related to the reliability of the model used and the present
expressions and estimates of hydrologic alteration. Regarding the second, uncertainties may have
been added both by the indicator definition [54], for example the BFI here, and the definition (and
simulation) of the reference condition [43], the LDC in this work which was inevitably formulated
based on some assumptions and simplifications. More criticism is often expected on the first though,
namely the model used in the analysis and its prediction capacity, especially when implemented at
a very large scale. However, the use of global hydrologic models has widely been accepted by the
international scientific community; moreover, global models have widely been recognized as a method
to assess simulated water availability and river discharges worldwide [11,55,56]. Especially for
large scale assessments where spatial homogeneity is of major relevance, they are a valuable means
providing the opportunity to assess the influence of anthropogenic changes as well as future climate
scenarios on the water system as is the subject of the current and continuing assessments.

In this study we used simulated flows instead of measured flows to provide a spatially
consistent picture that is not impeded by the heterogeneity of observed flow data. As a global
hydrologic model, PCR-GLOBWB requires a wealth of input data to characterize global or continental
variation in, amongst others, land-use, soil type, elevation, climatic conditions and groundwater table
depths [57]. All these datasets are accompanied by a high degree of uncertainty, which compromises
the performance of global hydrologic models [58]. The aggregation of the input datasets to a
computational acceptable grid resolution necessitates a high level of process aggregation, which
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does introduce structural errors. In addition, the datasets available for model evaluation are limited
and their accuracy and reliability varies across countries [59]. The hydrologic model PCR-GLOBWB
has produced discharge time-series before on a global scale and provided us with the required data for
Europe. It has been evaluated in amongst others Van Beek et al. [13], Sperna Weiland et al. [57] and
Sutanudjaja et al. [14], showing acceptable performance. Moreover, we do think that an advantage of
the present work in reducing the effects of uncertainties on the outputs and the respective conclusive
remarks is the expression of the alteration as the relative difference between the anthropogenic (present)
and the LDC scenarios. Ratios of the mean annual flow and the baseflow index between two scenarios
are more reliable expressions than the actual values themselves.

In summary, our study demonstrated the effects of actual water management in terms of altered
mean and baseflow conditions in European rivers. While the hydrologic exceedances (ratios > 1)
suggest ecological impacts [60], the anthropogenic low flows (ratios < 1) are equally detrimental
for river ecosystems [61]. Both may have a strong influence on the diversity and number of
organisms that can live in the river, with the former altering the river continuum with implications for
physico-chemical budgets and biological connectivity, and the latter jeopardizing constant and suitable
water and habitat conditions for the biota. Disturbed normal flow conditions in the Mediterranean
region is the main outcome of this work, possibly connected to rivers not having the potential to
reach good ecological status according to the WFD under the present water management practices.
Our FEC level calculations generally allow to investigate possible high alterations and potential
hydrologic stress across all of Europe and to this end, the produced GIS layers are valuable, providing
useful information to researchers and policy-makers that can improve the interpretation of the known
status of rivers across Europe and their overall protection planning through appropriate river basin
management. Future work should focus on more in-depth interpretation of the particular results of
hydrologic alteration, which was not the focus of this European-wide assessment.

4. Conclusions

This work presented a spatially consistent and easily applicable methodology on the assessment
of the hydrologic stress of European rivers at a relatively high spatial resolution that divided Europe
into more than 100,000 catchments, named functional elementary catchments (FECs). Stress could be
comprehensively expressed through the calculation of the ratio (alteration) of hydrologic indicators
derived from time-series of simulated daily river discharge occurring in a least disturbed condition
scenario without water abstractions and reservoir operations, and time-series of discharge occurring
in an anthropogenic (baseline) scenario with the typical water abstractions and reservoir operations to
cover water resource needs. Mapping the hydrologic alteration on Europe’s geographic background
allowed the identification of possible significant hydrologic stress for selected FECs scattered across
all of Europe. General trends in hydrologic stress were indicated across a North-South gradient.
From the hydrologic indicators calculated, the mean annual flow and the baseflow index were the
most informative in this application, and their mapping has shown that the hydrologic stress of
rivers (or alteration from the reference conditions) was most obvious in Southern Europe where
agricultural water consumption predominates. Specifically, water availability in rivers decreased
in large parts of the Mediterranean countries, mostly because of water abstractions for agriculture
that decreased baseflow and total river flows. The opposite was observed in parts of Central and
Eastern Europe, where the interpretation of results needed more caution with consideration of the
industrial development, irrigation return flows and reservoir operations at a more local basis. In the
rest of Europe, especially the Northern part, the reference (least disturbed) hydrologic conditions were
mostly preserved in the anthropogenic (baseline) scenario. To be able to determine required hydrologic
conditions for preserving good ecological status, for example, with regard to minimum ecological
flows [62], the present results should be updated based on much longer simulated time-series of
flow. But more importantly, they should be associated with large datasets of reported local ecological
status of rivers (see Grizzetti et al., [63]). In addition, the water demand estimates highly depend
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on global datasets. So, if water use statistics for all European countries would become more readily
available, this could be improved by integrating local data. Nevertheless, both the methodology and
these first results presented can assist the water community in making estimations of the magnitude
of hydrologic stress in European rivers and its potential impact on ecological status, as well as, in
increasing the efficiency of river restoration plans and river basin planning and management.
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