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Abstract

Projection of future changes in river flow regimes and their impact on river ecosystem health
is a major research challenge. This paper assesses the implications of projected future shifts
in river flows on in-stream and riparian ecosystems at the pan-European scale by developing
a new methodology to quantify ecological risk due to flow alteration. The river network was
modelled as 33,668 cells (5’ longitude x 5’ latitude). For each cell, modelled monthly flows
were generated for an ensemble of 10 scenarios for the 2050s, and for the study baseline
(naturalised flows for 1961-1990). These future scenarios consist of combinations of two
climate scenarios and four socio-economic water-use scenarios (with a main driver of
economy, policy, security, or sustainability). Environmental flow implications are assessed
using the new Ecological Risk due to Flow Alteration (ERFA) methodology, based on a set
of Monthly Flow Regime Indicators (MFRIs). Differences in MFRIs between scenarios and
baseline are calculated to derive ERFA classes (no, low, medium, high risk), which are based
on the number of indicators significantly different from the baseline. ERFA classes are
presented as colour-coded pan-European maps. Results are consistent between scenarios and
show European river ecosystems are under significant threat with about two-third at medium
or high risk of change. Four main zones were identified (from highest to lowest risk severity):
(i) Mediterranean rim, southwest part of Eastern Europe, and Western Asia; (ii)) Northern
Europe, northeast part of Eastern Europe; (iii) Western and Eastern Europe; (iv) inland North
Africa. Patterns of flow alteration risk are driven by climate-induced change, with socio-
economics a secondary factor. These flow alterations could be manifested as changes to
species and communities and loss of current ecosystem functions and services.

Keywords ecohydrology; hydroecology; river ecosystem; flow alteration; ecological risk;
climate change; socio-economic change; Europe

1 Introduction

Multiple factors determine the health of a river ecosystem (Norris and Thoms, 1999; Webb et
al., 2008; Moss, 2010), including light, water temperature, nutrients, discharge, channel
structure, physical barriers to connectivity, species interactions and management practices
(e.g. weed cutting, dredging, fish stocking). Many of the natural factors are interdependent
(Vannote et al., 1980; Rosenfeld et al., 2007) and anthropogenic factors often co-vary (47%
of 9,330 European river sites were found to be impacted by multiple pressures; Schinegger et
al., 2011). Ultimately, freshwater ecosystems are subjected to pressures produced by complex
interactions between natural and human factors (Grantham et al., 2010; Hart and Calhoun,
2010).
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Discharge (i.e. flow, measured as a volume per unit time) is a key habitat variable, which
changes dynamically in space and over time (Bunn and Arthington, 2002; Monk et al.,
2008a). In addition to natural variations, river discharge may be influenced heavily by
anthropogenic activities, such as water abstraction, storage in reservoirs and effluent returns,
all associated with public supply, agriculture and industry. Several authors have suggested
that many elements of the river flow regime, such as magnitude, variability and timing can
influence freshwater ecosystems (Junk et al, 1989; Richter et al, 1996; Poff et al., 1997;
Biggs et al., 2005; Arthington et al., 2006; Kennen et al., 2007; Monk et al., 2008b). For
example, the loss of wet-dry cycles and the stabilisation of water levels reduce the growth
and survival of native aquatic macrophytes and favour invasive macrophytes (Bunn and
Arthington; 2002). Further examples of the ecological impact of flow regime changes have
been collated by Richter et al. (1998); while Bunn and Arthington (2002), Lytle and Poff
(2004), Bragg et al. (2005) and Poff and Zimmerman (2010) provide comprehensive reviews
of the literature.

Most flow—ecology studies have been based on the ‘natural flow paradigm’ (Poff et al.,
1997), which uses the unaltered flow regime as the baseline reference condition and assumes
any departure from ‘natural’ will lead to ecological change. Change can be interpreted in
terms of impacts on living organisms (see references above) and/or more generally in terms
of loss of ecosystem functions or services. For example, a change in flow regime causing a
decrease in fish population also has an impact on fish-related ecosystem services, that is food
provision and recreation (Okruszko et al, 2011). The functional relationship between flow
alteration and ecological impact can take many forms (Arthington et al., 2006); but is
normally a linear (or curvilinear) response, or a threshold response/step function (Poff et al.
2010). For the latter, there are clear threshold responses (e.g. overbank flows needed to
support riparian vegetation or to provide fish access to floodplain); but, for the former,
critical points may need to be defined by expert judgement (Biggs and Rogers, 2003;
Arthington et al., 2004; Richter et al., 2006). Many ecosystems have a high capacity to
absorb disturbances without significant alteration, consequently some ecosystem functions
and services may be restored by re-introducing certain flow regime elements, whereas for
other functions, the ecosystem may be pushed beyond its resilience limits and may change to
a new irreversible state. The resilience of ecosystems was conceptualised by Holling (1973)
and has been subsequently applied widely (for a recent example relevant to rivers see Robson
and Mitchell, 2010).

The Millennium Ecosystem Assessment (MEA; 2005) shows that many water-dependent
ecosystems are being degraded or lost, with freshwater systems suffering due to withdrawal
of water for human needs and fragmentation/ loss of connectivity due to regulatory structures
(Nilsson et al., 2005). River discharge is anticipated to change in the future and it is estimated
currently that habitats associated with 65% of ‘continental discharge’ are at risk worldwide
(Vorosmarty et al. 2010). Similarly, Schinegger et al. (2011) found that of 9330 European
river sites, 41% had altered hydrology and 35% altered morphology. In this context, this
paper addresses the pressing need to better quantify broad scale future risks to European river
ecosystems due to flow regime alterations and thus yield robust information to formulate
European water policies.

This study was undertaken as part of the European Union (EU) SCENES (water SCenarios
for Europe and for NEighbouring States) project. SCENES was a four-year Integrated Project
under the EU 6™ Framework, which investigated the future of freshwater resources up to the
2050s in ‘Greater’ Europe (defined as EU countries and neighbours i.e. Iceland, Norway,
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Belarus, Ukraine, Moldova, Turkey, non-EU Balkan countries, and Switzerland) and
including the Mediterranean rim countries of north Africa and the near East, from Caucasus
to the White Sea (see Figure 1). Innovatively, the project considered both climate-induced
future change and also scenarios integrating socio-economic and policy drivers. SCENES
provided a reference point for long-term strategic planning of pan-European freshwater.
SCENES investigated impacts on different water use sectors (industry, food, energy,
recreation, domestic use etc.); this paper focuses on impacts on water for the environment
(Duel and Meijer, 2011).

The overall aim of this paper is to project the risks to European river ecosystems caused by
river flow regime change under possible future climate and socio-economic/ policy scenarios.
This aim is achieved through four objectives:

1. To quantify the degree of flow regime alteration in terms of ecologically relevant

hydrological indicators

2. To identify spatial patterns of these indicators in the pan-European study area

3. To assess the consistency of these patterns across the different scenarios

4. To identify the main drivers of these patterns

There are few studies in the scientific literature addressing future ecologically relevant flow
regimes and most focus on a limited number of sites and/or a limited geographical extent, and
are often descriptive rather than quantitative. As highlighted by Heino et al (2009), there are
many more papers on the impact of climate change on terrestrial biodiversity than on
freshwater, and results about the latter tend to be for a small number of organisms,
ecosystems, or regions. For example, the impact of climate change on macro-invertebrates in
two UK rivers was investigated by Wright et al. (2004) while Graham and Harrod (2009)
focused on fish in Britain and Ireland. More comprehensive analyses of climate impact on all
aspects of freshwater ecosystems have been published with varying geographical extents:
local (Johnson et al., 2009); UK-wide (Clarke, 2009; Wilby et al., 2010); regional (northern
regions; Heino et al., 2009). D6l and Zhang (2010) undertook a worldwide study of future
ecologically relevant flows, using a broad-scale gridded model with a cell resolution of 30° x
30’ (about 55 x 55 km? at the equator, i.e. 3,025 kmz) and flow statistics that were a broad
summary of the flow regimes (e.g. long-term annual averages). This paper is the first
assessment of river ecological risk due to flow alteration: (i) to provide pan-European
geographical coverage, (ii) to use a detailed (given the geographical extent) river network
based on 33,368 cells with a 5° x 5 resolution, (iii) to consider explicitly a set of
ecologically-relevant hydrological indicators (i.e. all facets of the flow regime), and (iv) to
consider not just climate-induced change, but combined climate and socio-economic
pressures.

2 Data and Methods

The research methodology includes five main components (as numbered in Figure 2): (1)
climate data (observed historical and modelled future) used on their own or linked with (2) a
set of socio-economic scenarios within (3) a large-scale hydrological and water use model
(WaterGAP) to produce (4) sets of monthly flow time series (baseline and future) that serve
as inputs for (5) the new Ecological Risk due to Flow Alteration (ERFA) screening method
that compares future flows against baseline flows. The following sections detail each
component. Notably, the selection of climate data and the development of the socio-economic
scenarios (i.e. components 1 and 2) was carried out by a pan-European panel (PEP) of experts
following the Story-And-Simulation (SAS) approach (Alcamo, 2008) by which narrative
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storylines of plausible futures and modelling work are linked iteratively within a participatory
process.

2.1 Observed historical and modelled future climate data

Observed historical climate data for the reference period 1961-1990 were collated from the
Climate Research Unit (University of East Anglia, UK). Projected future climate data for the
period 2040-2069 (i.e. “2050s’) were taken from two Global Circulation Models (GCMs): (i)
IPSL-CM4, Institut Pierre Simon Laplace, France (‘IPCM4’ thereafter), and (ii) MIROC3.2,
Center for Climate System Research, University of Tokyo, Japan (‘MIMR’ thereafter). These
two GCMs were chosen after comparing nine GCMs from the IPCC Fourth Assessment
(IPCC, 2007); they were considered representative of the variability between GCMs
(Bérlund, 2010). For both GCMs, the IPCC SRES A2 emission scenario (IPCC, 2007) was
selected; it describes a very heterogeneous world with high population growth, slow
economic development and slow technological change (global greenhouse gas emissions
projected to grow steadily during the whole 21* century and possibly to double by 2050
compared to the year 2000). Under SRES A2, IPCM4 predicts a high temperature increase
and a low precipitation increase/decrease (“warm and dry”) while MIMR predicts a high
temperature increase and a high precipitation increase or a low decrease (“warm and wet”).
Climate change scenarios were selected by PEP to be consistent with their socio-economic
narrative storylines (see below).

2.2 Socio-economic scenarios

The PEP defined four different visions of future pan-European freshwaters (taking into
account socio-economic and environmental settings, and possible consequences for water
quantity and quality) up to the year 2050 described as narrative storylines (i.e. qualitative),
which were then turned into quantitative scenarios based on Fuzzy sets and modelling results
according to the SAS approach:

e Economy First (EcF), economy-oriented towards globalisation and liberalisation with
intensified agriculture and slow diffusion of water-efficient technologies;

o Fortress Europe (FoE), closed-border Europe concentrating on common security
issues with food and energy independence as the main focus of the European
coalition;

e Policy Rules (PoR), stronger coordination of policies at the European level, driven in
part by high energy costs and reduced access to energy supplies, expectation of
climate change impacts and increasing water demand;

e Sustainability Eventually (SuE) transition from globalising, market-oriented Europe
to environmental sustainability with quality of life as a central point.

The detailed methodology for the socio-economic scenarios is provided by Kok ez al. (2010),
Kok & van Vliet (2011) and Kok ef al. (2011).

2.3 WaterGAP model

The continental-scale water model WaterGAP (Water — Global Assessment and Prognosis) is
a semi-distributed water resource model consisting of two main components: a global
hydrological model (Alcamo et al., 2003; D6ll et al., 2003) to simulate the terrestrial water
cycle and a global water use model (D6ll and Siebert, 2002; Florke and Alcamo, 2004; aus
der Beek et al., 2010) to estimate water withdrawals and water consumption of five sectors
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(domestic, electricity production, manufacturing industry, irrigation, and livestock). This
study used WaterGAP version 3.1 that performs its calculations on a on a 5° x 5’ grid (i.e.
about 6 x 9 km? in central Europe). This version has been used in a variety of recent studies,
e.g. Ozkrusko et al. (2011) - wetland ecosystem services; Schneider et al. (2011a) -
floodplain wetlands and (2011b) - bankfull flows and Florke et al. (2011) - power plant water
needs. Built into the model are 590 European dams from the European Lakes and Reservoir
Database (ELDRED2, EEA) including management rules (Hanasaki ef al., 2006) to account
for human alteration of water storage and transfer. WaterGAP calculates daily water balances
for the land areas and open freshwater bodies for each individual grid cell then runoff from
each cell is routed as river discharge along the modelled drainage network. Natural cell
discharge is then reduced by consumptive water uses as calculated by the water use
component of WaterGAP. The model is calibrated and validated independently against
measured annual discharge data from the Global Runoff Data Centre (GRDC) at 221 gauging
stations across Europe (Dd6ll ef al., 2003).

For the present study, a subset of the WaterGAP cells was selected corresponding to all major
European rivers and their tributaries (excluding tributary cells with fewer than 20 upstream
cells due to limiting computer resources), thus totalling 33,368 cells (for example, see Figure
3). These cells are the outlets of as many basins and nested sub-basins, with the smallest
basin represented being 63 km®.

2.4 Model runs

In total, eleven sets of modelled monthly flow series were generated using different
combinations of climate data inputs and socio-economic scenarios. Naturalised flows for
1961-1990 were generated by running WaterGAP with the hydrological component only (i.e.
no water usage) and the historical climate data from CRU as input. This naturalised run is the
baseline for the subsequent analysis (termed ‘Baseline’). In addition, ten model runs
representing future flows under various water usage conditions were generated: five runs for
each GCM (termed ‘IPCM4’ and ‘MIMR’; see above), including one for naturalised flows
(termed ‘Natural’) and one for each of the four socio-economic scenarios (termed ‘EcF’,
‘PoR’, FoE’, ‘SuE’; see above). For all projected runs, the period of record is 2040-2069
(termed the ‘2050s’).

2.5 Ecological Risk due to Flow Alteration (ERFA) screening method

The new ERFA screening method was based conceptually on the Range of Variability
Approach (RVA) using Indicators of Hydrological Alteration (IHA), a technique for defining
ecologically appropriate limits of hydrological change introduced by Richter et al. (1996,
1997). The underlying assumption of the IHA/RVA is that, if a river ecosystem exists under
given baseline hydrological conditions, then any impact causing departure from these
baseline conditions, beyond some thresholds, will alter the ecosystem. Example impacts
could be: the building of a hydraulic structure, the creation of an abstraction point or, as in
the present study, climate and socio-economic change. The IHA/RVA recognises that all
characteristics of the flow regime—their magnitude, duration, timing, frequency and rate of
change—are ecologically important.

ERFA relies similarly on a series of indicators describing the flow regimes, which are
calculated for the baseline (i.e. naturalised flows 1961-1990) and for every future projection.

http://mc.manuscriptcentral.com/rra
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Presenting the results of the departure from baseline of every single indicator would involve
displaying a very large amount of information so to enable ready interpretation, the ERFA
method aggregates information as a simple colour-coded risk classification based on how
many indicators differ from the baseline by more than a set threshold.

The IHA are based on 32 different variables derived from daily flow statistics (one value per
year of record) as shown in Table 1; the IHA themselves are indicators of the magnitude and
variability of the variables, derived for for the pre-and post-impact periods (or baseline and
future periods in this study).Given this study focuses on an extensive pan-European river
network (>33,368 sites) and 30-year long records, there is a significant cost (mostly
computing time) in using the daily IHA as the basis for deriving ERFA classes. Therefore,
the approach was adapted to use monthly flow statistics, thereafter referred to as Monthly
Flow Regime Indicators (MFRIs). This also provides a methodology for wider application
when only monthly data are available, which is common. For testing purposes, two versions
of the ERFA method were implemented using the MFRIs (MFRI/ERFA) and the THA
(IHA/ERFA) and were compared for a subset of 683 WaterGAP grid cells (Figure 2). The
following section gives background on the IHA, details the development of the MFRIs, and
of both ERFA implementations, and gives the results of their comparison. Note: in this study,
river flow data (m’s™) were converted to runoff (mm) to allow ready comparison across all
basins of different sizes.

2.5.1 Defining the MFRI variables

A summary of the original 32 daily time-step variables is given in Table 1. The list of nine
monthly time-step variables (listed in Table 2) was selected to maintain a similar structure of
regime characteristics and by taking into account:

e Redundancy within the 32 IHA variables due to their interdependence; information
from the published literature (Olden and Poff, 2003; Monk et al., 2007) was
supplemented by a rank-based correlation analysis (fau, Kendall, 1938) applied to the
test subset of 683 sites

e Daily variables not computable at the monthly time step by definition (e.g. 1-day
minimum or maximum flows) or less meaningful (e.g. rates of rise between months
only showed seasonal patterns year after year)

e Expert ecological knowledge (e.g. Acreman et al., 2008)

2.5.2 Indicators

The hydrological variables (one value per year of record per site) are used to derive indicators
capturing the magnitude and variability of each variable as one value across the whole period
of record for each site or cell. Magnitude could be described by the mean or the median (i.e.
50™ percentile), and the variability by the standard deviation or the interquartile range (IQR;
i.e. difference between 75™ and 25" percentiles) of annual variables (Richter et al., 1997). In
this study, the median and the IQR were chosen because: (i) they are less sensitive to outliers
than mean and standard deviation and (ii) they better describe the hydrological variables that
are not normally distributed. An exception was made for monthly-based flood and minimum
flow timing variables; these variables are the months (i.e. integers ranging from 1 to 12)
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when flood and low flow events happen and, given their discrete range of values, they were

found more meaningfully summarised by their mode. The indicators were derived as follows:

e Based on daily flow data: 64 indicators (32 medians and 32 IQR) based on the 32 I[HA
variables

e Based on monthly flow data: 16 indicators (i.e. the MFRIs; seven medians, seven
IQR, and two modes) based on the nine MFRI variables (see Table 2)

2.5.3 Thresholds and derivation of ERFA classes

Indicators were computed for the baseline data and for all modelled scenarios, then absolute
differences between indicators for each scenario and those for the baseline are calculated.
Based on expert knowledge (e.g. Acreman et al., 2008), indicators are considered as
departing significantly from the baseline if:

e median or IQR indicators are more than 30% different from the baseline

e mode indicators are more than 1 month different
For practicality, ease of display and interpretation, differences were aggregated via a colour-
coding system: a cell is assigned blue (no risk) green (low risk), amber (medium risk), or red
(high risk) when its number of indicators differing from the baseline is:

e 0, 1-20, 2140, and 41-64, respectively (IHA)

o 0,1-5,6-10, or 11-16, respectively (MFRIs)

2.5.4 Method testing

The MFRI/ERFA and IHA/ERFA implementations were compared for the subset of 683
WaterGAP cells (Figure 2) representing sites located along major rivers (approximately one
site for every 100 km stretch of river). For those daily variables analogous to monthly
variables (see Table 2) results were similar (e.g. monthly mean flows) or in the same range
(e.g. Julian dates falls within the same period as the mode of month). Across all model runs,
60-70% of the sites obtain the same colour code. For 10-20% of sites the IHA/ERFA
indicated more severe risks, and for 5-15% of sites less severe risks, than the MFRI/ERFA.
Overall, the IHA/ERFA tends to give slightly higher risks, which is consistent with daily
variables giving a more detailed description of the hydrological regime. However, for the
majority of sites, the results were the same regardless of time step. Hence, the MFRI/ERFA
method was retained as it is suitably informative for the scope of this study.

3 Results

This section identifies the key patterns in departure of the 16 individual MFRIs from the
baseline (3.1 Hydrological indicator patterns) and then moves on the ERFA for the 10 model
runs by: (i) mapping and comparing the overall breakdowns of ERFA classes (3.2 Breakdown
of future ERFA); (ii)) mapping and comparing the geographical location of the risks (3.3
ERFA spatial patterns); and (iii) mapping synthesized results to show where risks are
spatially consistent across all model runs (3.4 Commonality of impacts across all model
runs).

3.1 Hydrological indicator patterns
In accordance with the intended method development, all indicators show varying degrees of

departure from the baseline and thus play an active role in the overall ERFA. However, some
indicators seem more sensitive than others. Low flow indicators are dominated clearly by the
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IQR of the number of months below threshold (indicator 13), that is by the variability of low
pulses. Figure 3 box plot shows for all 16 MFRIs (identified by their number from Table 2
and grouped by hydrological type) the percentage of cells (out of 33,368) differing from the
baseline across the ten model runs. High flow indicators are dominated by the median of the
number of months above threshold (indicator 1) and its IQR (indicator 2), that is the
magnitude and variability of high pulses. For the seasonal flow indicators, the median/IQR of
the mean January flow (indicators 4/5), and of the mean April flow (indicators 6/7) show
higher percentages than median/IQR of July and October (indicator 8/9 and 10/11,
respectively) so that winter and spring flows seem to dominate over summer and autumn
flows.

3.2 Breakdown of future ERFA

The picture of future ERFA classes is very consistent between model runs with the different
socio-economic scenarios giving similar results and the main differences being between: (i)
climate models - see [PCM4 Natural (Figure 4) vs. MIMR Natural (Figure 5) and IPCM4 vs.
MIMR socio-economic runs (Figure 6); and (ii), Natural runs and socio-economic runs - see
IPCM4 Natural (Figure 4) vs. IPCM4 socio-economic runs (Figure 6) cf. similarly for MIMR
(Figure 5 vs. Figure 6). Regardless of scenario, 54-55% of the cells (out of 33,368) are in the
medium risk class, and 14-20% in the high risk class (Table 3). In terms of the difference
between climate models, IPCM4 runs have slightly more high risk cells (16-22%) than
MIMR runs (14-17%); whereas MIMR runs have slightly more low risk cells (24-26%) than
IPCM4 (18-25%). For both climate models, the socio-economic runs have more high risk
and fewer low risk cells than the corresponding Natural run, although this is more subtle for
MIMR (difterence of 0—3% for high risk, 1-2% for low risk) than for IPCM4 (4-6% for high
risk, 5-7% for low risk). As noted above, socio-economic runs are similar but these can be
ranked (Table 3), for both climate models, by decreasing risk severity as EcF (highest risk),
FoE, PoR, and SuE (lowest risk).

3.3 ERFA spatial patterns

Although the total numbers of WaterGAP cells within each ERFA class are very similar
between model runs, the underlying spatial distribution of risk locations differs between
model runs. As in Section 3.2, the main differences are between: (i) climate models - see
IPCM4 Natural vs. MIMR Natural in Figure 7, which shows where ERFA are the same for
both runs (green), and where MIMR is less severe (blue) and more severe (red) than [IPCM4
and (ii), Natural and socio-economic runs - see Natural runs vs. their respective socio-
economic runs in Figure 8, which shows where ERFA classes are the same (green), and
different (red).

Between climate models, MIMR runs are generally about one-third different from IPCM4.
Table 4 summarises the percentage of the cells (out of 33,368) that have different ERFA
classes when comparing runs against each other (e.g. IPCM4 Natural differs from MIMR
Natural for 36% of the cells). Runs for socio-economic scenarios differ from the Natural run
by 17-21% for IPCM4 and 3-9% for MIMR. Differences between socio-economic scenarios
are 4-8% under both IPCM4 and MIMR. The relative difference between socio-economic
runs is the same for both climate model. EcF runs show the greatest departure from Natural
runs, followed by FoE, PoR and SuE (least different from Natural).
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There is no distinct geographical pattern across Europe in terms of the differences in risk
between climate models. However, the socio-economic scenarios cause locational changes
along an east-west ‘belt’, which is marked especially for IPCM4 runs and consistent for
MIMR runs although somewhat less well-defined (Figure 8).

3.4 Commonality of impacts across all model runs

Based on the overall agreement between the ten model runs, four main zones can be
identified: (i) highest risk - the Mediterranean rim (bulk of Southern Europe and coastal
region of North Africa), the southwest part of Eastern Europe, and Western Asia; (ii)
medium/high risk, Northern Europe (including Iceland) and northeast part of Eastern Europe;
(ii1) low/medium risk, Western and Eastern Europe (including Ireland and UK); (iv) lowest
risk, inland region of North Africa. Figure 9 provides a summary map in which cells with the
same ERFA class for all 10 runs are allocated the given class (i.e. ‘None’, ‘Low’, ‘Medium’,
‘High’), cells with either of two adjacent ERFA classes are designated a joint class (i.e.
‘None/Low’, ‘Low/Medium’, and ‘Medium/High’), and remaining cells that are
inconsistently classified are labelled ‘Mixed’.

4 Discussion and Conclusion

As highlighted in the Introduction, there are few studies focusing on future ecologically-
relevant flow regimes, and existing studies are often either descriptive and/or have limited
geographical scope (Wright et al., 2004; Clarke, 2009; Graham and Harrod, 2009; Heino et
al., 2009; Johnson et al., 2009; Wilby et al., 2010). The only thematically analogous paper to
this study is by Doll and Zhang (2010), although their approaches varies markedly
(worldwide geographical extent, much coarser grid resolution, less detailed river network,
fewer and broader scale hydrological variables, and lack of integrated climate/socio-
economics). This study provides the first, detailed pan-European systematic assessment of
future effects of climate and socio-economic change on ecologically-relevant river flow
indicators by developing the new ERFA methodology.

4.1 Model run inter-comparison

Patterns are reasonably consistent across model runs. However, there are notable differences
between climate models and socio-economic scenarios related mainly to the location of risks.
In terms of the breakdown of ERFA classes, no socio-economic scenario mitigates climate-
induced risks since all socio-economic runs have a few more medium and high risk cells than
the Natural runs (see Table 3). Although the results of socio-economic scenarios are very
similar, subtle differences are noteworthy. Ranking by risk severity shows that highest risks
are under EcF, whereas SuE show least risk. This is consistent with the narrative storylines
whereby EcF is the market-driven scenario as opposed to SuE that is the environment-driven
scenario, i.e. the ‘greenest’ of all (Kok et al., 2010). In terms of ERFA class location, there is
again a strong similarity between socio-economic scenarios; the most notable difference is
between the Natural runs and their respective socio-economic runs as shown in Figure 8.
Location shifts in ERFA classes for the different socio-economic scenarios occur in a broad
east-west swath across the mid-continental Europe. It may be hypothesised that this zonal
area corresponds to the more populated and/or more managed areas where changes in socio-
economic changes may be more apparent. It is noteworthy that given the geographical extent
of the study and the WaterGAP grid resolution (i.e. 33,368 5° x 5’ cells) even a few
percentage points difference in cell impacts can translate into several hundreds km of river.
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4.2 Spatial patterns and coherence between model runs

Using the new ERFA methodology developed in this study, more than two thirds of the river
network (Greater Europe, Near East, North Africa) is at medium or high risk, regardless of
the climate model or scenario used. Thus, European river ecosystems are under significant
threat in the future. This is likely to be manifested in changes to species and communities and
loss of current ecosystem functions and services (Poff and Zimmerman, 2010; Okruszko et al,
2011). Broad regions with contrasting impact levels have been identified (Figure 9). The least
impacted region is the lower half of North Africa, which has low population (hence low water
demand). Focusing on the other, more densely populated, regions, Western and Eastern
Europe is the least impacted, while the Mediterranean rim extending up to Western Asia is
the most impacted. It could hypothesised that this is due to the climatology of temperate
oceanic regions being less affected by climate change than semi-arid/continental locations
(Kundzewicz et al., 2008).

4.3 Identifying the main driver

The results show that climate is the primary driver of change by 2050 under the modelled
conditions and climate sets the broad patterns at the pan-European scale. In a previous study
on a groundwater and river resources management programme at a European scale
(GRAPES; Acreman et al, 2000; Acreman, 2001), the impact of current anthropogenic
pressures, such as water abstraction, outweighed the then projected impacts of climate (this
may be partly due to the focus of GRAPES on case studies of heavily impacted basins in the
UK, Spain and Greece). In contrast, this study shows that climate change impacts dominate
over water use impacts at a general level across Europe, while socio-economics is a
secondary driver. However, this finding has to be set within the context of the current
approach: in WaterGAP, water consumption (i.e. abstracted minus return flows) is lumped at
the cell level because the locations of flow abstractions and returns within a cell are not
known; this value is relatively low for domestic and industrial usage.

Generally, basin properties act as modifiers of climatic inputs (Laize and Hannah, 2010). The
WaterGAP model captures this by using physical characteristics at cell level (e.g. elevation,
slope, land use, geology; Doll and Florke, 2005). Physical characteristics therefore influence,
by design, the modelled flows used in this study, and consequently the ERFA classes based
on those. The downstream aggregation of information by cell routing along the drainage
network makes it difficult to state from the model specifications what this influence is at the
basin scale. Exploratory analysis suggests that some broad basin types have higher ERFA
than others but a full analysis of the influence of basin properties is beyond the scope of this
paper, hence a subject for future research.

4.4 Further research and wider implications

The ERFA methodology assesses the absolute departure of the MFRIs from the Baseline.
Indicator departure can be due to increase/decrease (e.g. magnitude, duration), or
advance/delay (timing). The actual effect on given species or ecosystem services depends on
the type of flow (i.e. low, seasonal, or high) being altered and how alteration manifest (e.g.
high flows affecting floodplain inundation, migration and channel maintenance, seasonal
flows affecting habitat availability for growth and over-wintering, low flows affecting habitat
availability for the young) and on the target organism or service. For example, less variable
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flows benefit macrophytes, whereas higher flow magnitudes may be detrimental to
macrophytes (Bragg et al, 2005); a change in high flow timing may causes a loss of cue for
fish with synchronised spawning or migration (Bunn and Arthington, 2002), or for plants and
their seed release (Lytle and Poff, 2004). Some ecological responses are the same whether
flow indicators are decreasing or increasing. For example, lower or higher magnitudes in
extreme high or low flows cause altered assemblages and reduced diversity (Poff and
Zimmerman, 2010). In that regard, the present approach should be seen as a screening tool to
identify systematically regions of potential impact on which to focus further hydroecological
research attention (e.g. Piniewski et al., 2012).

It would be useful to relate the departure from the baseline hydrological regime to ecological
impacts beyond the qualitative rules collated in the literature. Using historical observed data
can provide a way to (semi-)quantify these impacts (e.g. broad-scale fish species richness and
mean annual flow; Xenopoulos et al, 2005). However, this is complicated by: (i) the fact that
flow, although a key variable, is not the only factor affecting river ecosystems (e.g. water
temperature has a major influence — Caissie, 2006); (ii) the general mismatch in nature and
spatio-temporal scales of hydrological and ecological datasets (Monk et al., 2008a); and (iii)
monitoring generally not focusing specifically on ecological responses to flow alterations
(Souchon et al, 2008).

The ERFA methodology could used in relation to the European Water Framework Directive
(WFD; European Commission, 2000), which requires EU Member States to achieve and
maintain at least ’Good Ecological Status® (GES) in all rivers by 2015. Although flow-based
criteria are not used directly to assess GES, it has been recognised that restoration or
maintenance of the flow regime is often one of the measures needed to ensure GES and can
be set in the River Basin Management Planning process (Acreman and Ferguson, 2010). The
present study identifies rivers potentially more susceptible to fail GES due to flow alteration.

More generally, river restoration requires reference conditions to set-up appropriate outcome
targets (e.g. Nestler et al., 2010; Stoddard et al., 2006; Palmer et al., 2005), which
traditionally relate to past ecological state. However, under changing water availability,
whether due to water use or climate, reverting to such reference conditions may be too
restrictive as it does not take into account the natural variability of the system (see Overton
and Doody, 2012). The present study could be used to identify appropriate conditions as
targets for restoration in the context of changing climate and socio-economic conditions
across Europe.

4.5 Concluding remark

This paper is the first assessment of river ecological risk caused by the alteration of flow
regimes: (i) having a pan-European geographical coverage, (ii) using a detailed river network,
(iii) considering a set of ecologically-relevant hydrological indicators, and (iv) combined
climate and socio-economic/policy scenarios. With regards to the four objectives of the
study:

1. Two thirds of the European rivers are at medium or high ecological risk by 2050s.

2. ERFA classes were mapped and four main zones were identified (Mediterranean rim,
southwest part of Eastern Europe, and Western Asia; Northern Europe, northeast part
of Eastern Europe; Western and Eastern Europe; inland North Africa).

3. All model runs yield very consistent patterns in terms of breakdowns of risk classes;
the main difference relates to the geographical location of the risks.
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4. Patterns are primarily driven by climate, with socio-economics being a secondary
driver.
This study provides a screening tool to identify systematically which pan-European regions
are more at risk in order to better focus further hydroecological research attention.
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Table 1 Variables for the Indicators of Hydrological Alteration (adapted from Richter et al., 1996)

IHA variables IHA group Regime characteristics
Mean value for each calendar month (x12) 1 Magnitude; Timing
Annual minima 1-, 3-, 7-, 30-, and 90-day means
(x5) oo .
Annual maxima 1-, 3-, 7-, 30-, and 90-day means 2 Magnitude; Duration
(x5)
Julian dates of 1-day minimum and maximum .
3 Timing
(x2)
Numbers of high pulses® and low pulses’(x2) . .
. . 4 Magnitude; F ; Durat
Mean durations of high and low pulses (x2) agnitude; Frequency; Duration
Numbers of flow rises and flow falls (x2) 5 Frequency: Rate of change

Mean rise and fall rates (x2)

* number of times flow rises above 75™ flow percentile
® number of times flow drops below 25" flow percentile
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Table 2 Monthly Flow Regime Indicators (MFRI)

MFRI variables MFRI°  Flow type Regime Analogue IHA
(one value per year)  (one value characteristics variables
per record)
Number of months  Median (1) High flows Magnitude; Number of high pulses

above threshold® IQRd ) Frequency
Month of maximum  Mode (3) High flows Timing Julian date of 1-day
flow (1-12) maximum

January mean flow  Median (4) Seasonal
IQR (5) flows

April mean flow  Median (6) Seasonal
IQR (7) flows

Magnitude; Timing January mean flow

Magnitude; Timing April mean flow

July mean flow Median (8) Seasonal . R July mean flow
IQR (9) Aows Magnitude; Timing
October mean flow Median (10) Seasonal October mean flow

IQR (11) flows Magnitude; Timing

Number of months Median (12) Low flows Magnitude; Number of low pulses

below threshold" IQR (13) Frequency
Month of minimum  Mode (14) Low flows Timing Julian date of 1-day
flow minimum
(1-12)
Number of sequences Median (15) Low flows Magnitude; n/a
at least two-month IQR (16) Frequency;
long below threshold® Duration

“Threshold = all-data naturalised Q5 from 1961-1990 (95™ percentile)
"Threshold = all-data naturalised Q95 from 1961-1990 (5" percentile)
‘Indicator identification number between parentheses

IQR: Inter-Quartile Range
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Table 3 Distribution of ERFA classes per runs (% of cells)

None Low Medium High

IPCM4  Natural 5 25 54 16
EcF 18 54 22
FoE 19 55 21
PoR 20 55 20
11 SuE 20 55 20

©CoO~NOUTA,WNPE

v ol L1 »n

13 MIMR  Natural
14 EcF
16 FoE
17 PoR
18 SukE

26 55 14
24 54 17
24 55 16
25 55 15
25 55 15

(S IO, O, BN, BN
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Table 4 Summary matrix of differences in ERFA classes between all runs (% of different
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Page 22 of 32

cells)
IPCM4 MIMR
Natural EcF FoE  PoR SuE Natural EcF  FoE PoR SuE

IPCM4  Natural 21 20 18 17 36 37 37 37 37

EcF 5 7 8 37 34 35 37 37

FoE 4 6 36 34 34 36 36

PoR 4 35 33 34 35 35

Suk 35 33 33 35 35
MIMR Natural 36 37 36 35 35 9 8 5 3

EcF 37 34 34 33 33 5 7 8

FoE 37 35 34 34 33 5 6

PoR 37 37 36 35 35 4

Suk 37 37 36 35 35

22
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Figure captions

Figure 1 Study geographical extent (grey outlines); WaterGAP cells used for method testing
(black dots)

Figure 2 Methodological flow chart

Figure 3 Box plot of the percentages of cells (out of ~33,368) for which indicators are
different from the baseline across all ten model runs (indicator identification numbers as in
Table 2)

Figure 4 Geographical location of ERFA classes for Natural [IPCM4 2050s model run: future
naturalised flows, i.e. climate model A2-IPCM4 only, no water usage, no socio-economic

scenario, 2040-2069 projection period; blue, no risk; green, low risk; amber, medium risk;
red, high risk

Figure 5 Geographical location of ERFA classes for Natural MIMR 2050s model run: future
naturalised flows, i.e. climate model A2-MIMR only, no water usage, no socio-economic

scenario, 2040-2069 projection period; blue, no risk; green, low risk; amber, medium risk;
red, high risk

Figure 6 Geographical location of ERFA classes for the eight model runs including the four
socio-economic scenarios (top to bottom): Economy First (EcF), Fortress Europe (FoE),
Policy Rules (PoR), Sustainability Eventually (SuE); climate models, A2-IPCM4 (left), A2-
MIMR (right); 2040-2069 projection period; blue, no risk; green, low risk; amber, medium
risk; red, high risk

Figure 7 2050s ERFA geographical location changes between IPCM4 Natural and MIMR
Natural: green, same ERFA; blue, MIMR less severe than [PCM4; red, MIMR more severe

Figure 8 2050s ERFA geographical location changes between Natural and socio-economic
scenarios(top to bottom): Economy First (EcF), Fortress Europe (FoE), Policy Rules (PoR),
Sustainability Eventually (SuE); climate models A2-IPCM4 (left), A2-MIMR (right); green,
same ERFA; red, different ERFA

Figure 9 Summary of ERFA classes across all 10 model runs: categories ‘None’, ‘Low’,
‘Medium’, ‘High’ for cells with a single ERFA class for all 10 runs; categories ‘None/Low’,
‘Low/Medium’, ‘Medium/High’ for cells with either of the two ERFA classes for all 10 runs;
category ‘Mixed’ for cells that are inconsistently classified
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Fig 1 Laize etal Top
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Study geographical extent (grey outlines); WaterGAP cells used for method testing (black dots)
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Fig. 3 Laize et al Top
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Box plot of the percentages of cells (out of ~33,368) for which indicators are different from the baseline

across all ten model runs (indicator identification numbers as in Table 2)
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None Low Medium

I

Geographical location of ERFA classes for Natural IPCM4 2050s model run: future naturalised flows, i.e.
climate model A2-IPCM4 only, no water usage, no socio-economic scenario, 2040-2069 projection period;
blue, no risk; green, low risk; amber, medium risk; red, high risk
1980x1400mm (96 x 96 DPI)
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None Low

Geographical location of ERFA classes for Natural MIMR 2050s model run: future naturalised flows, i.e.
climate model A2-MIMR only, no water usage, no socio-economic scenario, 2040-2069 projection period;
blue, no risk; green, low risk; amber, medium risk; red, high risk
1980x1400mm (96 x 96 DPI)
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Fig. 6 Laize et al Top
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47 Geographical location of ERFA classes for the eight model runs including the four socio-economic scenarios
(top to bottom): Economy First (EcF), Fortress Europe (FoE), Policy Rules (PoR), Sustainability Eventually
(SuE); climate models, A2-IPCM4 (left), A2-MIMR (right); 2040-2069 projection period; blue, no risk; green,
low risk; amber, medium risk; red, high risk
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2050s ERFA geographical location changes between IPCM4 Natural and MIMR Natural: green, same ERFA;
blue, MIMR less severe than IPCM4; red, MIMR more severe
1980x1400mm (96 x 96 DPI)

http://mc.manuscriptcentral.com/rra

Page 30 of 32



Page 31 of 32

©CoO~NOUTA,WNPE

River Research and Applications

Fig. 8 laize et al Top
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2050s ERFA geographical location changes between Natural and socio-economic scenarios(top to bottom):
Economy First (EcF), Fortress Europe (FoE), Policy Rules (PoR), Sustainability Eventually (SuUE); climate
models A2-IPCM4 (left), A2-MIMR (right); green, same ERFA; red, different ERFA
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Fig. 9 Luize et al Top
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the two ERFA classes for all 10 runs; category ‘Mixed’ for cells that are inconsistently classified
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