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Abstract

Global-scale information on natural river flows and anthropogenic river flow alterations
is required to identify areas where aqueous ecosystems are expected to be strongly
degraded. Such information can support the identification of environmental flow guide-
lines and a sustainable water management that balances the water demands of hu-
mans and ecosystems. This study presents the first global assessment of the anthro-
pogenic alteration of river flow regimes by water withdrawals and dams, focusing in
particular on the change of flow variability. Six ecologically relevant flow indicators
were quantified using an improved version of the global water model WaterGAP. Wa-
terGAP simulated, with a spatial resolution of 0.5 degree, river discharge as affected
by human water withdrawals and dams, as well as naturalized discharge without this
type of human interference. Mainly due to irrigation, long-term average river discharge
and statistical low flow Qgy (monthly river discharge that is exceeded in 9 out of 10
months) have decreased by more than 10% on one sixth and one quarter of the global
land area (excluding Antarctica and Greenland), respectively. Qq, has increased sig-
nificantly on only 5% of the land area, downstream of reservoirs. Due to both water
withdrawals and dams, seasonal flow amplitude has decreased significantly on one
sixth of the land area, while interannual variability has increased on one quarter of
the land area mainly due to irrigation. It has decreased on only 8% of the land area,
in areas with little consumptive water use that are downstream of dams. Areas most
affected by anthropogenic river flow alterations are the western and central USA, Mex-
ico, the western coast of South America, the Mediterranean rim, Southern Africa, the
semi-arid and arid countries of the Near East and Western Asia, Pakistan and India,
Northern China and the Australian Murray-Darling Basin, as well as some Arctic rivers.
Due to a large number of uncertainties related e.g. to the estimation of water use and
reservoir operation rules, the analysis is expected to provide only first estimates of river
flow alterations that should be refined in the future.
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1 Introduction

Freshwater ecosystems, which include rivers, wetlands and lakes as well as their flood-
plains, have been deteriorating faster than other ecosystems. According to the Mil-
lennium Ecosystem Assessment (2005), populations of freshwater species (included
in the Living Planet Index) declined, between 1970 and 2000, on average by 50%,
compared to 30% for marine and also for terrestrial species. Approximately 20% of
the world’s 10 000 described freshwater fish species have been listed as threatened,
endangered, or extinct in the last few decades. Over one third (37%) of the freshwater-
dependent mammal species assessed for the IUCN Red List were globally threatened,
including manatees, river dolphins and porpoises (Millenium Ecosystem Assessment,
2005). Besides, about one half of the 200 species of freshwater turtles were classified
as globally threatened in the IUCN Red List. Threats to global freshwater biodiver-
sity can be grouped under five categories: overexploitation, invasion by exotic species,
water pollution, destruction or degradation of habitat (e.g. related to changes in fluvial
morphology), and alteration of flow regimes (Dudgeon et al., 2006). While the first two
relate to the biotic component of freshwater ecosystems, the latter affect the abiotic
component.

Monitoring of freshwater species is required to characterize the degree to which
humans have affected aquatic ecosystems. The knowledge of the status and trend of
freshwater species, however, is still very poor, in particular in developing countries, and
it is not likely to significantly improve in the near future (Revenga et al., 2005). There-
fore, assessment and monitoring of the physical conditions of the freshwater habitat is
an option, firstly because it provides a more integrated characterization of ecosystem
change, and secondly because physical data may be available at more locations than
species data (Revenga et al., 2005). Humans have significantly influenced most rivers
of the world with respect to the physical habitat conditions water quality, fluvial morphol-
ogy, and flow regimes. Changes in water quality are predominantly due to human and
animal excretions as well as agricultural and industrial emissions, while fluvial morphol-
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ogy has been modified mainly to improve navigation and flood protection. River flow
regimes have been altered by water withdrawals as well as by reservoir construction
and management. These alterations do not only affect river ecosystems themselves
but also associated ecosystems like riparian wetlands and floodplains.

Many studies have shown that flow regimes play a major role in determining the biotic
composition, structure, function and diversity within river ecosystems (Richter et al.,
1996; Arthington and Pusey, 1993). In recent years, the importance of flow variability
for river ecosystems has been well documented (e.g. Poff and Ward, 1989; Poff et al.,
1997; Richter et al., 1996, 1997; Puckridge et al., 1998; Clausen and Biggs, 2000;
World Commission on Dams, 2000). Researchers now generally agree on the “natural
flow paradigm”, stating that the full range of natural intra- and interannual variability of
hydrological regimes is critical in sustaining native biodiversity and integrity of aquatic
ecosystems (Richter et al., 1997; Poff et al., 1997). Thus, environmental flow guidelines
must take into account flow variability as expressed by a number of indicators, not just
prescribe minimum flows. The natural flow paradigm also suggests that approaches
for defining environmental water requirements only as fraction of long-term average
flows, like the Smakhtin et al. (2004) approach, are overly simplistic and inappropriate
for protecting ecosystems.

A comparison of the natural flow regime of a river with the flow regime that is af-
fected by human intervention provides an indication for the degree of human alteration
or degradation of the freshwater ecosystem. Such a comparison requires the identifi-
cation of appropriate hydrological indicators that are relevant for the well-being of the
biotic components of the freshwater ecosystem (Black et al., 2005). The Indicators of
Hydrologic Alteration (IHA) approach of Richter et al. (1996) has been widely adopted
because of its comprehensive ability to characterize ecologically relevant hydrological
changes. In this method, two sets of flow time series representing natural and altered
conditions at the same site are compared using 32 indicators of flow magnitude, fre-
quency, duration, timing and rate of change. Large differences between natural and
actual, i.e. anthropogenically altered regimes are likely to indicate that the biotic com-
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ponents of the aquatic ecosystem have been altered too, and that biodiversity has been
decreased due to human impacts.

There are many case studies that show how water withdrawals and dams have af-
fected flow regimes but only few on the impacts on the biotic ecosystem component.
For the Krishna River in India, for example, Bouwer et al. (2006) showed that reservoir
construction and pertaining irrigation after 1960 lead to decreased annual runoff, de-
creased monsoon season flows and somewhat increased post-monsoon season flows.
For the Murrumbidgee River in Australia, Kingsford and Thomas (2004) describe a river
flow reduction to about one third of the natural median flow and the resulting degrada-
tion of the major wetland due to damming and subsequent water withdrawals. This led
to a 21% reduction of the number of waterbird species and a 90% reduction of the total
number of waterbirds between 1983 and 2001.

At the global scale, what is known about the drivers of river flow regime alter-
ation, i.e. water use and dams? Total global water withdrawals are estimated to be
4000 km3/yr, approximately one tenth of the renewable water resources (Doll, 2009),
but ratios exceed 0.4 in many river basins which are then called “water-stressed”.
These cover about one quarter of the global land area outside the ice caps and are
the home of more than 2 billion people (Alcamo et al., 2003a). Consumptive water use
(i.e. the fraction of the withdrawn water that evapotranspirates during use and there-
fore does not return to the river) leads to river discharge reduction and is therefore
the relevant quantity for determining human river flow alterations. It amounts to 1300—
1400 km3/yr, of which more than 90% are caused by irrigation (Doll, 2009; Sect. 2.1.2).
Therefore, river flow reductions due to human water use are high in semi-arid and arid
areas with significant irrigation.

According to ICOLD (1998), there are more than 45000 large dams (with a dam
height of more than 15m, or of more than 5m if the reservoir volume is above
3 million m3), but part of these dams are run-of-river dams with a rather small effect
on the flow regime. Avakyan and lakovleva (1998) estimated that there were around
60 000 reservoirs world-wide, but gave no lower size limit. They estimated that their
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total capacity exceeds 6500 km? and that their water surface equals 400000 km?. Nils-
son et al. (2005) found that 172 out of 292 large river systems (i.e. 60%) are affected
by dams. While Europe has almost no unfragmented large river systems, there are
many unfragmented systems in North and Central America (outside the USA). The in-
vestigated 292 river systems account for 60% of the world’s river discharge. Analyzing
around 600 of the largest reservoirs world-wide, Vordsmarty et al. (1997) found that
the mean age of river water has likely tripled to well over one month, which shows the
increase of transport time of river water due to reservoirs. Poff et al. (2007) stated that
extensive construction of dams has greatly dampened seasonal and interannual river
discharge variability, with negative impacts on global biodiversity in river and riparian
ecosystems as biodiversity is generated and maintained by geographic variation. An-
alyzing the temporal development of 186 intermediate-sized rivers affected by dams in
the continental USA, they found that flow regimes have become more homogeneous
due to modification of ecologically critical high and low flows. Such a homogenization,
which favors the spread of cosmopolitan, nonindigenous species, was not identified for
317 undammed reference rivers (Poff et al., 2007).

The objective of this study was to analyze the impact of water withdrawals and dams
(i.e. reservoirs or regulated lakes) on monthly and annual river flow regimes world-
wide, considering ecologically-relevant hydrologic indicators. We used the most recent
version 2.1g of the global hydrology and water use model WaterGAP (Alcamo et al.,
2003b; Hunger and Dall, 2008) which takes into account the impact of reservoirs and
water withdrawals on river discharge. For this study, the reservoir algorithm of Hanasaki
et al. (2006) was implemented together with the new GRanD reservoir data set of
Lehner et al. (2008), such that the impact of about 6600 reservoirs and regulated lakes
could be analyzed. The model was used to generate time series of anthropogenically
altered river discharge and of naturalized discharge that would occur if there were no
dams of water withdrawals. This allowed the quantification of river flow alterations.

In Sect. 2, the methods to compute anthropogenically altered and naturalized river
flows, the selected indicators of river flow alteration and a simple approach for relating
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changes in annual flows to changes of the number of fish species are described. In
Sects. 3 and 4, results are presented and discussed. In the last section, we summarize
the study results and draw conclusions.

2 Methods

2.1 Computation of natural and anthropogenically altered river flows with Wa-
terGAP

With a spatial resolution of 0.5° by 0.5° (55 km by 55 km at the equator), the global water
resources and use model WaterGAP simulates water flows and storages (hydrology)
as well as human water use for all land areas of the globe excluding Antarctica (Alcamo
et al., 2003b). Water use, i.e. water withdrawals and consumptive water use, is esti-
mated by separate models for the sectors irrigation, livestock, households and industry.
The WaterGAP Global Hydrology Model WGHM computes groundwater recharge, total
runoff generation as well as river discharge, taking into account the impact of human
water use on river discharge (Doll et al., 2003; Doll and Fiedler, 2008). For each grid
cell, a vertical water balance is computed, and the resulting runoff is routed laterally
within the cell through a groundwater store and various surface water stores (if exis-
tent). The effect of lakes, reservoirs and wetlands on water balance and flow dynamics
is modeled by first routing the runoff generated within the grid cell through so-called
“local’ lakes, reservoirs and wetlands. The resulting discharge volume is added to
the discharge from the upstream grid cell and routed through so-called “global” lakes,
reservoirs and wetlands, and through the river storage compartment. The difference
between precipitation and potential evapotranspiration is added to each surface water
type within the grid cell, thus taking into account the effect of the surface water balance
on cell runoff. Global lakes and reservoirs are defined based on their size, exceed-
ing a surface area of 100 km? or a maximum storage capacity of 0.5 km?®. In former
versions of WGHM including WGHM 2.1f (Hunger and Dall, 2008; Doll and Fiedler,
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2008), reservoirs were modeled like natural lakes, where outflow is computed as a
nonlinear function of water storage. Evapotranspiration from lakes (and wetlands) is
reduced at low storage values, and outflow is stopped (Hunger and Dall, 2008). In
WGHM 2.1g used here, reservoir management is simulated following the approach
of Hanasaki et al. (2006) which is explained in Sect. 2.1.3 below. In addition, the
database of lakes, reservoirs and wetlands that was used in version 2.1f (Lehner and
Dall, 2004) has been enhanced by inclusion of a larger number of man-made reservoirs
(comp. Sect. 2.1.3). WGHM is tuned in a basin-specific manner against long-term av-
erage discharge at 1235 gauging stations (Hunger and DAll, 2008), taking into account
the impact of reservoirs and human water use.

Important WGHM inputs are time series of monthly values of climate variables as well
as information on soil and land cover. Monthly climate data are downscaled to daily
data, in the case of precipitation using the number of wet days per month. Monthly
climate data, except precipitation, are provided by the CRU TS 2.1 data set (Mitchell
and Jones, 2005). As precipitation input, 0.5° gridded monthly time series of the GPCC
Full Data Product Version 3 (Fuchs et al., 2007) were used, together with the number
of wet days from the CRU TS 2.1 data set.

2.1.1 Specification of model runs

Five time series of gridded monthly river discharge from 1961-1990 were computed by
WHGM, which were then use to quantify the indicators of river flow regime alterations
described in Sect. 2.2. In our analysis, ANT conditions refer to the flow regime as
impacted by human water withdrawals as well as by reservoirs and regulated lakes.
This simulation is the standard WGHM simulation for which tuning against long-term
annual observed discharge has been performed. NAT refers to the naturalized regime
as computed by a model run in which there are no water withdrawals and in which
all reservoirs are removed while regulated lakes are not treated like reservoirs but like
natural lakes. Under RES conditions, there are no water withdrawals but reservoirs and
regulated lakes exist. Under USE conditions, the impact of water withdrawals on river
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discharge is simulated but not the impact of reservoirs and lake regulation. To show
the effect of the newly implemented reservoir algorithm, the model run ANT LAKE was
designed in which all reservoirs were treated like natural lakes, like in previous model
versions. In the following two sections, the methods to simulate the impact of human
water withdrawals and of dams/reservoirs on river discharge are explained in detail.

2.1.2 Reduction of river flow due to human water withdrawals

For the computation of indicators of river flow alteration due to human water with-
drawals, domestic, industrial and livestock water use in 2002 as computed by the re-
spective WaterGAP water use modules was taken into account. Irrigation water use
was computed according to Doll and Siebert (2002) using, as input, (1) version 4.0.1
of the Global Map of Irrigated Areas GMIA (Siebert et al., 2005), (2) estimates of actu-
ally irrigated area per country in 2002 and (3) the climate data time series 1961-1990,
to take into account the effect of climate variability on irrigation water use. While do-
mestic, industrial and livestock water use is assumed to be constant within each year,
irrigation water use varies from month to month. In WGHM, the effect of human water
withdrawals is simulated by subtracting total consumptive water use from water stored
in lakes and reservoirs, if there are any in the grid cell, and from river discharge. Con-
sumptive use of a cell is supplied from the cell itself, or from the neighboring cell with
the highest long-term average river discharge if not enough water is available in the
cell itself.

Consumptive water use is particularly high in India, Pakistan, parts of China and the
USA and in the Mediterranean region, mainly due to the large irrigation areas there
(Fig. 1a). Global consumptive water use has more than doubled between 1951 and
2002, reaching about 1300-1400 km3/yr around 2000 (Fig. 1b). Irrigation accounts for
more than 90% of the global consumptive water use. In dry years, irrigation water
requirements are particularly high (Fig. 1b), which results in a stronger anthropogenic
reduction of the already naturally low river discharge.

Due to various reasons, it is not always possible in WHGM to subtract total con-
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sumptive use from rivers, lakes or reservoirs, due to a lack of water. One reason is
the likely overestimation of irrigation water use by the WaterGAP irrigation water use
model, as in dry years, farmers might not have enough water to irrigate all fields with
the optimal amount. Another reason may be long-distance water transfers, which are
not represented in WGHM. In addition, non-renewable groundwater is withdrawn in re-
ality, e.g. in the USA, Libya, Saudi-Arabia or China. Currently, we cannot model any
groundwater withdrawals explicitly because it is not known (globally) which part of the
water use comes from groundwater or surface water. Thus, in WGHM, we attempt to
withdraw all water from surface water sources. If on any day there is not enough water
available in surface waters to satisfy the consumptive use, the model will take out this
consumptive water use later in the year or in the next year. This approximates with-
drawals from renewable groundwater resources, and leads to a temporal smoothing
of discharge reduction that also occurs in reality if groundwater that is connected to
surface waters is withdrawn. The “actual use” line in Fig. 1b shows that the fraction of
water demand that can be fulfilled from renewable water resources has been decreas-
ing in recent decades, in line with the increasing demand. The difference between
“actual use” and total demand, which reaches a maximum of 20% of the demand, is
expected to be caused mainly by overestimation of actual water withdrawals due to
deficit (sub-optimal) irrigation, and by withdrawal of fossil groundwater. Whether the
imperfect consideration of water use leads to an over- or underestimation of the reduc-
tion of river flows due to human water use is not known, both at the global and the grid
scales.

2.1.3 Modification of river flows due to reservoir operation

For this study, we needed to distinguish between man-made reservoirs and regulated
lakes, i.e. natural lakes whose outflows of which are regulated by a dam. This was
required because under naturalized conditions (NAT), reservoirs do not exist at all,
while regulated lakes are treated as natural lakes. Under anthropogenically altered
conditions, reservoirs and regulated lakes are modeled by the same algorithm. The
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new reservoirs and regulated lakes data set was derived by adding additional reser-
voirs from a preliminary (July 2008) version of the GRanD database (Lehner et al.,
2008) to the 886 reservoirs included in WGHM 2.1f. For WHGM 2.1f, the Global Lakes
and Wetlands Database of Lehner and Doll (2004) had already been augmented by
64 reservoirs. GRanD does not distinguish between regulated lakes and reservoirs.
Therefore, all reservoirs with an area of more than 100km? or a maximum storage
volume of at least 0.5 km® were checked to decide whether they are actually regulated
lakes. Reservoirs of this size are classified in WGHM as “global”, i.e. they are as-
sumed to be fed by river discharge from the upstream cell, while smaller reservoirs are
assumed to be “local’, i.e. they are only fed by the runoff generated within the grid cell.

The reservoirs and regulated lakes data set used in this study includes 6568 reser-
voirs and 52 regulated lakes (Table 1 and Fig. 2). The majority of reservoirs are in
North America and Asia. The surface area of the reservoirs and regulated Iakes is
291000 km? and 124 000 km2, respectively, as compared to a total of 254 000 km? |n
version 2.1f Maximum storage capamg/ of reservoirs and regulated lakes is 5929 km?®
and 405 km®, respectively, vs. 4642 km® before (Table 1). Please note that many of the
new reservoirs were included formerly as lakes. The newest dams taken into account
in this study were finished in 2006 but the data set certainly does not cover all reser-
voirs that existed in 2006. The Three Gorges Dam on the Yangtze River in China is
included but not the dams at the Narmada River in India.

The reservoir operation algorithm of Hanasaki et al. (2006) was implemented in
WGHM for the 1074 global reservoirs and regulated lakes, while flow dynamics of local
reservoirs were modeled like those of natural lakes. Hanasaki et al. (2006) developed
two different algorithms, one for reservoirs with irrigation as their main purpose, and
another for all other reservoir types. In both cases, monthly releases were constrained
by long-term average annual inflows. Different from Hanasaki et al. (2006), in WGHM
the releases are constrained by the sum of all inflows and the difference between pre-
cipitation and evaporation over the reservoir, as the long-term average annual outflow
of a reservoir depends not only on the inflows but also on the reservoir water balance,
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in particular in case of large reservoirs (and regulated lakes). According to Hanasaki
et al. (2006), annual release is a function of the relative water storage at the beginning
of the operational year. In case of non-irrigation reservoirs, monthly outflows are as-
sumed to be constant throughout the operational year. Monthly outflows of irrigation
reservoirs depend on downstream consumptive water use, taking into account water
use in the next five downstream cells, or down to the next reservoir or the river mouth.
In addition, overflow occurs if reservoir storage capacity would be exceeded, while
release is reduced if reservoir storage would fall below 10% of storage capacity.

For 900 of the 1074 global reservoirs (and regulated lakes), information was available
on the main purpose of the reservoir, either irrigation (249) or others (651). For the
remaining 174 water bodies, the main purpose was estimated based on consumptive
irrigation water use in the five grid cells downstream of the reservoir. If this value use
was larger than the 75% quantile of the irrigation water use downstream of the known
non-irrigation reservoirs, the reservoir was assumed to be an irrigation reservoir. Six of
the 1074 reservoirs had a negative sum of inflow and vertical reservoir water balance
in WGHM and had to be treated as natural lakes.

The performance of the reservoir algorithm in WGHM was tested by comparing time
series of observed monthly outflows from reservoirs to modeled values, distinguishing
four cases: reservoirs modeled according to the described reservoir algorithm (ANT),
reservoirs modeled as lakes (ANT LAKE), no reservoirs modeled but consumptive wa-
ter use taken into account (USE), and naturalized conditions without reservoir and use
(NAT). The observed reservoir outflow data were obtained from Hanasaki et al. (2006)
and included 29 reservoirs with more than 10 years of data that are mostly located in
USA and Canada. Ten of the reservoirs are mainly used for irrigation. The best corre-
spondence to observed reservoir outflows is achieved with ANT (i.e. with the reservoir
algorithm) for 9 out of 10 irrigation reservoirs (Fig. 3b) and for 15 out of 19 non-irrigation
reservoirs (Fig. 3a). If these reservoirs are modeled like lakes, model performance is
mostly better than if it is assumed that there is no surface water body at all (USE and
NAT). However, for many reservoirs the discrepancies between modeled and simu-
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lated monthly outflows remain high, due to erroneously modeled reservoir inflows. For
simplicity of analysis, water use for 2002 and not the mostly lower values during the
observation years were taken into account, which is not expected to have a significant
impact on the analysis. The root mean squared errors shown in Fig. 3 are larger than
those of Hanasaki et al. (2006), as Hanasaki and colleagues applied observed and not
modeled river discharge as input to their reservoir model.

The effect of the reservoir algorithm on the quality of computed monthly river dis-
charge at the 1235 tuning stations was investigated by comparing the modeling effi-
ciencies for a model run using the reservoir algorithm (ME,) and a model run where
reservoirs were modeled as lakes (ME,). Monthly time series of observed river dis-
charge were provided by the Global Runoff Data Centre (grdc.bafg.de). ME, or Nash-
Sutcliffe coefficient, is defined as the mean squared error normalized by the variance of
the observed data subtracted from unity, and ranges from minus infinity to one (Janssen
and Heuberger, 1995). While a ME-value of one represents a perfect fit of simulated
and observed time series, values below zero indicate that the average of observed dis-
charge would be a better estimation than the model. ME represents model success
with respect to the mean as well as to the variance of the observations. Among the
937 stations with ME, >0, the modeling efficiencies differed by less than 0.1 for 836 sta-
tions, due mostly to the nonexistence of large reservoirs upstream. ME, was 0.1-0.3
units better than ME, at 32 stations and 0.3-0.5 units better at 36 stations. However,
the reservoir algorithm caused a ME decrease of 0.1-0.3 (0.3-0.5) at 27 (6) stations.

2.2 Indicators of river flow regime alteration

We developed six different indicators of river flow regime alteration that are ecologically
relevant and can be computed by WGHM in a rather reliable manner (Table 2). Most
of the Indicators of Hydrologic Alteration proposed by Richter et al. (1997) require daily
discharges, and thus cannot be computed well by a global hydrological model that is
driven by monthly climate input data. Therefore, we only considered indicators that are
based on monthly and annual river discharge estimates. Indicator /55 is taken from
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Black et al. (2005; their indicator 1a), while /r5 is similar to indicator 3a of Black et
al. (2005) but applied for monthly instead of daily discharge values. Black at al. and
colleagues also suggested looking not only at the changes of mean values between
natural and anthropogenic conditions, but also on the changes of the coefficient of
variations. We adapted this idea when we devised indicator /,,,.

2.3 Estimation of decrease of freshwater fish richness

Xenopoulos et al. (2005) derived a regression equation between the number of fresh-
water species in river basins and the long-term average river discharges (1961-1990)
at the mouth of the basins. They considered data from 237 river basins located be-
tween 42°N and 42°S. The number of fish species mainly relates to endemic fish,
with nonindigenous species being assumed to be less than 5%. Long-term average
discharge was computed with a previous version of WGHM (Xenopoulos et al., 2005).
Fish species numbers in river basins were found to decrease with decreasing long-term
average river discharge according to

Log number of fish species in basin =
0.4 -log mean annual discharge at basin outlet (m3/s) + 0.6242, r> = 0.57 (1)

Xenopolous et al. (2005) used Eq. (1) to predict decreases of fish species richness
due to future climate change and future water withdrawals. Here, we applied the re-
gression equation to translate indicator /15 into a direct indicator of a change in the
biotic component of freshwater ecosystems. We computed how fish species richness
under naturalized flow conditions has decreased due to human water withdrawals and
reservoirs, providing estimates for the upstream basin of each 0.5° grid cell.
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3 Results
3.1 Anthropogenic impact on long-term annual average discharge (/ 1a)

Total discharge into oceans and internal sinks is computed to be 38 164 km3/yr under
anthropogenically altered conditions (ANT), compared to 39 549 km3/yr for naturalized
conditions (NAT) (climate normal 1961-1990, without Antarctica). Thus, dams and
water withdrawals (in 2002) have lead to a decrease of global river discharge of 3.5%
and a corresponding increase in evapotranspiration. Water withdrawals alone (USE)
would have caused a discharge decrease of 2.7%, while dams alone (RES) would have
led to 0.8% less discharge.

Figure 4 shows naturalized long-term annual river discharge (Fig. 4a) as well the /|1
indicator (Fig. 4b). / 15 indicates that long-term average annual discharge (1961-1990)
has decreased due to anthropogenic impacts, with decreases reaching up to 100% of
natural discharge. The most affected areas are the western and central USA, Mexico,
the western coast of South America, the Mediterranean rim, Southern Africa, the semi-
arid and countries of the Near East and Western Asia, Pakistan and India, Northern
China and the Australian Murray-Darling Basin. Both reservoirs (Fig. 4c) and human
water use (Fig. 4d) have led to a decrease of discharge. According to WGHM, the
damming of a few lakes (e.g. Lake Baikal in Russia) has caused a small increase of
discharge compared to the situation without a dam, i.e. if they are modeled like natural
lakes (Fig. 4c). This is related to the different water level variations in case of reservoirs
and natural lakes, which leads to different evaporation values.

Water withdrawals are by far the dominant reason for the anthropogenic decrease of
long-term average annual river discharge, the areas of strong decrease (high negative
values, Fig. 4d) coinciding with the areas of high consumptive water use (Fig. 2a). An
exception is humid Southeast Asia, where high consumptive irrigation uses do not lead
to high /14 values because river discharge values are high. Globally, 16% of the global
land area (not considering Greenland and Antarctica) suffer from an anthropogenic
decrease of long-term average annual river discharge of at least 10% of the naturalized
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value (Table 3). In these areas, the average discharge decrease amounts to 35%
(Table 3), and not only river water levels but also groundwater levels in the adjacent
floodplains are significantly decreased, negatively affecting riparian vegetation. Based
on the work by Xenopolous et al. (2005), we expect that the decrease of long-term
average river discharge has led to a decrease in the number of endemic fish species
(comp. Sect. 3.7).

3.2 Anthropogenic impact on statistical monthly low flow Qg (/. F)

Naturalized statistical monthly low flow Qg is zero in many arid grid cells (Fig. 5a).
Reservoirs and withdrawals have led to wide-spread decreases of Qg (negative / )
but also increases along some rivers (Fig. 5b). The increases are caused by reservoirs
or the regulation of natural lakes (Fig. 5c), as dams generally have the purpose to
make river flow temporally more homogeneous to allow for hydropower production,
flood protection or water supply. Examples are the Nile downstream of Lake Victoria,
which is regulated by a dam for hydropower production, but also the northern Nile
where low flows have been increased by five dams in Ethiopia as well as by the Assuan
Dam. The effects of a large number of dams are visible in India, Southeastern Africa,
Spain and in the USA. Some reservoirs in semi-arid regions have led to decrease in
Qg (positive / ) because the additional open water surfaces cause higher evaporation
(Fig. 5¢). This has decreased long-term average discharge so much that temporal
homogenization of discharge cannot balance this decrease. The negative impact of
water withdrawals on Qg is larger than the impact on long-term average discharge if
expressed in % decrease compared to natural conditions (comp. Figs. 5d and 4d). The
main reason for this is that Qg, values are smaller than long-term average discharge
values. Decreases have a particular negative impact on habitat availability. Globally,
Qg increases, by at least 10%, on 5% of the land area, due to reservoirs, with an
average increase of 161% as compared to natural conditions. It decreases by, on
average, 57% on 26% of the land area, mostly due to human water use (Table 3).
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3.3 Anthropogenic impact on amplitude of seasonal variability of long-term av-
erage monthly discharges (/5 ,)

Due to reservoirs and human water withdrawals, the difference between the minimum
and the maximum long-term average monthly discharge decreases downstream of
reservoirs and in areas with high consumptive water use (Fig. 6a). It increases slightly
in areas with low water use, or downstream of some regulated lake where regulation
leads to a less smooth outflow (e.g. Lake Baikal and Lake Victoria). Seasonal am-
plitudes decrease mainly because of a decrease in high flows, either due to outflow
reductions by dams or high consumptive water use during the high flow months. Such
a decrease has negative impacts on, for example, the flora and fauna of seasonally
flooded floodplains. The decrease of seasonal amplitude due to reservoirs is consis-
tent with the results of Poff et al. (2007) who analyzed the impact of 186 reservoirs
in the continental USA, or with observations for Arctic rivers (e.g. Yang et al., 2004).
Globally, the seasonal amplitude decreases on 15% of the land area by at least 10%
compared to natural conditions, by on average 39%. It increases by at least 10% on
less than 1% of the land area, by on average 26% (Table 3).

3.4 Anthropogenic impact on seasonal flow regime (/gg)

Different from /g,, the indicator /gy does not look only at the months with the highest
and lowest flows but considers the anthropogenic changes of all 12 long-term average
monthly river discharge values. /gg may range between 0% and infinity because for this
indicator, absolute differences of the monthly discharges under naturalized and anthro-
pogenic differences, in percent of the naturalized monthly flows, are averaged for all 12
months. On almost one quarter of the global land area, /gy is 10% or larger, while the
average /gg — value for this area is 42% (Table 3). There, natural seasonal flow vari-
ability has been altered significantly, with negative impacts on habitat availability and
the compatibility of the flow regime with the life cycle of aqueous organisms. Figure 6b
shows the spatial distribution of the indicator. Both reservoirs and high consumptive
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water use can cause large changes in the seasonal flow regime, but the impact of con-
sumptive water use is more diffuse and often stronger than the impact of reservoirs.

3.5 Anthropogenic shift of month with maximum discharge (/;g)

I+s indicates where altered river flows dynamics may not be compatible with the life cy-
cle of organisms any more. A shift in the seasonal occurrence of the maximum mean
monthly discharge value of at least one month occurs rather seldom and is almost ex-
clusively due to reservoir operations (Fig. 7a, compare to Fig. 5¢). On almost 3% of the
land area, maximum seasonal flows occur at least one month later than under natural-
ized conditions, and on almost 2% of the land area by at least one month earlier, with
typical shifts of 1 to 2 months (Table 3). The USA is particularly affected by temporal
shifts of the occurrence of high flows (Fig. 7a).

3.6 Anthropogenic impact on interannual variability of monthly flows (/)

Interannual variability of monthly mean flows, as expressed by the coefficient of vari-
ation, increases significantly wherever there is an even small consumptive water use
(Figs. 7b and 1a). Please note that /|, is computed only for cells in which the coeffi-
cient of variation changes by at least 10% in any month. In years with low precipitation
and thus low natural discharge, discharge is strongly decreased by higher than nor-
mal consumptive water use for irrigation. In years with high precipitation and natural
discharge, discharge is less strongly decreased, as a high precipitation amount leads
to a lower than normal irrigation water use. Therefore, irrigation increases interan-
nual variability of river discharge such that /, is positive in irrigation areas. But even
the temporally constant consumptive water use assumed for households and industry
leads to an increase of /|, as the coefficient of variation increases with decreasing
mean. Interannual variability decreases only downstream of dams where there is no
high consumptive water use (Fig. 7b). The latter is consistent with the findings of Poff
et al. (2007) for the USA.
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On more than one quarter of the land area, the number of months in which interan-
nual variability increases is larger than the number of months for which interannual vari-
ability decreases due to anthropogenic impacts. For these cells, variability increases,
on average, for 11 out of 12 months (/,,=11+(-1)=10, Table 3). On less than 8% of
the land area, interannual variability predominantly decreases, during 8 to 9 months on
average (Table 3).

3.7 Effect of anthropogenically decreased long-term average river flows on
number of fish species

Due mainly to water withdrawals, long-term annual river discharge has decreased as
compared to natural conditions (Sect. 3.1), and it can be expected that this decrease
has lead to a decrease of endemic fish species (Xenopoulos et al., 2005). Using
Eq. (1), the decrease in the number of fish species upstream of each grid cell due to
water withdrawals and dams, in % of fish species that would exist under naturalized
long-term average river discharge, was computed (Fig. 8). High decreases of fish
species of up to 99% may have occurred according to this rough estimation, with the
highest decreases in areas with a high decrease of long-term average discharge due to
water withdrawals (Fig. 4d and Sect. 3.1). On 10% of the land area, the number of fish
species in the upstream basin has decreased by at least 10%, while on 0.6%, it has
decreased by even 50% and more. The average decrease in areas with at least a 10%
decrease is 24%. We believe that the computed fish species reduction is much smaller
than in reality as only the changes of annual river discharge are taken into account, but
not the changes at the monthly scale.

4 Discussion

Our study has indicated significant flow alterations in regions with high consumptive wa-
ter use (i.e. irrigation areas) and downstream of dams. The question is: how well can
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we estimate river flow alterations due to human water use and dams with WGHM? As
four of the six indicators presented here are based on mean monthly river discharges,
we looked at mean monthly river discharge at four gauging stations for which obser-
vations and partly also independent estimates of naturalized flows were available. All
four stations (Colorado at Lees Ferry, Missouri at Hermann, Volta at Senchi (Halcrow),
and Volga at Volgograd Power Station) are located downstream of large reservoirs, but
only the two US basins have considerable consumptive water use (Table 4). For the
US basins, local estimates of naturalized river discharge were available for 1980-1999
(Haddeland et al., 2006). Please note that the station “Glen Canyon” in Haddeland et
al. (2006) is equivalent to the station “Lees Ferry”.

For the Volta at Senchi, we compared long-term monthly river discharge as com-
puted for naturalized conditions (NAT) for the years 1951-1964, i.e. for the time before
dam construction, with values that were observed during that time period. In addition,
we considered the time period 1968—1984 after dam construction, comparing obser-
vations to simulations under anthropogenic impacts (ANT). Figure 9a shows that for
the time period after dam construction, the very low observed seasonality of discharge
is represented well by WGHM. If Lake Volta is modeled like a natural lake and not
a reservoir (ANT LAKE), the fit to the observed discharge is worse, and, for exam-
ple, discharge in the dry season (February to June) is underestimated. Simulated
naturalized discharge, i.e. discharge before dam construction, has a much higher sea-
sonal variability than the anthropogenically impacted discharge, with a peak in Septem-
ber. Observed variability, however, is even larger, with a higher peak that is shifted by
one month, and zero flow between February and May. Thus, for this gauging station,
WGHM underestimates /5, and /gg, while /7g is estimated correctly.

Discharge of the Volga observed at the Volgograd Power Station during the period
1961-1990 peaks in May, which is rather well modeled by ANT even though discharge
from January to March is somewhat underestimated (Fig. 9b). If the upstream reser-
voirs are simulated like natural lakes, peak discharge is overestimated, and the impact
of reservoirs on peak flow is strongly underestimated (Fig. 9b). Naturalized discharge
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is estimated to amount to only half the ANT value from January to March, and it shows
a May peak discharge that is 50% larger than the discharge with reservoirs. Between
July and November, reservoir impact is very small.

The hydrographs for the Missouri at Hermann show that WGHM can, for this station,
model the anthropogenic impact on the month with maximum flow (/g=1) well even
though the model simulates the peak flows to occur too early for all model variants
(Fig. 9c). Like for the Volta, the naturalized peak flow is somewhat underestimated by
the model which leads to an underestimation of /g5. Without reservoirs and only water
use (USE), discharge would decrease significantly throughout the year as compared to
naturalized discharge, while reservoirs but no water use (RES) would lead to increased
discharge in winter (January to March) and decreased values during the high flow
period from April to August. As upstream water use also affects the simulated reservoir
operation, the effects of reservoirs and use are not additive.

Like for the Volta and the Missouri, naturalized seasonal peak flow is underesti-
mated by WGHM for the Colorado at Lees Ferry, while the low seasonal variability of
anthropogenically impacted discharge is captured well (Fig. 9d). The observed shift of
the month with maximum flow is one month, but zero months for the simulated values.
Again, the positive effect of modeling the outflow dynamics of reservoirs differently from
those of natural lakes can be observed. Nonetheless, there are also stations for which
a better fit to observed discharge can be obtained if reservoirs are modeled like natural
lakes. Based on the analysis of the four stations, we might conclude that with respect
to the indicators /55 and /g, our WGHM-based analysis underestimates the actual an-
thropogenic impact. However, due to the very low number of analyzed stations, this
conclusion is not robust.

Haddeland et al. (2006) showed a better fit between the naturalized flow regime they
computed with the hydrological model and the independent naturalized flow data for
the Colorado and the Missouri shown in Fig. 9. This might be due to the fact that they
(indirectly) tuned their reservoir algorithm to the naturalized flow data available to them:
for the Colorado, the Missouri and the Columbia. Besides, tuning of their hydrological
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model involved more parameters than model tuning of WGHM.

With respect to modeling the impacts of reservoirs on discharge dynamics, a major
uncertainty is caused by the fact that reservoir operation is done, in reality, in a very
site-specific manner that cannot be simulated very well by a general algorithm in a
global-scale model. Besides, the actual number of reservoirs, in particular the number
of small reservoirs, is higher than the number of reservoirs represented in WGHM.

With respect to the impacts of water use, uncertainty is related to uncertain water
use estimates, in particular for irrigation. Here, even the location of areas equipped
for irrigation is rather uncertain in many areas (Siebert et al., 2005). Besides, water
withdrawals are assumed to be taken from surface water or shallow groundwater, such
that all water withdrawals lead to a river flow reduction. If, however, deep groundwater
without any connection to surface water is withdrawn, river flow might even increase
due to the return flow to surface water via artificial drainage or shallow groundwater.

How significant are the anthropogenic changes of river flow regimes caused by wa-
ter withdrawals and reservoirs as compared to the conversion of potential vegetation
to agricultural land? Conversion to agricultural land leads to decreased evapotran-
spiration while water use and reservoirs increase evapotranspiration. Besides, land
conversion has affected all agricultural lands and not only the approximately 20% that
are irrigated. Rost et al. (2008) modeled both the impact of land conversion and the
impact of water use for the time period 1991-2000. They found that land conversion
(without irrigation) has increased global long-term average river discharge by 6.6% as
compared to the discharge for potential vegetation, while irrigation has lead to a de-
crease of only 1.5% as compared to only rainfed agriculture. The latter value differs
from our model analysis where irrigation water withdrawals are estimated to result in
a decrease of global discharge of approximately 2.4% because in the model of Rost
et al. (2008), a smaller fraction of the water use requirements can be fulfilled than in
WGHM (see Fig. 1b). Thus, decrease of river discharge by total water withdrawals
and dams, by 3.5% as computed in our study, approximately balances half of the dis-
charge increase caused by land conversion, if we consider global averages. However,
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an aggregation over river basins is more appropriate for ecological questions. Rost et
al. (2008) found that in river basins with extensive irrigation the combined effect of land
conversion and irrigation water use was a decrease of river discharge, even though
they appear to somewhat underestimate the effect of irrigation. Thus, we expect that
conversion and water use in semi-arid areas with significant irrigation have lead to an
overall decrease of discharge.

5 Conclusions

This study has provided a first global overview of the impacts of human water use
and dams on river flow regimes. Six different indicators of river flow alteration were
identified that are of specific relevance for the health (e.g. biodiversity) of the biotic
components of freshwater ecosystems. These indicators describe anthropogenic flow
changes that concern organism in surface waters as well as groundwater-dependent
vegetation in floodplains. Applying the state-of-the-art global water model WaterGAP,
which integrates the computation of both human water use and terrestrial water flows
and takes into account the impact of more than 6600 dams, these indicators were quan-
tified with a spatial resolution of 0.5° by 0.5°.

Total long-term average river discharge into oceans and internal sinks has been de-
creased by 3.5% due to water withdrawals and dams. One sixth of the global land
area (excluding Greenland and Antarctica) has suffered from a significant decrease
of long-term average annual river discharge (of more than 10%), mainly due to water
withdrawals and in particular irrigation, which accounts for more than 90% of global
consumptive water use. The average decrease in these areas has been 35%. This
decrease in annual river discharge may have lead to a more than 10% decrease of
the number of fish species in the upstream basin on one tenth of the land area. The
monthly statistical low flow Qq, has decreased significantly on a quarter of the land
area, but downstream of reservoirs, on 5% of the land area, it has increased signif-
icantly. Also on one sixth of the land area, the seasonal discharge amplitude has
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decreased significantly, both due to reservoirs and water use, and our analysis may
even underestimate the decrease. While seasonal variability has thus become smaller
due to human impacts, interannual variability has increased due to water use except in
areas downstream of dams with little consumptive water use. A temporal shift of the
month with maximum discharge by at least one month has occurred on only 4% of the
land area. The spatial patterns of significant alterations are roughly the same for all
indicators except /1g, as high indicator values are in most cases related to the spatial
patterns of water use and dams.

Identification and quantification of anthropogenic river flow alterations is a first step
for defining environmental flow guidelines. The next step would be to develop quanti-
tative relationships between indicators of biotic changes (e.g. species richness, traits,
assemblage structure, recruitment success) and degrees of flow alterations (Arthington
et al., 2006). Arthington et al. (2006) suggested computing flow alterations either as
compared to undisturbed reference streams, or, if these do not exist, by hydrological
modeling as done in this study. They also suggested classifying all rivers according
to their natural flow regime, such that quantitative relationships determined for a few
selected rivers can be applied to rivers for which no ecological data are available. This
approach has the potential to lead to scientifically-based environmental flow guidelines
even for the majority of global rivers that only have very scarce ecological data. Such
guidelines are urgently required to support a sustainable water resources management
that balances human and ecosystem water demands.
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Table 1. Reservoirs and regulated lakes taken into account in this study.
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number surface area [km2] storage capacity® [km3]
old® reservoirs regul. lakes old” reservoirs regul. lakes old® reservoirs  regul. lakes

Africa 170 678 2 38899 40238 67380 1302.7 1807.3 90.5
Asia 171 1952 9 47914 61607 35939 804.7 877.3 206.5
Europe® 150 1112 15 45525 42340 10313 419.0 5413 53.37
Oceania 30 238 0 5303 7899 0 80.0 110.0 0
N. America 269 2302 25 69051 87663 9735 1250.9 1590.7 54.50
S. America 96 288 1 47610 51169 147 785.7 1002.8 0.6
Global 886 6568 52 254301 290916 123513 4642.0 5929.5 405.4

& Only 672 reservoirs in “old” version and 6512 reservoirs in the current version of the reservoirs and regulated lakes
data set were used to calculate the storage capacity because of lack of storage capacity data. Storage capacity of

regulated lakes includes all 52 regulated lakes.

® taken into account in previous WGHM model version 2.1f (Hunger and Déll, 2008).
¢ Eurasia is subdivided into Europe and Asia along the Ural; Turkey is assigned to Asia.
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Table 2. Six ecologically relevant indicators of river flow alterations due to human water with-

drawals and reservoirs.

HESSD
6, 4773-4812, 2009

indicator question definition ecological relevance
1A How are long-term av-  differences between long-term average annual river number of fish species?,
erage river flows af- discharges under anthropogenically impacted and groundwater-dep. floodplain
fected? naturalized conditions, in percent of long-term aver- vegetation
age naturalized river discharge
I How are statistical low difference between long-term average Q4 (monthly habitat conditions, connectiv-
flows affected? river discharge that is exceeded in 9 out of 10 ity channel/floodplain,
months) under anthropogenically impacted and nat- wastewater dilution®
uralized conditions, in percent of naturalized river
discharge
Isa How is the seasonal difference in seasonal amplitude (maximum mi- habitat availability in particu-
amplitude affected? nus minimum long-term average monthly river dis- lar on floodplains
charge) under anthropogenically impacted and nat-
uralized conditions, in % of naturalized amplitude
Isr How is the seasonal mean over 12 monthly values of absolute differences habitat conditions, compati-
regime affected? between long-term average monthly river discharges  bility with life cycle of organ-
under anthropogenically impacted and naturalized isms
conditions , in % of naturalized discharge
Irg What seasonal flow temporal shift of month with maximum river dis- compatibility with life cycle of
shifts have occurred?  charge, in months (if negative, this month occurs organisms
earlier due to anthropogenic impact)
hy How is the interannual  Number of months (January, February, etc.) in which  habitat conditions for aquatic

variability of monthly
flows affected?

the coefficient of variation of monthly flows increases
minus the number of months in which it decreases
(-12, -10, -8, ..., +8, +10, 12) under anthro-
pogenically impacted conditions as compared to nat-
uralized conditions®

organisms

Global-scale analysis
of river flow
alterations
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& Xenopoulos et al. (2005).
b Gibson et al. (2005).

¢ Computed only for cells in which the coefficient of variation changes by at least 10% in any month.
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Table 3. Global characterization of anthropogenic river flow regime alteration using six indica-
tors (ANT compared to NAT). Greenland and Antarctica are not taken into account.
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Indi-cator

% of land area with indicator value
>|10%)] (or >|1 month|, in case of indicators /rg and /)

average indicator values for these land areas,
in % (for indicators /g and /, in months)?

increase decrease increase decrease
hra 0.002 16.2 18.2 -34.8
he 4.9 26.0 161.4 -57.1
Isa 0.6 14.8 25.7 -38.6
I8n 23.8 41.8
Its 2.7 1.7 1 -2
Iy 26.8 7.5 10 -5

2 cell area weighted average of grid cell values.
® indicator has absolute values.
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Table 4. Characteristics of four selected gauging stations with significant impact of upstream
reservoirs or water use: basin and station name, upstream area, observed long-term average
river discharge, consumptive use CU in upstream area, reservoir area in % of upstream area
and reservoir storage divided by observed discharge (S/Q ).
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basin station upstream area®  observed discharge CU 2002 upstream  reservoir area S/Qops
[kmz] [km3/yr] [km3/yr] [% of upstream area] [yr]
Colorado Lees Ferry 288177 12.1° 3.70 0.38 3.56
Missouri  Hermann 1347425 76.1° 22.76 0.45 1.25
Volga Volgograd Power Plant 1363415 239.2¢ 3.09 1.38 0.82
Volta Senchi (Halcrow) 399457 32.9° 0.18 2.00 4.77

2 basin area upstream of gauging station according to WGHM.

b during tuning period 1955—-1984.
¢ during tuning period 1958—1987.

4 during tuning period 1961-1990.
© during tuning period 1955-1984.
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Fig. 1. Consumptive water use in 2002, in mm/yr (a), and time series 1951-2002 of global
consumptive water use, using climate and irrigated areas of particular year (b), as simulated by
the WaterGAP water use models. In (a), the location of the four basins discussed in Sect. 4 is
shown. In (b), actual use refers to the part of the computed consumptive use that can actually
be taken out of water storage in the WaterGAP Global Hydrology Model WGHM.
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Fig. 2. Reservoir area in percent of 0.5° grid cell area, and location of regulated lakes.
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Oroville

Oahe

Missi Falls
Libby

Kettle Rapids
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Glen Canyon
Garrison

Fort Randall
Fort Peck
Flaming Gorge
Falcon

EB Campbell

Dw orshak

non - irrigation reservoirs

Canyon Ferry
Buford
Big Bend

‘Akosombo

a) RMSE
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Trinity
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Hungry Horse

Grand Coulee
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. irrigation reservoirs
Amistad
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Fig. 3. Validation of WGHM reservoir algorithm against observed reservoir outflow for non-irrigation reservoirs (a)
and irrigation reservoirs (b). Outflow data from Hanasaki et al. (2006).
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Fig. 4. Anthropogenic impact on long-term average (1961-1990) annual river discharges, /| 1a:
naturalized river discharge NAT, in km3/yr (a), impact of water withdrawals and reservoirs (ANT):
difference between ANT and NAT, in % of NAT (b), impact of reservoirs only (RES): difference
between RES and NAT, in % of NAT (c), and impact of water withdrawals only (USE): difference
between USE and NAT, in % of NAT (d).
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Fig. 5. Anthropogenic impact on long-term average (1961-1990) monthly low flows Qg, / ¢:
naturalized Qq, in km®/month (a), impact of water withdrawals and reservoirs (ANT): difference
between ANT and NAT, in % of NAT (b), impact of reservoirs only (RES): difference between
RES and NAT, in % of NAT (c), and impact of water withdrawals only (USE): difference between

USE and NAT, in % of NAT (d).
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Fig. 6. Anthropogenic impact on seasonal flow amplitudes, /g4, in % of NAT (a), and on sea-

sonal flow regimes, /gg, in % of NAT (b).
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Fig. 7. Anthropogenic shift of the month with maximum flow, /rg, in months (a), and anthro-
pogenic impact on interannual variability of monthly flows, /,,, in months (b). If /,, is positive,
interannual variability increases in most months due to anthropogenic impacts; if /,, equals 12,
it increases in each month of the year.
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Fig. 8. Change of number of fish species upstream of grid cells due to changes in long-term
average discharge caused by water withdrawals and reservoirs, in % of fish species that would
exist under naturalized conditions.
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Fig. 9. Long-term average monthly river discharge at four selected gauging stations: Compar-
ison between observed and independent estimates of naturalized river discharges, and mod-
eled anthropogenically altered (ANT) and naturalized (NAT) conditions. ANT LAKE refers to a
simulation in which the global reservoirs are modeled as lakes, while RES and USE refer to
simulations with only reservoirs or only use, respectively. Discharge observations were pro-
vided by the Global Runoff Data Centre (grdc.bafg.de), while naturalized discharge data are
from Haddeland et al. (2006). Time period for the Colorado and Missouri 1980-1999, for the
Volga 1961-1990.
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