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Abstract

In the light of human influence on the environment increasingly straining the resilience
of the Earth System (ES), holistic frameworks to accomplish global sustainability are
urgently needed. An interdisciplinary team of scientists first introduced the concept of
planetary boundaries in 2009. Below the control values set for these boundaries, the ES is
expected to remain stable, a prerequisite for a thriving global society. The transgression of
one or more boundaries is predicted to be deleterious or even catastrophic due to the risk
of triggering non-linear, abrupt environmental change with unknown consequences for the
ES and our as well as other species’ well-being. One of the nine proposed boundaries is
global freshwater use. As the hydrological cycle and freshwater use are characterized by
strong regional operating scales and non-linear eco-hydrological relationships, the global
quantification of this boundary is complex. Consumptive runoff or blue water use is used
as the control variable and proxy for capturing the full complexity of global freshwater
thresholds. The boundary that, once transgressed, would significantly increase the risk of
approaching green and blue water-induced thresholds was set at ~4,000km? /yr of con-
sumptive blue water use (with a zone of uncertainty of 4,000-6,000km? /yr). Using the
Lund-Potsdam-Jena managed Land dynamic global vegetation and water balance model
(LPJmL), this estimate was later refined and the boundary was reassessed in a bottom-up
approach including environmental flow requirements (EFRs) as an integral part of calcu-

lations. The resulting planetary boundary was hence estimated to lie at ~2,800km? /yr.

This study analyzed patterns of EFR transgressions based on global data from LPJmL
and developed a two-criteria aggregation scheme to basin and global scale. The combi-
nation with data on aquatic biodiversity facilitated to improve the spatial resolution of
global EFR transgressions and accentuates the strong relationship between the two PBs

biosphere integrity and freshwater use.

While the duration of transgression (non-fulfilment of the EFRs during at least half of
the year) is particularly problematic on the Indian subcontinent, Central Asia, and in the
Middle East, the magnitude of EFR deficits is a more global problem - major basins
showing transgressions beyond uncertainty can be found on all continents, except South
America. It is furthermore shown that in major basins in India, Spain, Italy, Mexico and
the USA, high levels of biodiversity coincide with and depend on severely overexploited

freshwater resources.
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1 Introduction

Although having undergone significant state shifts in the past, Earth has been particu-
larly stable throughout the past ~10,000 years during the Holocene (Petit et al., 1999;
Dansgaard et al., 1993). This geological epoch is characterized by temperatures, freshwa-
ter availability and biogeochemical flows remaining within a comparatively narrow range
(Rockstrom et al., 2009¢). Nevertheless, since the industrial revolution 250 years ago, the
impact of humans on the Earth’s biosphere, atmosphere, hydrosphere and lithosphere and
therein predominantly on the dynamics of ecosystems and climate has reached such an
extent, that the emergence of a new geological epoch — the Anthropocene — is undeniable
(Ellis, 2011; Hughes et al., 2013; Rockstrom et al., 2009b).

Humans now dominate the Earth, the main global-scale forcing mechanisms, straining its
resilience, are human population growth and associated resource consumption, the frag-
mentation and transformation of habitats, energy production and consumption as well as
climate change (Steffen et al., 2011; Barnosky et al., 2012). In 10,000 BC, the global
population was around 2 million, having tripled since the 1950s, it is around 7 billion to-
day. This number is expected to increase by an additional 2 billion until 2050, leading to
unprecedented pressure on natural resources (Goldewijk et al., 2010). Even worse, as a
phenomenon of the second half of the 20th century, human population growth has decou-
pled from global economic and material consumption growth which have increased many
times faster (Maddison, 2001; Steffen et al., 2011). Population size alone cannot explain
the extent of anthropogenic impacts as affluence and associated consumption patterns are

an exacerbating factor (Dietz et al., 2007).

In terms of habitat destruction, due to alarming numbers of extinct or endangered species,
some argue that anthropogenic activities have started to induce a mass extinction defined
by the loss of more than three quarters of Earth’s species in a geologically short interval
(Barnosky et al., 2011). Regarding energy production and consumption, humans have
altered the global energy budget. More than 20 percent of global net primary production
is now redirected for human use. Net primary production is the amount of biomass pro-
duced annually by green plants through photosynthesis, around 120 Gt (Haberl et al.,
2007). This human appropriation disturbs biogeochemical cycles and diminishes ecosys-
tem services (Brown et al., 2011; Haberl et al., 2007). Concerning climate change, the
anthropogenic impact on the climate system is clear and recent releases of greenhouse
gases are the highest in history. On a global average, land and ocean surface temperature
showed a warming of 0.85°C (as calculated by a linear trend) over the period 1880 to
2012 (IPCC, 2014). As oceans represent the most important carbon sink, their acidity
has increased by 26 % (CBD, 2014) and their pH has decreased by 0.1 due to the higher

CO, levels in the atmosphere since the beginning of the industrial era (Orr et al., 2005).



The location and magnitude of terrestrial carbon sinks has not been fully determined but
the net effect of growing atmospheric CO, concentration on the biosphere is an increase
in plant growth (Amthor, 1995; House et al., 2003).

Furthermore, human activities have very likely contributed to mean global sea level rise
which was in total around 195 mm between the 1870s and the 2000s. The last decade
alone has seen twice the rise of the previous century (Church and White, 2006). Addi-
tionally, the anthropogenic contribution to Arctic sea-ice loss is very likely (Bates et al.,
2008) and the number of extreme events like heat waves, droughts, floods and wildfires
has increased and demonstrated the considerable susceptibility and exposure of some
ecosystems to current unpredictability of climate (IPCC, 2014). In the light of human
interference increasingly threatening the resilience of the Earth System (ES), the preven-
tion of sudden global environmental change becomes a pressing issue. The Holocene is
the only known state than can support humans and other species, its stability is there-
fore crucial for our continued existence (Steffen et al., 2011). Planetary Boundary (PB)
concept developed by Rockstrom et al. (2009¢c) aims to identify critical processes that
regulate Earth system resilience and to define boundaries of anthropogenic perturbations
for these processes below which the hazard of destabilization of the ES is expected to re-
main low (Rockstrom et al., 2009c; Steffen et al., 2015). The transgression of one or more
boundaries is likely to be harmful or even catastrophic because of the danger of triggering
non-linear, sudden, and possibly irreversible environmental change within continental —

to planetary — scale systems (Rockstrom et al., 2009b).

One of the nine proposed boundaries is global freshwater use. Earth’s climate, ecology,
and biogeochemistry are significantly dependent on the terrestrial water cycle (Vorosmarty
and Sahagian, 2000). Freshwater is essential for sustainable development — water re-
sources and the variety of services they generate, like fisheries, recreation and wildlife,
poverty reduction, economic growth and environmental sustainability (WWAP, 2015).
These services are estimated to be worth trillions of US dollars every year (Constanza
et al., 1997). The main pressures on freshwater resources are (increasing) global water
demand and land use (change) as well as pollution, additionally aggravated by anthro-
pogenic climate change (Vorosmarty and Sahagian, 2000; L’ Vovich et al., 1990). Therein,
the primary drivers of water demand are population growth, urbanization, food and en-
ergy security policies and macro-economic pressures like trade globalization and shifting
consumption patterns (WWAP, 2015). The state of water scarcity and pollution varies
among continents and regions due to different manifestation of these drivers as well as
different climates and potential climate changes. Nevertheless, water managers and plan-
ners are confronted to meet growing water needs almost everywhere (Richter et al., 2012;
Vorosmarty et al., 2000b). Water security represents a major challenge of the 21st cen-
tury (UN, 2015). Today still around 663 million people lack access to safe water and
2.4 billion lack access to any type of improved sanitation facility (WHO, 2015). The



World Water Forum (2015) has identified the water crisis as the greatest global risk based
on impact for society. As anthropogenic water demands are increasingly straining fresh-
water resources, the environmental water needs, or “nature’s water demand”, has gained
the attention of scientists and policy makers. The renewed UN Sustainable Develop-
ment Goals (SDGs) relating to water and the environment cannot be attained without
the protection of freshwater ecosystems (UN, 2015). The water needed for the provi-
sion of ecological functions and services, to support resilience through humidity of land-
scapes and to prevent water scarcity is of critical importance for both human and other
species’ well-being and ecosystem health (Rockstrom et al., 2014b; Vorosmarty et al.,
2005; Falkenmark and Rockstrom, 2004). Freshwater resources represent important habi-
tats and around 125,000 freshwater species have so far been described. Due to increasing
pressure on freshwater resources, a lot of these species are endangered or have already
gone extinct, at least 10,000 different species on a global scale. Although the precise
extent of endangerment is unknown, freshwater biota is almost always more endangered

than their terrestrial counterparts (Sala et al., 2000; Strayer and Dudgeon, 2010).

The conflict between the protection as integrated ecosystems and the development of
rivers and other freshwater ecosystems as water and energy sources is complex and its
resolution significant for the long-term health of human civilizations and ecosystems (Dy-
nesius and Nilsson, 1994; Rockstrom et al., 2014a). The success of integrated water
management strategies depends on finding a balance between human water demands and
the requirements of freshwater ecosystems (WWAP, 2015; Dudgeon et al., 2006; Pos-
tel et al., 1996). One key strategy lies in the protection of environmental flows, defined
as the quantity, timing and quality of water ows required to sustain freshwater and es-
tuarine ecosystems and the human well-being that depends on these ecosystems (10th
International River Symposium, 2007). This concept has been used as a basis to sustain
appropriate flow conditions and therefore the ecological health and functioning of rivers
and their accompanying wetlands for human use and biodiversity (Acreman and Dunbar,
2004).

The PB of freshwater use is defined as the maximum annual amount of consumptive blue
water use (Rockstrom et al., 2009b). Environmental Flow Requirements (EFRs) have
been an integral part of its quantifications. While the first calculations by Rockstrom
et al. (2009b) were based on rough global estimates of accessible water volumes as well
as EFRs, Gerten et al. (2013) as well as Brauns (2016) applied EFRs to account for the
strong regional operating scale of the freshwater boundary in a bottom-up approach. The
main aim of this thesis is to assess transgressions of EFRs and to aggregate these deficits
to basin and global scale to receive a global picture of the violation of the PB for fresh-
water that reflects its spatiotemporal heterogeneity. In this explorative approach, different
ways to evaluate these transgressions are combined and extended with regard to levels of

associated biodiversity.



2 The Concept of Planetary Boundaries

The concept of PBs shall serve as a framework for achieving global sustainability and
for defining the so-called safe operating space for humanity (Rockstrom et al., 2009b;
Hughes et al., 2013). Scientist led by Johan Rockstrom from the Stockholm Resilience
Centre were the first to introduce the approach in 2009. Since then, it has become an
influential concept in assessments of cooperative management of global commons and in
discussions on the challenge of attaining environmental sustainability (Nordhaus et al.,
2012; Hughes et al., 2013).

Nine different PBs were defined, that, once transgressed, could lead to a destabilization
of the ES and to non-linear, sudden environmental change at local and global scale (Stef-
fen et al., 2015; Rockstrom et al., 2009b). These nine PBs, also called biophysical key
processes, are climate change, ocean acidification, stratospheric ozone, biogeochemical
nitrogen and phosphorous cycle, global freshwater use, land system change, rate of bio-
diversity loss, chemical pollution and atmospheric aerosol loading. Due to their funda-
mental importance for the ES and strong interlinkages with the other boundaries, climate
change and biosphere integrity were defined as “core” PBs (Steffen et al., 2015). The
PBs are measured by control variables that were assigned for each of the boundaries.
The aim is to supply the most comprehensive, aggregated and calculable parameter for
their assessment. For the quantification of these variables, the range of variation associ-
ated with the Holocene state was used within which key biogeochemical and atmospheric
parameters oscillated in a relatively small range. The environmental conditions of the
Holocene hence define the “desirable planetary state” that shall be preserved (Rockstrom
et al., 2009b). The determined boundaries for these control values shall prevent the trans-
gression of thresholds and reaching of tipping points. While control values for boundaries
are human-determined, thresholds and tipping points are a result of dynamic natural pro-
cesses and their exact position remains unknown (Steffen et al., 2015). Tipping points
are understood as “critical thresholds where the respective ES elements flip into a quali-

tatively new state and perhaps annihilation” (Schellnhuber, 2009, p.20561).

In the initial first attempt Rockstrom et al. (2009b) estimated control values for seven of
the nine proposed PBs, leaving only aerosol loading and chemical pollution undefined.
This first approach was later updated by Steffen et al. (2015)!. As Cornell (2012) points
out, conceptual challenges arise from the different threshold behavior and scaling of PBs,
making it difficult to assign precise values to control variables. Rockstrom et al. (2009b)
acknowledged that many planetary-scale processes are spatially heterogeneous, leading
to effects at local and regional scale. These subglobal dynamics have to be taken into

account as they play a critical role in global dynamics, and changes in control variables

I'See ST 1 for the overview of updated PBs and control values by Steffen et al. (2015)



at subglobal scale can lead to perturbations at the global level. Therefore, a definition
of subglobal boundaries compatible with the global-level boundary definition is needed.
Some argue that some ES processes, particularly land use change, biodiversity loss, nitro-
gen levels, freshwater use, aerosol loading and chemical pollution, do not have planetary
biophysical thresholds and global tipping points at all. These ES-processes would only
operate on local and regional scale and not on global level with impacts ecologically inde-
pendent of effects in other regions (Nordhaus et al., 2012). Steffen et al. (2015) proposed
a two-level set of control variables with explicit subglobal level units of analysis to include
these cross-scale interactions. They therefore defined subglobal boundaries for five of the
PB that have strong regional operating scale: biosphere integrity, biogeochemical flows,

land-system change, freshwater use, and atmospheric aerosol loading.
Types of Planetary Boundaries

The uncertainty of the actual position of the threshold or tipping point is accounted for
by not defining the control value (used synonymously with PB) as equivalent but rather
below, at a safe distance from the biophysical threshold. The derived buffer zones shall
incorporate both, this uncertainty and the time for early warning signs and appropriate
reactions (Steffen et al., 2015; Rockstrom et al., 2009c). Figure 1 shows two conceptual
descriptions for PBs taking into account the different system properties of PBs. The left
one illustrates boundaries with a known global threshold effect and the other illustrates
boundaries that are based on slow planetary processes that once surpassing a dangerous
level do not display threshold behavior but significant interactions with other thresholds
and state shifts (Barnosky et al., 2012; Rockstrom et al., 2009b). It is very difficult to
quantify PBs and define control variables as biological states are neither constant nor
in equilibrium and naturally entail variation from a median state. The exact threshold
value usually is unknown beforehand and transgressions are caused by accumulation of

incremental changes, its effects are thus challenging to foresee (Barnosky et al., 2012).

Process X Process Y

Globally mixed, with continental/global threshold He 1s, with no contii I/global threshold

Planetary Planetary
boundary boundary
Global
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&
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Local/regional
impacts

Response variable

Response variable
SailhresholdEsess fesss

Control variable Control variable

- Safe operating space Zone of uncertainty: Increasing risk of impacts . Dangerous level: High risk of serious impacts

Figure 1: Types of Planetary Boundaries (Rockstrom et al., 2009b; Steffen et al., 2015)



As regime shifts in ecosystems are induced when major processes and their underlying
organization changes, the effects of transgressing boundaries cannot be predicted and it is
uncertain if human activities will lead to transgression of tipping points and regime shifts
in the near future (Hughes et al., 2013; Scheffer et al., 2001). Furthermore, due to many
slow progressing regional and planetary scale processes and their complex interplay, it is
unlikely that the transgression of global tipping will manifest as sudden and synchronous
collapses worldwide. While regime shifts often appear to be due to a recent short-term
event, the resilience of the system has often slowly been eroded over a longer time period
beforehand (Hughes et al., 2013; Minckley et al., 2012).

Hughes et al. (2013) identified climate change, land-use change and harvesting, direct
manipulation of biogeochemical cycles, release of toxins, and invasive species as the main
regional and global drivers of ecological regime shifts today as well as in the foreseeable
future. While some of these drivers like climate change and biogeochemical cycles act

on a global scale, others like invasive species, land use and harvesting take effect more
locally with globally prevalent consequences.

2.1 Current Status of the Planetary Boundaries

Concerning the current situation of the ES with regard to PBs, it was estimated that four
boundaries have already been transgressed by humanity as they surpass the proposed PB
(as shown in Figure 2). These PBs are climate change, change in biosphere integrity

(formerly biodiversity loss), biogeochemical flows and land-system change (Steffen et al.,
2015).
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Figure 2: Current Status of the Planetary Boundaries (Steffen et al., 2015)



2.2 The Planetary Boundary for Human Freshwater Use

The PB for freshwater use is defined as the maximum allowed amount of blue water
(BW) consumption and is expressed in km? /yr. When examining and quantifying the
planetary boundary for global freshwater use, the high complexity of the hydrological
cycle represents the main challenge. Only around three percent of the Earth’s water is
freshwater and most of it is stored as ice and snow and in underground aquifers, leaving
only around one percent of the global water volume as accessible freshwater (Wallace
and Batchelor, 1997). The terrestrial water cycle is regulated by local to global interplay
between land, ocean and atmosphere. Subglobal dynamics (e.g. monsoon system) at local
or regional scale, play a crucial role for planetary level thresholds as transgression of sub-
global boundaries and accumulation of subsystem impacts may influence the ES at the
global level (Steffen et al., 2015; Rockstrom et al., 2009b).

The residual of precipitation after evapotranspiration and infiltration is terrestrial runoff
which is called BW and forms surface and subsurface freshwater resources (Bogardi et al.,
2013). Trenberth et al. (2007) estimated precipitation over land to be 113.000 km? /yr of
which 73.000 km? /yr is evaporated back to the atmosphere, while they estimated current
runoff (BW) to be 40.000 km? /yr. Haddeland et al. (2011) estimated terrestrial evapotran-
spiration to range between 60,000 and 85,000km? /yr and runoff to be between 42,000 and
66.000km? /yr. As a specific boundary for water available in soils has not yet been set, the
boundary of BW consumption as defined by Rockstrom et al. (2009b) serves as a proxy
for PB-Water (subsequently freshwater use refers to BW use). The amount of BW present
in river basins “reflects the complex processes of precipitation partitioning into green wa-
ter/soil moisture, BW and flow dynamics in the landscape” (Gerten et al., 2013, p.551).
Thus, the major aim in setting this PB for freshwater resources is to balance both, suffi-
cient moisture feedback to regenerate precipitation and prevent the loss of soil moisture
resources (green water) as well as to protect sufficient BW for human water supply and
aquatic ecosystems (Falkenmark, 2013). The transgression of this BW boundary implies
the risk of approaching both green and BW induced thresholds (Gerten et al., 2013).

2.3 Calculation of the Planetary Boundary for Freshwater Use

The calculations for the PB are based on total renewable BW resources. From this vol-
ume, the accessible BW resource is derived by subtracting flows that are inaccessible due
to their location or due to their timing. The first refers to flows that are not (yet) accessed
by humans because they are occurring in sparsely populated and remote locations like the
Amazon region and Northern latitudes. The second refers to flows that are inaccessible as
they represent floodwater that is hard to capture. Further components that play a role are

the freshwater volumes currently stored in reservoirs and impounded by dams. These con-



structions, to a certain extent, facilitate to capture floodwater, therefore change temporal
accessibility and have to be integrated in their assessment. The derived “total accessible
runoff” is reduced by the amount required to cover physical water stress (Gerten et al.,
2013; Rockstrom et al., 2009b). Physical water stress is reached when withdrawals of
water exceed 60% of the utilizable resource (de Fraiture et al., 2001). The hence obtained
volume represents the usable water. The PB is set at the lower end of an uncertainty
zone.! The calculations by Rockstrom et al. (2009b) were derived from estimations of
the limit of accessible global BW resources by Postel et al. (1996) and de Fraiture et al.
(2001). Using their upper limit that was estimated at around 12,500 — 15,000km? /yr and
the assumptions by Vorosmarty et al. (2000b), de Fraiture et al. (2001) and SEI (1997) that
withdrawals of more than 5,000 — 6,000km? /yr lead to physical water scarcity, the PB was
set at the lower limit of an uncertainty range of 4,000 — 6,000km? /yr at ~4,000km? /yr.

This rough first approach involved high uncertainties and neglected the significant re-
gional operating scale of freshwater. Many components of this PB calculation left room
for refinement to gain more accurate results. In their refinement and reassessment of the
planetary boundary for freshwater use, Gerten et al. (2013) point out, that these estima-
tions were based on very broad global determinants of PB-water that do not sufficiently
incorporate spatiotemporal dynamics. Furthermore, the water requirements for habitats

of aquatic flora and fauna were not spatially explicit but treated as a global average.

The most prominent approach to account for spatiotemporal heterogeneity in the calcula-
tion of the PB of freshwater use, is the concept of EFRs. EFRs were suggested as they
allow to incorporate local water availabilities and constraints in a spatially and temporally
explicit manner (Gerten et al., 2013; Steffen et al., 2015). Though no uniform method for
calculating EFRs across all river basins or for upscaling exists, the classification of rivers
per their flow regime and associated EFRs facilitates the definition of local tolerance levels
of water use and their transgression, that can either be expressed at cell or at basin level.
The received estimates of local water boundary values are then summed up to receive an
explicit planetary boundary value (Gerten et al., 2013). This procedure still only provides
a single value estimate but its calculation is more exact and it can be disaggregated to
obtain spatial distribution of both EFRs and subsequent transgression of EFRs. Gerten
et al. (2013) used the Lund-Potsdam-Jena managed Land (LPJmL) modelling framework
to determine PB-Water based on EFRs on a 0.5°x 0.5° grid. The received spatially im-
proved estimates of local water boundaries were then globally aggregated. The resulting
planetary boundary was calculated to lie between 1,100km? /yr and 4,500km? /yr depend-
ing on the strictness of the assumption of EFR, the average therefore being 2,800 km3/yr.
Further studies on PB-Water were done by Steffen et al. (2015) and Brauns (2016). The

latter reassessed temporal inaccessibility (high flows) and developed an adapted approach

ISee subsection S 1.2, subsection S 1.4 and subsection S 1.3 for a detailed description and an overview
of the calculation of the PB for human freshwater use



for the calculation of EFRs coupled with water stress and new estimates for spatial in-
accessibility. As Brauns (2016) also calculated basin values, this allows for defining a
basin based boundary, which amounts to 5,205km? /yr if the strictest EFR calculation is

considered for each catchment.

As mentioned above, the planetary boundary of freshwater use is characterized by strong
regional operating scales (Steffen et al., 2015). The significance of a single boundary
estimate for water has been subject of debate - the effect of transgressing boundaries might
be ecologically independent from one region to another. It is furthermore problematic due
to the many temporal and spatial dimensions, nonlinear relations and interactions with
other ES processes that characterize the hydrological cycle and freshwater use (Bogardi
et al., 2013; Hughes et al., 2013; Nordhaus et al., 2012).

EFRs represent an integral component of the assessment of the PB-Water and its trans-
gression on different scales. They not only facilitate to integrate and reflect the spatiotem-
poral heterogeneity of freshwater but also allow to emphasize the connection to other

boundaries.
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3 Environmental Flow Requirements

In the Brisbane Declaration, the 10th International River Symposium (2007) defined en-
vironmental flows as the “quantity, quality and timing of water flows required to sustain
freshwater and estuarine ecosystems and the human livelihoods and well-being that de-
pend on these ecosystems”. EFRs represent the minimum amount of blue water that has to
remain within a river basin to preserve ecosystem processes and resilience of depending
landscapes (Steffen et al., 2015). Like households, industry, agriculture and power gen-
eration, maintaining EFRs adds a further competitor for water and therefore effectively
also constitute a sector — this sector representing the ‘environmental demand’ (Smakhtin,
2008). EFRs in global water resources assessment allow to develop environmentally
relevant policy options with improved water concepts at country, basin or other lev-
els (Smakhtin et al., 2004b).

Rivers and depending ecosystems like floodplains represent complex interactions and
their health and ecological integrity depend on many different processes (Poff et al.,
1997). The maintenance of flow variability has been recognized as the major criterion
for the determination of EFRs as it is the main driver involved in sustaining a river’s good
ecological status and it is now widely recognized that all elements of a flow regime are
important for the health of aquatic and riparian ecosystems (Poff et al., 1997; Bunn and
Arthington, 2002). The first approaches for determining EFRs mainly focused on keeping
the flow above a critical level to only prevent low flows. The importance of high flows,
e.g. for channel maintenance, bird breeding, wetland flooding and sustaining riparian
vegetation, as well as moderate flows, for fish migration and cycling of organic matter
from river banks, is reflected and incorporated in most methods used today (Poff et al.,
1997; Junk et al., 1989; Smakhtin, 2008).

Five basic components have been identified to regulate ecological processes in river ecosys-
tems and determine river flow: magnitude, frequency, duration, timing and rate of change
of hydrological conditions (Poff et al., 1997). The environmental flow should reflect the
natural flow regime as close as possible to sustain the health of river ecosystems, but
flows’ natural variability makes it complex to determine EFR in a one-fits-all approach.
Calculations have to be as specific with regard to spatial eco-hydrological conditions as
possible (King and Louw, 1998; Acreman and Dunbar, 2004). The sum of environmental
flows represents the water volume that could be allocated to environmental purposes. De-
pending on the objective of environmental water management or the aspired conservation
status (natural, good, fair or poor), the volumes allocated to EFRs can vary. Common EFR
calculation methods are designed to attain a fair ecological status that can entail disturbed

dynamics of the biota, loss or reduction of some sensitive species and the occurrence of
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alien species (Smakhtin et al., 2004a). A description of the flow elements’ importance for

aquatic ecosystems can be found in the following subsection 3.1.

More than 200 methods for the calculation of EFRs have been developed (Tharme, 2003).
Most methods have in common that the natural variability of river flow is reflected by
allocating different flow components to high and to baseflow. This is usually done by
calculating EFRs based on mean monthly flow (MMF) (Steffen et al., 2015; Smakhtin
et al., 2004b). EFR methods can be classified into four types:

1. Hydrological rating methods are usually based on annual minimum flow thresh-
olds. They offer simple and fast methods and can easily be applied on global scale

depending on data availability.

2. Hydraulic methods are only applied at local scale when river cross-section mea-

surements are available

3. Habitat simulation methods are based on eco-hydrological relationships like flow

velocity and certain freshwater species.

4. and holistic methods combine components of the other three methods and include
assessment of the whole ecosystem and all aspects of the hydrological regime as

well as water quality (Pastor et al., 2014; Acreman and Dunbar, 2004).

Global scale environmental water demand is largely unknown today as it has not been
considered sufficiently in past water management approaches, is very case-specific and
often data-intensive and complex to determine accurately (Smakhtin, 2008). As this the-
sis represents a global assessment, it is based on hydrological calculation methods for
EFRs, the Variable Monthly Flow (VMF) method, the Tessmann method and the method
developed by Smakhtin et al. (2004b). They are calculated based on undisturbed monthly
river flow in pristine conditions and allocate percentages of flows. These “percent of flow”
approaches are well employable at large scales and, when implemented, facilitate a high

degree of protection of natural flow variability (Richter et al., 2012).
The Variable Monthly Flow Method

The VMF method was developed by Pastor et al. (2014). It takes into consideration the
need to sustain natural variable flow regimes while it can also be aggregated and validated
at basin and global scale. It defines EFRs on a monthly basis and adjusts them according to
flow season. This is done by classification of the flow regime into high, intermediate and
low-flow months. EFRs are then allocated as a percentage of MME, following the natural
variability of river flow. VMF considers inter-annual variability by comparing MMF with
mean annual flow (MAF). Specifically, it allocates 30% of MMF as EFR during high
flow seasons (when MMF is > 80% of MAF), 45% of MMF during intermediate-flow
seasons (when MMF is 40-80% of MAF), and 60% of MMF during low-flow seasons
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(when MMF < 40% of MAF). In extremely dry conditions (MMF < 1 ms ) there is no
EFR allocation (Pastor et al., 2014).

Tessmann’s Method

Both Tessmann (1980) and VMF distinguish between high-, intermediate- and low-flow
months to incorporate intra-annual variability. Tessmann, like VMF, defines low-flow
seasons as MMF < 40% of MAF, but while the VMF method allocates only 60% of the
mean monthly flow to low-flow months, the Tessmann method allocates all of the MMF
to EFRs during low-flow months. Therefore, it is not allowed to withdraw water during
low-flow seasons. Tessmann allocates 40% of MMF as EFR during high flow season
(when MMF > 0.4*MAF and when at the same time 0.4*MMF > 0.4*MAF), and 40%
of MAF during intermediate season (when MMF > 40% of MAF and when at the same
time 40% MMF < 40%MAF). The relatively high EFRs allocated to low-flow seasons
in both the VMF and in Tessmann’s method are applied due to the assumption that the
retention of water during low-flow season is more important for the environment. The
aim is to prevent seasonal droughts that could otherwise negatively impact freshwater
ecosystems (Bond et al., 2008; Pastor et al., 2014).

Smakhtin’s Method

Unlike Tessmann and the VMF method, Smakhtin et al. (2004a) don’t distinguish in-
termediate, low and high flow months but assume stable EFRs throughout the year that
consist of a minimum baseflow Qg and a percentage of MAF that depends on the river
flow variability. Qg is the monthly flow that is on average exceeded in 90% of the time
throughout a year. Four different cases of distribution, which are based on these two val-
ues, are distinguished. For basins with highly variable flow regimes where most of the
flow appears as flood (Qgg < 10% MAF), the EFR is Qg and additionally 20% of MAF.
For rivers where 10% MAF < Qg9 < 20% MAF, EFR is Qg plus 15% of MAF and
if 20% MAF < Qg < 30% MAF then the flow requirement is Qg plus 7% MAF. For
very stable flow regimes with high base flows (Qgg > 30% MAF) the flow requirement
is Qgo (Smakhtin et al., 2004a). Since this approach of defining EFRs allocates season-
ally constant EFRs, in some cases these EFRs are higher than the pristine flow during that
month, this has to be corrected in calculations by defining EFR as MMF (Jigermeyr et al.,
2016b). Other notable hydrological methods that have been used to assess EFRs are Ten-
nant’s method and the Qgy_Qs0 method. Both were used in PB calculations (Gerten et al.,
2013) and calculations of inaccessible high flows (Brauns, 2016). Pastor et al. (2014), who
developed the VMF and Qgy_Qs59 method tested them together with the ones by Tessmann
(1980), Tennant (1976) and Smakhtin et al. (2004a), compared the results with eleven
case studies of locally assessed EFRs. VMF and Tessmann showed the highest correla-
tion with the locally calculated EFRs with an R? value of 0.91. These two methods are

best to fit many different flow regimes. Their advantage is their ability to capture the
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intra-annual variability and allocation of peak ows during the high-ow season in the case
studies. Moreover, the transition between high and low-flow seasons is smoother due to
the introduction of intermediate-flow seasons. On average the Smakhtin method resulted
in the lowest EFR with 26% of MAF and Qg_Qs0 resulted in the highest EFRs with 48%
of MAF, Tennant allocated on average 30% of MAF, VMF on average 33% and Tessmann
43% (Pastor et al., 2014).

The calculations of this thesis are based on VMF, Tessmann and Smakhtin like described
above and implemented in LPJmL by Jigermeyr et al. (2016b). By including several
methods an uncertainty range reflecting methodological differences is incorporated. EFRs
are based on values for river flow (MMEMAF,Qq() derived from simulation runs of to-
day’s global water cycle. The global scale requires methodological simplifications such as
the exclusion of channel and habitat maintenance floods but allows for the process-based
quantification of EFRs and their transgression in the dynamic simulation environment
provided by LPJmL (Jagermeyr et al., 2016b).

3.1 EFRs and Aquatic Biodiversity

The EFR concept aims at the protection of freshwater habitats. Though occupying less
than 1% of the Earth’s surface, the importance of these habitats as biodiversity hotspots
is remarkable, supporting ~10 % of all known species as well as ~1/3 of vertebrate
species (Strayer and Dudgeon, 2010). These freshwater habitats comprise lakes, reser-
voirs, rivers and floodplain marshes, swamps and wetlands, in total around 8-9% of the
Earth’s continental surface (Lehner and D6ll, 2004). Most freshwater species occupy only
small geographic ranges as freshwater habitats are often insular in nature. This fragmenta-
tion decreases the ability to migrate and reestablish local populations. This leads to biota
with high endemism, species richness and species turnover between basins and a partic-
ularly high sensitivity to anthropogenic disturbances of habitats (Strayer and Dudgeon,
2010; Dudgeon et al., 2006). Aquatic systems are particularly vulnerable due to high hu-
man population density near lakes, rivers and estuaries, where many of the world’s cities
were built (Janse et al., 2015; Strayer, 2006) . Due to increasing human pressure on fresh-
water resources, a lot of species have already gone extinct or are endangered (Strayer and
Dudgeon, 2010; Sala et al., 2000). The “Living Planet Report 2016” by the WWF found
that the abundance of the monitored freshwater populations has declined by 81% between
1970 and 2012. Consequently, freshwater resources are hotspots of both — endangerment
and biodiversity (Strayer and Dudgeon, 2010; Strayer, 2006; WWEF, 2016).

Natural Flow and Aquatic Biodiversity

The health of freshwater ecosystems and associated habitats and biodiversity is deter-

mined by various interlinked factors. Apart from the discharge/flow regime, the physical
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structure of the channel and of the riparian zone, the water quality, channel manage-
ment, the level of exploitation, habitat structure and the connectivity are crucial determi-
nants (Acreman and Dunbar, 2004; Norris and Thoms, 1999).

The natural flow regime, that EFRs are trying to mimic affects biodiversity via several in-
terrelated mechanisms operating over different spatial and temporal scales. While mainly
large events play a role in determining the physical nature of the aquatic habitat as they
determine channel form and shape, droughts and low-flow events are also seen as signifi-
cant factors for aquatic biodiversity as they can limit overall habitat availability. Aquatic
species have developed and progressed in direct response to flow regimes. Therein, par-
ticularly the seasonality and predictability of the overall pattern and the timing of partic-
ular flow events is of central importance (Bunn and Arthington, 2002). General habitat
availability is regulated by droughts and low-flow events, while the distribution of riffle
and pool habitats as well as the stability of the substrate is determined by the interac-
tion between flow regime and local geology and landform (Cobb et al., 1992; Bunn and
Arthington, 2002).

Another important aspect of the health of aquatic ecosystems is the access to otherwise
disconnected floodplain habitats (Ward et al., 1999). Floodplains provide habitats with
high spatiotemporal heterogeneity and depend on the hydrological connectivity between
river channel, floodplain and groundwater. Flooding leads to the lateral expansion of
oodplain habitats and generates important laying, nursery and foraging areas for many
sh species and a wide range of other vertebrates. The longitudinal dispersal of migratory
aquatic organisms is crucial as the viability of populations of many species of fully aquatic
organisms depends on their ability to move freely through the stream network (Junk et al.,
1989; Strayer and Dudgeon, 2010).

The modification of their river basins and hydrological disturbance through water with-
drawals and regulation of water flows (e.g. through dams), pollution and invasive aquatic
species are the main direct drivers contributing to the decline of aquatic biodiversity at the
global scale (Janse et al., 2015; WWF, 2016).

The reduction of habitat size and availability as well as the alteration of habitat structure
(habitat loss and degradation) have been identified as the most common threat to popu-
lations by the Janse et al. (2015). Safeguarding EFRs and therein locally adapted water
quantity and timing to guarantee a natural flow regime can be a measure to prevent these.
Unfortunately, due to the complexity of the relationship between natural flow regime and
aquatic biodiversity, it is impossible to determine the “best” flow regime regarding con-
servation management. Aquatic science is not able to sufficiently predict and quantify
biotic response to anthropogenic changes in natural flow. Moreover, holistic approaches
for the determination and evaluation of ecosystem response to specific flow characteris-

tics are only possible for local applications as every river has its own characteristic flow
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regime and associated biotic community (Richter et al., 1997; Bunn and Arthington, 2002;
Naiman et al., 2002).

Coupling of EFR deficits and aquatic biodiversity

Due to this knowledge gap the fraction of EFRs that is necessary to maintain freshwater
requirements of aquatic biodiversity cannot be determined specifically. Nevertheless, it
can be assumed that a violation of EFRs and the involved changes concerning the magni-
tude, frequency, duration, timing and rate-of-change of flow negatively affects all aquatic
biota and the entire associated ecosystems’ health. EFRs based on natural flows repre-
sent a reasonable approach in the assessment of the extent of exploitation of freshwater
resources on a global scale. In the evaluation of EFR deficits and their aggregation, data
on biodiversity can facilitate the improvement of the spatial resolution of these transgres-
sions and reflect possible consequences in terms of degradation of aquatic biodiversity.
This thesis represents a revised assessment of transgression of PB water use based on
EFRs including different variants on how local-scale transgressions can be aggregated
globally. In a first exploratory and integrated approach this assessment is combined with
biodiversity data to accentuate the strong relationship between the two PBs — biosphere in-
tegrity and freshwater use. It is an extension to recent studies on PB components (Brauns,
2016; Gerten et al., 2013) and interactions with global food production (Jagermeyr et al.,
2016b). In areas with severe overexploitation of water resources and high biodiversity,

regional boundaries for both - freshwater use and biodiversity - are strained.

3.2 Global Freshwater Resources and Transgression of the
Planetary Boundary

In this section the most important human interventions in the terrestrial water cycle and
their large scale effects are described. Water is an essential good for society, economy
and nature. It is sufficiently available on a global scale, nevertheless it is scarce in wide
regions of the world (Wallace and Batchelor, 1997). This is due to the heterogeneous nat-
ural distribution of physical water (simulated availability map shown in Figure 3). While
it is abundant in tropical regions and at high latitudes like in wide parts of South America,
Southeast Asia and tropical Africa, it is scarce in arid and semi-arid regions like in north-
ern parts of Africa, the Middle East, Central Asia and Central America as well as Western
Australia (Postel et al., 1996; UNEP, 2008). Water scarcity in terms of availability per
capita on the other hand doesn’t necessarily develop in arid or semi-arid areas, but mainly
in regions with dense populations like Central Europe and India. Consequently, countries
like Australia with few resources but low population are not affected as much (Gerten
etal., 2011).
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Figure 3: Mean annual discharge in km? /yr averaged over the years 1980 to 2009, simu-
lated by LPJmL

The mean annual EFRs as allocated by the scenario assigning the strictest requirement
of the three basis methods (VMF, Tessmann and Smakhtin) in each month and each cell

are shown in Figure 4!. Even today, society is strongly dependent on and often limited

EFR strict in km3/yr
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Figure 4: Environmental Flow Requirements for the strict scenario in km? /yr averaged
over the years 1980 to 2009, simulated by LPJmL

by the terrestrial water cycle. Human populations have adapted and developed numerous
measures to improve the use of available water. Notably the construction of reservoirs
and dams (to restrict blue water variability), irrigation of cropland (to reduce green water

deficits) and groundwater abstraction are important today. These measures shall shortly be

'See Figure SF 9 for the other four scenarios
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described. Another important measure not discussed here is international trade (transport
of virtual water) which has become an important system to alleviate water scarcity in
many regions of the world as it allows to extent the access to water beyond the boundaries
of the individual basin (Siebert and Do6ll, 2010; Kummu et al., 2010).

Over half of the world’s global river systems are regulated by dams (Nilsson and Reno-
falt, 2008). Figure 5 shows their global distribution. Displaying a high spatial vari-
ability, the total cumulative storage capacity of dams is around 20% of global annual
runoff (Vorosmarty et al., 1997). In 2000, the total storage capacity of large dams was
around 8,300km? (Chao et al., 2008). Particularly in the USA, Europe, Eastern China,
Japan, India and Southern Africa river basins are influenced by the operation of dams and

rEeSErvoirs.

I:I Dams and Reservoirs

Figure 5: Distribution of dams and reservoirs with significant capacities, after Biemans
et al. (2011) and Billing (2016)

Withdrawal for Irrigation, Household, Industry and Livestock

Closely linked to reservoir operation is irrigation in agriculture. Only around 20% of
global cropland is irrigated. Nevertheless, irrigated food production represents the largest
global freshwater user, accounting for over 70% of human water withdrawals and for over
90% of total consumptive blue water use (Siebert and Doll, 2010; Rost et al., 2008). Here,
anthropogenic water consumption is understood as total water withdrawal minus return
flow to the river. This consumption can be divided into productive water use — productive
transpiration from plants and non-agriculture consumptive water use — and unproductive
water use which includes evaporative conveyance losses, unproductive evaporation from
soils, water bodies and vegetation and interception losses (Jagermeyr et al., 2016a; Rost
et al., 2008). Irrigation leads to an increase of net evapotranspiration and decrease in river
discharge. Biemans et al. (2011) showed that the total global discharge is decreased by 1
to 2% per month through irrigation extraction, the effect of reservoirs and irrigation com-

bined resulting in a mean annual decrease in global discharge of 2.1% or~930km?>. While
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agriculture accounts for 85-90% of all withdrawals in Asia, the Middle East, North Africa
and sub-Saharan Africa, it is proportionally lower in Russia and the OECD states where
the other sectors are stronger (Vorosmarty et al., 2005). Estimates for global irrigation
volumes for the year 2000 range from 1,900km? /yr to around 3,800km?/yr (Rost et al.,
2008; Vorosmarty et al., 2005; Wisser et al., 2008). This study is based on 2,409.3km? /yr

withdrawal for irrigation.
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Figure 6: Mean annual water withdrawal for irrigation, averaged over 1980 — 2009, in
km? /yr

Industry’s share in total withdrawal is around 20%, while it is around 10% for munic-
ipalities. Estimates for global withdrawal volumes for households, industry and live-
stock (HIL) range around 1,100km3 /yr (Molden, 2007; Vorosmarty et al., 2005). The
value used in this study is 1070.5km? /yr for HIL combined. Figure 6 and Figure 7 show
the distribution of irrigation withdrawal and withdrawal for HIL. It can be seen, that irri-
gation is particularly extensive in North America, along the Nile, in the MENA region, on
the Indian subcontinent and in Eastern China. Withdrawals for HIL play a more important
role in Europe, India, Western China and North America than in less industrialized Africa
and Eastern China. An important point to keep in mind is that water consumption differs

from water withdrawal as discussed in Figure 4.2.
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Figure 7: Mean annual water withdrawal for households, industry and livestock, averaged
over 1980 — 2009, in km? /yr

Another important source of water is mined (fossil) groundwater which is often the main
water resource in regions with large aquifer systems. Water recharge rates to these aquifers
are very low, especially since this water is mostly used for irrigation (Vordsmarty and Sa-
hagian, 2000). Wada et al. (2010) estimated that global groundwater abstraction was 734
(+82)km? /yr. In many world regions irrigation water demand can only partially be met
by locally available blue water and it can be assumed that a considerable part of additional
water demand is met by groundwater abstraction (Vordsmarty et al., 2005). Particularly
in Europe, North-East China, the United States, Iran, India and Pakistan abstraction rates
are high and around 1.5 billion people depend on groundwater as drinking water (Wada
et al., 2010; UNEP, 2008).

Global impacts

Vorosmarty and Sahagian (2000) identified changes in water storage and sea level rise,
distortion of continental runoff and aging of continental runoff as the main (environmen-
tal) effects of human control of the water cycle. The distortion of continental runoff is
caused by large reservoir systems, consumptive water use and inter-basin transfers. Al-
terations to natural river flow regime manifests in changes in long-term net runoff, in
different timing and magnitude, frequency, duration and rate of change. The impacts of
large reservoirs are strongest in Asia, Europe and Africa where discharge into the ocean
is decreased by up to 10% in some months (Biemans et al., 2011). Although not the focus
of this thesis, groundwater depletion and aquifer degradation represent a major challenge
with regard to the overexploitation of the global water cycle. Overexploitation or persis-
tent groundwater depletion occurs when abstraction rates exceed recharge rates for exten-

sive areas and long times (Wada et al., 2010). Continuous decline in water tables leads to
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a reduction of discharge to the aquatic environment as well as to severe irreversible side

effects like the intrusion of sea water (Foster and Chilton, 2003).

The overexploitation of freshwater resources through withdrawals for irrigation and HIL
and implicitly the hydrological alterations of rivers through dams and reservoirs (the
model applied here takes these into account in its simulation of discharge) are the main
focus of this thesis. In particular, irrigation for food production strongly relies on water

that would actually be needed to sustain riverine ecosystems, the EFRs (Jagermeyr et al.,
2016b).

3.3 Objectives of this Study

This thesis pursues the following research question:

To what extent can the PB for human freshwater use be regarded as transgressed
based on local transgressions of EFRs and where is global aquatic biodiversity most
endangered by these transgressions.

The following analysis steps were undertaken:

« for five different EFR scenarios, mean annual EFR deficits (1980-2009) were cal-
culated and analyzed based on LPJmL outputs of discharge and EFRs

* atwo-criteria set was developed to aggregate local scale EFR transgressions to basin
scale, one criterion incorporates the magnitude and uncertainty of EFR deficits and

the other reflects the temporal dimension of EFR deficits

* three basin classes were defined: one for transgressed basins, one for basins at risk

of transgression and one for basins that are not transgressed

* on basin scale, data on aquatic amphibian species richness and endemicity by Tis-
seuil et al. (2013) was incorporated to receive four spatially refined subclasses for
each basin class. For this purpose, high biodiversity basins were distinguished from

low biodiversity basins based on a threshold value for both biodiversity descriptors

* twelve classes of basins distinguished by state of EFR transgression and associated
biodiversity, allow to depict what share of global water resources and total land area
can be regarded as transgressed and where and to what extent global amphibian

biodiversity is most affected by this
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4 Methods and Data

As discussed in subsection 2.2, for all boundaries displaying strong regional operating
scales, we lack understanding of how regime shifts through excessive transgression of
local and regional freshwater thresholds spread across scales and whether global impli-
cations exist (Hughes et al., 2013). The aggregation scheme from local to global scale,
concerning the state of EFRs, developed here, aims at as little information loss regard-
ing spatial and temporal variability as possible. Further, it is important to sufficiently
consider uncertainty in the calculation and evaluation methods used, and to depict their
ranges. Another challenge was the compatibility of the data on discharge and EFR with

the data on biodiversity.

The uncertainty in the calculation approach stems from the various EFR calculation meth-
ods available. There are several combinations of EFR methods that can be employed when
evaluating their transgression. Three different methods were considered ( Smakhtin et al.,
Tessmann, VMF) and two combinations of the three. One scenario assigning the mean of
the three methods to each cell for each month (EFR_mean) and another scenario assigning
the strictest/highest EFR of the methods in each month (EFR _strict) are included. There-
fore a range of methodological differences is depicted and these could also be interpreted
as the outcome of different environmental policies (Jagermeyr et al., 2016b). There is a
wide range of possible criteria available that can be applied to examine transgression of
EFRs and their propagation on different scales. This thesis is based upon two main crite-
ria, one for the spatial and one for the temporal distribution. The first criterion is called
the “transgression-to-uncertainty-ratio” and the second “duration of transgression”. In
the following, first the LPJmL as well as the model specification applied in this thesis are

described in detail. Afterwards, in subsection 4.2, the calculation procedure is explained.

4.1 The Lund-Potsdam-Jena managed Land dynamic global
vegetation and water balance model (LPJmL)

LPJmL is a process-based, dynamic global vegetation and hydrological model that sim-
ulates the connected terrestrial carbon and water cycles. First described by Sitch et al.
(2003), it was developed by scientists from Lund University, Max-Planck-Institute in Jena
andPotsdam Institute for Climate Impact Research (PIK) and it was updated hydrologi-
cally in 2004. The consolidated version of LPJmL incorporated additional processes such
as interception and soil evaporation and stochastic distribution of precipitation. When
LPJmL was developed, the aim was to receive a broad range of potential applications
to global questions while including major processes of vegetation dynamics and work-

ing with a computationally efficient representation of processes using the widest possible
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range of data sets from atmospheric and ecosystem science (Sitch et al., 2003; Rost et al.,
2008). Key ecosystem processes that LPJmL can simulate are photosynthesis, evapotran-
spiration, autotrophic and heterotrophic respiration as well as allocation of assimilated
carbon (Rost et al., 2008). While the original model mainly simulated changing patterns
of potential natural vegetation based on soil properties and climate (Sitch et al., 2003;
Gerten et al., 2004), LPJmL includes a dynamic representation of crop- and grazing land
and can simulate plant growth, production and management regime (Bondeau et al., 2007;
Fader et al., 2010). To be able to calculate daily transitional discharge volumes in each
grid cell, the model has been enhanced with a river routing and irrigation module (Rost
et al., 2008). Furthermore, a dam and reservoir module has been implemented to account
for the significant impacts these structures have on natural discharge patterns (Biemans
et al., 2011). Biemans et al. (2009) validated the model against discharge observations in
300 different river basins and Rost et al. (2008) validated is against global water use and
consumption. To account for different types of natural vegetation, nine different plant
functional types (PFTs) representing natural vegetation at the level of biomes were de-
fined to include the functioning and variety of structure among plants (Gerten et al., 2011;
Sitch et al., 2003; Smith, 1997). Moreover, 12 crop functional types (CFTs) represent-
ing the world’s major food crops are distinguished according to Bondeau et al. (2007).
The model simulates growth, production, and phenology of these nine PFTs, of grazing
land and of the 12 CFTs. While PFTs’ composition and distribution are simulated by the
model, CFTs’ coverage of the grid cells is specified beforehand. Unlike previous global
vegetation models, LPJmL incorporates explicit representations of vegetation structure,

dynamics, and competition between PFT populations as well as soil biogeochemistry.
Spinup Years and required Input Data

When running LPJmL, a spinup period is required. The effect of the spinup is to reach an
equilibrium for carbon pools and PFT distribution. During the spinup, randomly shuffled

data from the first 30 years of climate input data is applied (Jagermeyr et al., 2016a).

Input data for LPJmL include climate data, data on soil properties, CO, concentration,
human land use and river flow direction. The model runs on daily time steps for 67,420
grid cells covering the globe’s land surface at a spatial resolution of 0.5° longitude by
0.5° latitude (Gerten et al., 2004; Sitch et al., 2003). To be able to run at daily time steps,
input values have to be adjusted by interpolation as they are only available in larger time
units (Gerten et al., 2004). The runs used in this thesis were forced with the Climate
Research Unit (CRU)’s TS 3.10.01 monthly climatology for temperature data and for
cloudiness (Harris et al., 2014) and with the Global Precipitation Climatology Centre
(GPCC) Full Data Reanalysis precipitation data version 6 (Rudolf et al., 2010; Schneider
et al., 2014). To receive the number of monthly rainy days, data from CRU and GPCC
was combined as described by Heinke et al. (2013).
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Discharge and EFR Modelling in LPJmL

As previously discussed, green water is an important part of the global hydrological cycle.
Several studies have proven LPJ’s/LPJmL’s capabilities to assess global green and blue
water fluxes as well as their inter-annual variations. Furthermore, soil moisture, runoff and
evapotranspiration are reproduced well (Gerten et al., 2011; Rost et al., 2008; Fader et al.,
2010). To compute the daily transitional discharge volume in each grid cell (the blue water
stocks and flows) and river discharge Q, a river routing module was implemented (von
Bloh et al., 2010). The transport directions in rivers simulated in LPJ are based on the
global 0.5° drainage direction map (DDM) Simulated Topological Network (STN) 30
by Vorosmarty et al. (2000a). STN organizes the land area into drainage basins and
specifies the river network topology. This DDM assumes that cells either drain into one
of their eight neighboring cells or into none if the cell is an inland sink or if it is a basin
outlet to the ocean. As dams and reservoirs play a big role in global hydrological cycle, the
implemented dam and reservoir module contains information on 6,862 different dams and
associated reservoirs based on the Global Reservoir and Dam database by Lehner et al.
(2011) and allows for the improved simulation of discharge in impacted basins (Biemans
etal., 2011).

The model incorporates irrigation by assigning distribution of irrigation systems for each
grid cell and CFT. Different scenarios can be run distinguishing water availability, effi-
ciency and type of irrigation system (Jagermeyr et al., 2015). The model divides precipi-
tation water and irrigation water, into soil moisture , transpiration, soil evaporation, inter-
ception and runoff. Interception loss together with evaporation from soil, lakes and canals
make up unproductive water consumption, which in turn depends on potential evapotran-
spiration. To calculate the productive water consumption for each CFT and PFT, the lesser
of either soil water supply or atmospheric demand is determined for each. These fluxes
are calculated and differentiated by the share of green and blue water for different rainfed
and irrigated CFTs and for PFTs (Rost et al., 2008).

Currently, LPJmL has 158 different outputs defined. The format of LPJ’s output data
is plain binary and represents either annual, monthly or daily outputs depending on the
variable. This study is based on model outputs of discharge and EFRs, LPJmL computes
both in cubic hectometers per day (hm? /d).

LPJmL model specifications

The time period of simulation was 1950-2009. The MIRCA2000 land-use dataset by Port-
mann et al. (2010) was used to specify global cropland extent and the extent of irrigated
land was taken from Siebert et al. (2015). Human water use includes irrigation as well
as HIL’s water use and is constrained by local availability of renewable freshwater, while

contributions from fossil groundwater are not implicitly presumed in LPJmL (Jigermeyr
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et al., 2016a). HIL represents an input parameter, both withdrawal and consumption is
specified beforehand like defined by Florke et al. (2013), while irrigation water use is
simulated by the model (Jigermeyr et al., 2016b; Rost et al., 2008).

The calculations in this thesis are based on five different LPJmL runs. One to simulate the
current situation (CS) with water use for both HIL and irrigation, one to simulate potential
natural vegetation (PNV) and no anthropogenic water use, no land use and no reservoir
and dam operation and three individual runs for the three EFR methods. In these “respect
EFR” simulations a temporal restriction for total water withdrawal is applied if these
withdrawals would tap EFRs (Jagermeyr et al., 2016b). EFRs in LPJmL were calculated

like described in section 3.

Table 1 shows the different runs and the respective values for discharge, water use and
water consumption. In the three simulations respecting EFRs, withdrawals for HIL and
irrigation were restricted if these would tap the prescribed EFRs in the respective cells

which therefore also reflects in the global total of discharge in these runs.

Table 1: Global sums of annual discharge, water abstraction and consumption for HIL and
irrigation for the different LPJmL runs (in km? /yr)

Run Global Irrigation Irrigation HIL HIL
annual withdrawal consumption | withdrawal | consumption
discharge

Current 54601.9 2409.3 1254.7 1070.5 192.8

situation

Potential | 55514.73 0.0 0.0 0.0 0.0

natural

vegeta-

tion

VMF 54951.5 1574.0 894.9 909.4 165.1

Tessmann | 55001.8 1542.6 863.9 843.9 142.7

Smakhtin | 54953.9 1592.5 898.4 779.7 158.8

et al.

The aim of using different model runs was to include and reproduce the accumulated
impacts of human water appropriation on naturalized flow regimes, including downstream
effects (Steffen et al., 2015). As EFRs were calculated based on natural water conditions,
the run omitting human water use (PN'V) represents these natural conditions and together
with the CS run allowed for a calculation of transgression of EFRs as well as a comparison
between current/actual and optimum conditions. Average monthly values of the last thirty
years (1980-2009) were the basis of calculations. The EFRs as computed by LPJmL

were averaged over the same period. If not specified differently, results are given in
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km? /yr. Calculations were performed with the programming language R, while plots and

visualizations were done using the geographical information systems ArcGIS and QGIS.
Adjustment of considered Area

Some areas had to be excluded from calculation to account for volumes that humans can-
not access. Moreover, areas where the amount of discharge is very low and therefore no
environmental flows are allocated were omitted. By doing so it is assured that transgres-
sions of EFRs are caused by anthropogenic withdrawals and are not artifacts in the model.
The world’s total land area is 146,376,945 km?, of which 110,675,112km2 (=75.61%)
were regarded as affected by humans in the following calculations. Furthermore, there
were no EFRs assigned to months where discharge in PNV was less than 1m?/s. There-
fore, cells where this is the case twelve months a year were not considered when area
shares are calculated. This is the case when aggregating transgression from cell to basin

scale. The annual sum of discharge in these areas is 3.96km? /yr!.

4.2 Calculation Procedure

The calculation procedure is depicted in Figure 8 After examining the sums of global
EFR deficits/transgressions for the five scenarios, its spatial patterns were assessed and
then the two criteria were evaluated on cell scale. Afterwards, these criteria were used
for the aggregation to basin scale. As these two main criteria were applied over all five
EFR methods, 10 different setups were received varying in terms of calculation method
and focus upon assessment of transgression. Nevertheless, to reduce the number of setups
that had to be considered, after an assessment of transgressions on basin scale, the criteria
were combined. It was therefore possible to assess the transgression status on cell and
basin scale and distinguish areas that are transgressed due to duration or severity or both,
but afterwards this was not possible anymore. The five setups were combined with the
data on aquatic biodiversity for a spatial refinement and finally, these results were used to
evaluate current state of freshwater use concerning the approach of the planetary boundary
with specific focus on aquatic biodiversity.

Isee section S 2 for details
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Figure 8: Calculation Procedure

Calculation of Transgression

The transgression of EFRs was calculated from the difference between EFRs and the
discharge in the scenario including land use (disCS) as simulated by LPJmL. As shown
in Figure 9, the difference between the discharge in the scenario with potential natural
vegetation (disPNV) and the one with human water use (disCS) is assumed to equal the

total anthropogenic consumptive water use. By using the discharge as a calculation basis
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instead of withdrawal data, all anthropogenic effects on water volumes were included
and return flows were accounted for, as described in subsection 3.2. Nevertheless, this
approach entails the disadvantage that spatial information on the distribution of water
overexploitation is lost to some extent, as only the consumptive water use component and
its downstream effects are assessed. Here, the return flow was regarded as a quantity that
can be reused over and over again in the basin while in reality this water is missing at
the place and time of extraction with effects on the ecosystems located there (Falkenmark
and Lannerstad, 2005). Figure 9 shows the transgression of EFRs on the left (a), while
the case where EFRs are not tapped is shown on the right (b). Note that, concerning the
gross effect of human activities on the global water cycle, precipitation increase, land use
and land cover conversion’s consequences counterbalance and cancel out the effects of
irrigation and HIL withdrawals (see section 6). Globally, discharge has increased and
evaporation has decreased between 1901 and 2002 (Gerten et al., 2008; Rost et al., 2008).

a) ieffects of land use i ief“fects of land use i b)
change, climate change, climate
. change, etc* change etc.®
discharge pnv —

max. allowed max. allowed .a =
consumption consumption % %
— =
: —Z
EFRs Z =
transgression o =

discharge CS retumn flow return flow

EFRs

Figure 9: Schematic representation of transgression (a) and fulfillment (b) of EFRs as
well as total anthropogenic water consumption

xnot considered in this analysis, the proportion of these water volumes is considerably

higher in reality, see discussion and (Gerten et al., 2008)

It can happen that the different methods assign higher EFR volumes than actually present
in the scenario without human land use. Therefore, transgressions were corrected by
subtracting the difference between respective EFRs and corresponding values of dis pnv
if necessary!. In addition, transgressions were set to zero for all transgression smaller
than 1 m? /s, this value was chosen arbitrarily to account for uncertainties regarding EFR
calculations and discharge modelling, this is stricter than the threshold set by Jigermeyr
et al. (2016b) who chose 0.1 hm?3 /d (=1.157407m> /s). Also, transgressions were set to

IThis is the case if (EFR — dis PNV) > 0
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zero for every month in every cell where the discharge in the scenario without human land
use (dis pnv) is smaller than 1m?/s. This was done to account for the mobility of small

rivers and diversion of many streams in discharge CS.

4.3 Criteria

To evaluate the transgression of EFRs, a classification system facilitated to distinguish
cells according to the severity of transgression. Each of the two criteria applied was di-
vided into three ranges, distinctions were drawn based on the severity of possible harm
that may arise from the transgression and as suggested by Jagermeyr et al. (2016b) and Stef-

fen et al. (2015). The highest category of each criterion defines cells that are transgressed.
First Criterion: Transgression-to-uncertainty ratio

To account for both the height of transgression as well as methodological uncertainty
concerning the EFR calculation, the “transgression-to-uncertainty ratio” (in the following
called uncertainty ratio) was used, which distinguishes three levels of uncertainty to cat-
egorize results regarding their reliability. It is the proportion of the transgression (EFR
deficit) and the span of the EFRs, the span represents the difference between the strictest
and the most tolerant of the three EFR methods. This indicator combines both height of
transgression with the range of EFR. It is calculated as

Transgression-to-uncertainty ratio = EFR deficit/A EFR

It accounts for both, the insecurities/differences in EFR calculation methods and height

of transgression. The ratio:

* is high for cells where EFR values are similar over all methods (their range therefore

small) and transgression is high,
* is small for “uncertain” EFR values and small transgression.

The case discrimination follows the classification of uncertainty by Jigermeyr et al. (2016b).
If the transgressions’ share in the range of EFRs is >100%, the area is regarded as beyond
the uncertainty range. Freshwater resources in these cells are classified as transgressed.
If the ratio is between > 5% and < 100% EFR deficits are regarded as within uncertainty
and if it is < 5% it is below the uncertainty range. The uncertainty ratio was calculated
for all cells the EFR range as EFR transgression in the respective scenario were larger
than 1 m?/s. Further, cells where this ratio was less than 1% were not included. This was

done for every month and grid cell and then averaged over the year.
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Second criterion: Duration of Transgression

The duration of transgression criterion was applied to incorporate the temporal dimension.
Mean values of EFR transgressions such as average monthly values are difficult to evalu-
ate as there might be a considerable temporal variability not visible in these mean values.
Annual values/sums of EFRs/transgression on the other hand don’t reflect the allocation
over the year either. Therefore, this criterion is used to distinguish cases regardless of
the height of transgression solely based on the duration of transgression. Transgressions
of less than 3 months were regarded as safe, while transgressions of 3 to 5 months were
assumed to show increasing risk of transgression and more than 5 months high risk/-
transgressed. This case discrimination follows the classification used by Steffen et al.
(2015)!, the only difference is that 6 months of transgression were regarded as high risk

while Steffen et al. were less strict and classified these cells as increasing risk.

a) b)

within uncertainty
increasing risk

transgression duration of
span of EFRs transgression

5% 100 % 2 5

Figure 10: Classification system for the two criteria, transgression-to-uncertainty ratio (a)
& duration of transgression (b)

Definition and Classification of Transgression of EFRs

Green cells signify transgressions classified as below uncertainty (1st criterion) or safe
(2nd criterion). These cells’ areas and freshwater resources were considered as not trans-
gressed. Transgressions that are within uncertainty (1st criterion) or displaying increasing
risk (2nd criterion) are marked as yellow cells. These water resources were considered as
already strained and endangered to be transgressed by human activities. EFR deficits that
were characterized as beyond uncertainty or showing high risk define red cells. The EFRs

in these cells were considered as definitely transgressed.
Basin Scale Evaluation

Unfortunately, literature for the classification and evaluation of basins with regard to ag-
gregation of local boundaries and the status of local EFRs is lacking as discussed before.
Several possibilities for upscaling exist, particularly classifications based on share in dis-

charge, but due to the aggregation of discharge along the river basin to the basin mouth

'In their Supplementary Materials, p.21
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this is complex and afflicted with uncertainties. Therefore, the area share of cells falling
into the respective ranges was applied to determine the basins’ classification. The con-
cept behind this is that if the transgressed or severely strained share of area in a basin
increases, the accessible places of refuge for aquatic biodiversity decrease, there are less
compensating flows within the basin to mitigate the effects of overexploitation, and due

to the hydrological connections within a basin, transgressions are amplified.

In this explorative approach, the values for the classification of basins were chosen arbi-
trarily but based on reasonable and cautious assumptions to appropriately depict severity
and distribution of transgressions. For this purpose, histograms and maps of the distri-
bution of different shares and their global frequency were evaluated! the classification in

Table 2 was chosen.?

Table 2: Thresholds for the classification of basins based on cell area

Basin classification Share of cell area
Transgressed - red > 10% of area in a basin is transgressed
Risk of transgression - yellow > 30% of area in a basin either trans-

gressed or strained (while less than 10%
are transgressed)

Not transgressed - green > 70% of area show no transgression
or transgression is classed as safe/below
uncertainty

4.4 Incorporation of the Data on aquatic Biodiversity

As a next step, the data on biodiversity was incorporated into the assessment. The aim
was a refinement of basin classification to distinguish basins with high biodiversity from
basins with lower levels of biodiversity. Many hotspots of high species richness and en-
demism have been identified by conservationists. Nevertheless, substantial global data
summaries are still rare and vary in choice of parameter. The data incorporated in the
quantification of biodiversity endangerement used in this thesis is derived from a recent
approach Tisseuil et al. (2013). Their analysis of freshwater species diversity is based on
two parameters — species richness and the corrected weighted endemicity index (CWEI).
While species richness simply represents the total number of native species found in a
drainage basin, the CWEI is a measure of proportion of endemics in a drainage basin.
This index was first introduced by Crisp et al. (2001) and Linder (2001), it is “calculated

as the sum of species present in a drainage basin weighted by the inverse of the number

Ithose maps and histograms can be found in subsection S 3.5 and subsection S 4.1
2 Another classification with the threshold shares at 30% for red and 50% for yellow is examined in
subsection S 4.2
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of drainage basins where the species occurs divided by the total number of species in
the drainage basin” (Tisseuil et al., 2013, p.366). This measure of restricted range diver-
sity reduces the correlation of endemicity and species richness usually characterized by a
roughly similar log-normal distribution of species-range sizes (Gaston et al., 1998; Lin-
der, 2001). The index calculated by Tisseuil et al. (2013) hence displays only moderate
correlation with species richness unlike other indicators like simple endemicity indices.
While species richness does not correlate among basins, the CWEI does. As data avail-
ability was limited to a coarse grain, the datasets are compiled at river basin scale. Of
course, many species do not inhabit the entire basin, therefore limiting the significance

particularly in larger basins.

In 819 examined river basins the data comprises 13,413 freshwater species among five tax-
onomic groups: crayfish, aquatic amphibians, freshwater fishes, aquatic birds and aquatic
mammals. As the usage approval by the authors is limited to one dataset, the amphibian
dataset was chosen. Tisseuil et al. found that this taxon displayed the highest congruency
with the other taxa for the two diversity descriptors, ! therefore representing a good sur-
rogate for global freshwater assessment. This dataset comprises 3,263 species. Figure 11
and Figure 12 show the global distribution of total native species richness and endemicity
for amphibians.? Note that the classification of values was chosen based on natural breaks

in the data values for a better demonstration of differences between basins.

Four taxonomic groups show highest values for both descriptors in tropical and subtropi-
cal drainage basins. Only crayfish diversity is concentrated elsewhere, in North America,
Southeast Australia and to some extent Europe. South America, Eastern Africa and South-
East Asia display the highest species richness as can be seen in Figure RR. Amphibians”
species richness is seldom more than 7 species per catchment in the northern latitudes,
while the Amazon basin is home to almost 498 different species, in the neighboring La
Plata and Orinoco basins 320 and 221 species were found, 225 in the Congo Basin and
182 different species in the Yangtze Basin. In terms of endemicity, it is generally highest
in northern South America, Central Africa and South-East Asia, only the endemicity of
crayfish is highest in the Mississippi basin. Figure 12 shows that the centers of endemicity
for amphibians lie in the Amazon basin (CWEI = 0.648), the Yangtze basin (0.742) and
the Ganges-Brahmaputra basin (0.601).

Congruency was tested by assessing the effect of each environmental predictor and taxon on the two
diversity descriptors. Pairwise comparison was done using a simultaneous autoregressive model excluding
the predictor of interest. Amphibians correlation is highest with birds (p = 0.82), followed by fish (p = 0.69)
and mammals (p = 0.59) and it is lowest with crayfish (p = 0.21). For details see Tisseuil et al. (2013)

2See section S 6 for the datasets for fishes, crayfish, aquatic mammals and birds
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Figure 11: Global distribution of amphibians, total native species richness (Tisseuil et al.,
2013)
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Figure 12: Global distribution of amphibians, corrected weighted endemicity index (Tis-
seuil et al., 2013)

As an analysis with a better spatial resolution was not possible, data integration was done

indirectly by downscaling from basin scale. Basins for which only data for either - water
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or biodiversity — were available were left out of the assessment. The area covered by the
dataset by Tisseuil et al. (2013) is smaller than the area EFR (transgressions) are simu-
lated for by LPJmL. Unlike in LPJmL, the delineation of river basins for these datasets
was done using the HydroSHEDS database like described by Lehner and Grill (2013).
Therefore, the data by Tisseuil et al. (2013) is rasterized based on the LPJmL grid. Fur-

ther calculations are then performed on cell and basin scale as delineated by STN.
Choice of biodiversity thresholds

The main challenge in the combination of the datasets was the prevention of informa-
tion loss particularly due to the different basin delineation'. In the evaluation of EFR
transgression and associated levels of biodiversity, biodiversity data was considered for
basins that were at least 50% overlapping.”> The two criteria —the uncertainty ratio and
duration of transgression — were combined to reduce the number of setups. A basin fell
into the red category if either of the two assigned it to the red category. This differenti-
ation was excluded in the assessment of biodiversity to reduce the number of setups that
had to be evaluated. The basin classes were assessed separately and nine subclasses were
introduced, three for each basin class. The new subclasses were defined by the height
of the biodiversity descriptors in the respective basins. The first subclass was defined by
particularly high biodiversity according to both biodiversity descriptors and the other two
subclasses by particularly high biodiversity according to one of the descriptors. Therefore,
the red, yellow and green classes were divided into four classes, one with no particularly

high biodiversity.

The main challenge that had to be met was to find a suitable definition of “particularly
high” biodiversity. In the assessment of global pattern of biodiversity, the differences in
spatial scale are important. For example variation in latitude, longitude, altitude, depth,
aridity and topography (Gaston, 2000). As a separate analysis of biodiversity along these
gradients was beyond the scope of this study, a simple global threshold was chosen.
Above the 50" percentile/median biodiversity was considered as high. This corresponds
to a CWEI of at least 0.075435 and/or species richness of at least 18. The resulting classi-
fication allowed to distinguish where high endemism, high species richness or both occurs
in transgressed or from transgression endangered basins. Furthermore, the biodiversity in
basins that are not transgressed (green) was shortly assessed. For the assessment of the
transgression of EFRs on a global scale, instead of using an aggregation scheme, shares in
area and discharge were assessed. By looking at the different classes of basins and their
combined share in total global land surface as well as discharge, a distinction of global
water resources in terms of their transgression status is possible. Further, the share of

these areas coinciding with high biodiversity can be distinguished.

Isee Figure SF 4 for a map of HydroSHED superimposed on the basin delineation used in LPJmL
2consult subsection S 4.3 for a comparison of the datasets with 50% and 30% overlapping
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5 Results

5.1 EFRs and EFR deficits

First the global sums of EFRs and of EFR transgressions/deficits through withdrawal by
irrigation and HIL are analyzed, then the results of the two criteria are examined on local
scale. Depending on the respective scenario, the simulated sum of global EFRs ranges
between 11,932km? /yr and 18,156km? /yr in the period of 1980 — 2009 (as shown in au-
toreftab:Ul). In this assessment, the sums of transgression (i.e. water withdrawals tapping
EFRs) range between 117 and 207km? /yr. 148km? /yr is the result for the scenario using
the mean EFR in each months and cell. The sum of annual EFR deficits/transgressions
represents the global sum of anthropogenic freshwater overexploitation per year aver-
aged over 1980-2009. This overexploitation is tapping EFRs and missing to sustain river
ecosystem health and functions depending on it. Although the requirement totals are
lower, sustaining EFRs using the Tessmann method implies more transgression than the
VMF method does. The main difference in their algorithms is the allocation of EFRs to
low-flow season, VMF allocates 60% of MMF and Tessmann 100%. This means that
withdrawals during low flow season in the Tessmann scenario always represent transgres-
sion, while VMF allows the withdrawal of 40% of MMF. Pastor et al. (2014) reasoned that
low flow seasons usually show the highest demand of the irrigation sector, a complete ban,
as the Tessmann method implies, might therefore be too strict.

Table 3: Annual global sum of EFRs and EFR deficits (in km? /yr)

Scenario strict mean vmf Tessmann Smakhtin
et al.

Sum of EFRs | 18 156 12 408 13 538 11932 14 419

Sum of EFR | 207 148 117 152 153

deficits

The annual amount of EFR deficits can be illustrated by assigning the value of the sum of

the annual transgression that is occurring to the respective cell. Figure 13 shows the sum

of annual transgression for the three basis scenarios in absolute terms.!

Ifor visibility reasons, only basis scenarios are depicted here, see subsection S 3.2 for strict and mean
scenarios of global sums and both water criteria results
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Figure 13: Sum of annual transgression of EFR on cell scale (1980-2009, 0.5° resolution)
in km3 /yr, for the three basis methods, major river basins delineated

Severe annual deficits are especially observed in the river basins of the Indus in Pakistan,
the Amu Darya in Uzbekistan, the Chu-Talas in Kazakhstan, the Ganges in India, the Nile
in Egypt/Sudan, the Euphrates River in Iraq/Syria, and the Yellow River in China. The
Indus and the Ganges rivers display transgressions to such an extreme extent that its com-
bined share in total global transgression is larger than 35% regardless of the EFR method
applied. The VMF even assigns a share of 42% in total deficit to the Indus River alone,
while only 5% to the Ganges. Combined with the Yellow River, the Amu Darya River and
Chu-Talas, the share of total deficit amounts to around 50% in these Asian basins alone,
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again regardless of EFR scenario.! Furthermore, in the Indus Basin, the annual transgres-
sions’ share of remaining discharge exceeds 300%, this means that discharge would have
to increase more than three times for EFRs to be fulfilled.> The differences concerning the
spatial distribution between the basis EFR methods can not only be seen in the Ganges,
but also in other regions. In the Nile basin, VMF leads to substantially lower transgres-
sions than the Smakthin et al. and Tessmann methods. Either of the latter two suggests
widespread transgressions in Central Asia and extensive but low transgressions in South

America, while the VMF scenario implies more intensive transgressions in fewer basins.

5.2 Local Scale Results

First criterion — transgression-to-uncertainty ratio

The results of the cell classification according to the first analysis criterion are shown
in Figure 14: green areas lie below, yellow areas within and red areas beyond the un-
certainty range. Areas excluded for reasons of small discharge are colored in grey, those
excluded for being outside of anthropogenic influence in green-grey. Severe degradation —
an EFR deficit beyond uncertainty — can be found in West, Central and South Asia, in the
Mediterranean, in Western North America, and the North China Plain. While the afore-
mentioned river basins show high volumes of transgression in the global comparison, the
first criterion assigns substantial transgressions beyond uncertainty to the Murray-Darling
River in Australia, the Midwestern and Western River Basins in the USA, the Mediter-
ranean River basins in Italy, Spain, Turkey, Greece, Tunisia, Algeria, Libya and Morocco
and to the Wadi Zabib basin in Yemen. The Nile is not classed beyond uncertainty as
the VMF assigns substantially smaller EFR volumes to this basin than the other methods
do. The uncertainty ratio is based on the span of EFRs which is large for the Nile, the

resulting ratio therefore smaller.

I'See subsection S 4.5 for a detailed breakdown of river basins’ share in total global transgression
2See subsection S 4.6 for details
3see subsection S 3.3 for details on the categories of uncertainties
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Figure 14: Current status of transgression of environmental flow requirements on
cell scale (1980-2009, 0.5° resolution), expressed as the transgression-to-
uncertainty ratio (>5% “within uncertainty” and > 100% “beyond uncer-
tainty”), for the three basis methods, major river basins delineated

Second criterion — duration of transgression

As a next step, the second criterion, the temporal dimension, is examined on cell scale.
An overview of the temporal distribution of EFR transgressions is given in Figure 15. It
shows the number of months with transgressions for every cell regardless of the respective
magnitude. Wide areas especially in India and Central and Western Asia, in the Western
USA and the Middle East but also the Segura River in Spain, the Murray Darling basin in
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Australia and the Abay Basin in Ethiopia show transgressions of EFRs that Steffen et al.
(2015) characterized as (basins) at high risk.! In these areas, EFRs are not fulfilled during
half of the year or longer. The intermediate category is less frequently assigned than in

the first criterion, partly due to the quite narrow range of only three months.

VMF

Duration of transgression )
B e N
\:| increasing risk

B hioh risk

Figure 15: Current status of transgression of environmental flow requirements on cell
scale (1980-2009, 0.5° resolution), expressed as the duration of transgression
(0 — 2 months “safe”, 3 — 5 months “increasing risk”, 6 — 12 months “high
risk™), three basis scenarios

!with the exception of 6 months of transgressions, these are here classified as at high risk, while Steffen
et al. assigned them to the increasing risk category
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5.3 Basin Scale Results & Refinement with associated
Biodiversity

First criterion — transgression-to-uncertainty ratio

As two criteria were evaluated for five different EFR methods, 10 different setups were
obtained. The first criterion — the uncertainty ratio (depicted in Figure 16) shows fewest
basins in the red category for the VMF scenario (93). Smakhtin’s method leads to most
transgressed basins (103). Regardless of the underlying EFR method, major overexploita-
tion of EFRs is particularly found for basins in the Northern midlatitudes, in Pakistan,
India and China but also in Europe and North America. As their share in total sum of
transgression is considerable, the red (high risk) classification of the Indus, Yellow and

adjacent basins is not surprising.

strict mean

Tessmann Smakhtin et al.

- below uncertainty
- beyond uncertainty
\:I within uncertainty

Figure 16: Transgression-to-uncertainty ratio, aggregated to basin scale

Nevertheless, the Ganges is not classified as transgressed beyond uncertainty but as be-
low in all three basis methods, only the strictest scenario classes this basin as transgressed
within uncertainty. This is due to the fact, that the VMF method is assigning substantially

lower EFRs to this basin than the other two methods, the span of EFRs is therefore con-
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siderably high, decreasing the value of the uncertainty ratio. Further overexploitation is
predominantly visible in Central Asia, Europe, the Western USA and Central America.
South America as well as Africa show few strained basins according to the first criterion.
Similar to the case of the Ganges, the Nile is not classified as transgressed beyond or
within in either of the methods. This is also due to the VMF method requiring substan-

tially lower flows than the other methods.
Second criterion — Duration of transgression

In the basin scale classification employing the second criterion (shown in Figure 17) for
the VMF method, 47 basins fall in the high-risk category. Tessmann and Smakhtin again

show similar results with 82 and 78 basins in this category respectively.

strict mean

-~ T

Tessmann Smakhtin et al.

- safe
l:l increasing risk
B hioh risk

Figure 17: Duration of transgression, aggregated to basin scale

The duration of transgression of EFRs over at least half of the year notably seems to be
problem in the Middle East, the Indian Subcontinent and Western Central Asia as well as
in four major basins of North America, whereas only few African basins (in Madagascar-
2 methods & in Guinea—2 methods) are transgressed due to the duration of non-fulfillment
of EFRs.
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Comparison of the criteria

The overexploitation of EFRs is characterized by major spatial differences. The main
differences between the two criteria are depicted in Figure 18 which shows basins that
are defined as transgressed and at risk of transgression by both criteria and those that are

defined as transgressed in only one of the two criteria exemplified by the strict scenario.

Criteria

Transgressed basins
I ccording to both
- according to uncertainty ratio

- according to duration of transgression
At risk of transgression

I:l according to both

I: according to uncertainty ratio

I:l ing to duraton of

Figure 18: Transgressed basins and basins at risk of transgression and differentiation of
criteria

The general frequency and distribution of basins in the intermediate category is the first
main difference between the two criteria. A maximum number of 334 basins (strictest
method) falls in this category when the first criterion is employed, while the second cri-
terion only ranks a maximum number of 160 (Smakhtin et al.) as endangered with trans-
gression. This was already apparent on cell scale and is partly due to the very narrow
range that defines this second category. Concerning differences in distribution, particu-
larly in China, different results are obtained. While the first criterion (depicting height
and uncertainty of the EFRs) defines the North China Plain as severely exploited be-
yond uncertainty and the South of China as within uncertainty, concerning the duration
of transgression only the VMF lists one major river basin in China — the Haihe Basin — in
the high risk category. Whereas the duration of transgression is predominantly affecting
Indian, Middle Eastern, Central Asian and to some extent Northwestern American water
resources, the height of EFR deficits is a more global problem, though predominantly the
middle latitudes are affected. Major basins classified as transgressed (red) or at risk of
transgression (yellow) according to the first criterion are found in Europe, Western Asia,
South East Africa and North West and Central America.

Combination of the two criteria



42

To reduce the number of setups and classes that have to be considered separately when
incorporating data on biodiversity, the two criteria are combined (as shown in Table 4
and in subsection S 4.8). In the combined classification, a basin is classed in the strictest
category either of the two criteria assign it to. This means that a basin is transgressed if at
least one of the two criteria define it as transgressed. The cautionary principle applied re-
garding the basin classification also reflects in the considerable increase of basins classed
as transgressed or at risk of transgression in the combined classification compared to the

individual criteria classifications.

Table 4: Details on the basin classification

strict | mean | vimf | Tessmann | Smakhtin et al.

- in combination 202 145 111 162 149
% | Uncertainty 141 | 89 | 93 116 103
‘59 range
b=
E Duration of | 119 85 47 82 78

transgression
g in combination 294 242 118 245 282
.% Uncertainty 334 274 | 125 273 307
50 range
g
B Duration of | 155 129 60 124 160
kS transgression
a
2

Refinement with associated biodiversity

The associated biodiversity of the three basin classes was assessed separately. In this
context, a look on the general relationship between the biodiversity descriptors and the
corresponding classification of EFR transgressions is interesting. In basins at risk of
transgression species richness is generally highest, while it is lowest in basins classified
as transgressed. Endemicity shows a more even distribution over the basin classes than
species richness does (as shown in Figure 19). The threshold chosen to distinguish “high
biodiversity” (=global biodiversity median) implies that more than 75% of cells lying in
basins defined as transgressed show high biodiversity in terms of CWEI and almost 50%
show high biodiversity in their native species richness. Further, more than 75% of cells in

basins at risk of transgression show high biodiversity according to both descriptors.
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Figure 19: Boxplots of CWEI and total native species richness over basin classification
on cell scale, strictest scenario, thresholdS in red (species richness =18, CWEI
= 0.075435)

Biodiversity in basins that are not transgressed

Areas characterized by low levels of water exploitation and/or low extent of anthropogenic
influence on freshwater resources show high biodiversity in major river basins (Figure 20).
Most tropical and subtropical basins in China, Africa, North America and Australia do so.
Unsurprisingly, the Amazon Basin but also all other major South American river basins
display high endemicity as well as species richness. Only one of them, the Tocantins
Basin, is classified as endangered of transgression in the strict scenario. Species richness
is observed in north Western Africa, Central Europe and North as well as Eastern North

America. High endemicity without high species richness is rarer.
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strict mean

Tessmann Smakhtin et al.

Subclasses in basins that are not transgressed

- high species richness and high endemicity

- high endemicity

- high species richness

- no particularly high biodiversity
other classes

- transgression
|:| risk of transgression

Figure 20: Basins that are not transgressed and subclasses for endemicity and species rich-
ness

The aquatic biodiversity in basins that display risk of transgression (shown in Figure 21)
depends on water habitats that were characterized by medium exploitation. Though not
defined as transgressed in the classification chosen here, EFR deficits are threatening high
biodiversity in Central America, some small basins on the Australian east coast, East
Africa and China.
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strict mean

Tessmann Smakhtin et al.

Subclasses in basins at risk of transgression
- high species richness & high endemicity
:I high species richness

[ high endemicity

other classes
- no transgression
- transgression

[ no particularly high biodiversity

Figure 21: Basins at risk of transgression and subclasses for endemicity and species rich-
ness

Biodiversity in transgressed basins

High rates of amphibian biodiversity often coincide with high rates of overexploitation
(shown in Figure 22). Regardless of EFR method, this is the case for major river basins
such as the Ganges and Krishna Basins in India, the Douro and Tagus Basins in Northern
Spain and the San Joaquin-Sacramento Basin in California. Tessmann as well as Smakhtin
et al. further group the Guzman Basin in Northern Mexico in this category. Smakhtin et
al. further assign the Po Basin to this subclass. High species richness coinding with trans-
gressed freshwater resources and no high endemicity is only observed in one major river
basin according to all methods, the Ebro Basin in Spain. Tessmann as well as Smakhtin et
al. further assign this category to the Garonne River Basin in France. High endemicity on

the other hand coincides with in all scenarios transgressed basins in the Kura Araks Basin
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in the Middle East, the Mahi Basin in India and the Guadiana and Guadalquivir Basins in
Southern Spain. Tessmann as well as Smakhtin et al. further classify the Ili River Basin,
the Chu Talas Basin and the East Caspian Sea Basin in this category. Smakhtin further
assigns this category to the Liahohe Basin in Eastern China while Tessmann puts the Amu

Darya Basin in this category.

strict mean

Tessmann

Subclasses in transgressed basins

- high species richness & high endemicity
- high species richness

- high endemicity

- no particularly high biodiversity

other classes

Cl risk of transgression

I no transgression

Figure 22: Transgressed basins and subclasses for endemicity and species richness

Nevertheless, there are also areas that are characterized by high overexploitation and nat-
urally low or already diminished biodiversity. Regarding only major river basins, this is
the case in the Yellow River in China, the Indus in Pakistan, the transgressed basins in
Northern Africa as well as the Mediterranean. Comparing the biodiversity descriptors and
their occurrence in the different basin classifications, it particularly stands out that there
is around a third more transgressed basins that display high endemicity than high species

richness.! In basins in the safe category, it is the other way around, species richness is

ISee subsection S 4.7 for a detailed overview of biodiversity descriptors occurrence in the different
basin classes
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more often high in these basins than endemicity, while in the intermediate category the
frequency is about the same. It can be concluded that the introduction of data on biodi-
versity facilitates the refinement of EFR transgressions’ spatial resolution as it highlights
that biodiversity is endangered by overexploitation in major basins in various world re-
gion. Particularly endemic species are often found in basins with severe transgressions, if

hydrological alterations destroy their habitats these species will be irretrievably lost.

5.4 Global Scale Results

For water resources of 5.7-10.4% of the Earth’s surface area (shown in Figure 23) EFRs
are classified as transgressed. This corresponds to 3.4 to 4.9% of global discharge, de-
pending on EFR scenario (Figure 24). In terms of area classification, Tessmann is the
strictest of the three basis methods, denoting 8.2% of area as transgressed and 2.7% as at
risk of transgression, so in total around 11% of the total land area as transgressed or at
risk of transgressing local boundaries. This corresponds to 7.6 and 1.8% of the area under
anthropogenic influence . This means that if EFRs were to be allocated according to the
Tessmann method, already 8.2% of the total world area are severely overexploited. The
Smakhtin method leads to similar results. It classes groups 10.5% in these two categories.
This corresponds to 10.8% of area that is regarded as influenced by anthropogenic inter-
ference with freshwater resources. In terms of discharge, Tessmann again shows slightly
worse results than Smakhtin with 4.3% of discharge classified as transgressed and addi-
tional 3.6% at risk of transgression. A further 1.4 to 5.1% of area display as endangered
of transgression corresponding to 1.5 to 7.0% of global discharge. This means that be-
tween 7.1 and 15.5% of total area and between 4.9 and 11.9% of global discharge were

classified as either transgressed or at risk of transgression.
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Figure 24: Share of transgressed discharge in total global discharge

Transgressed area and associated biodiversity

The biodiversity in areas with transgressed EFRs displays as particularly high on 2.2 to
4.5% of total land area. 18 major river of more than 50,000km? /yr basins fall into this
subclass. According to both descriptors it presents as high on 1.6 to 2.6% of land area

(shown in Figure 25) which concerns 7 major river basins, and on further 0.6 to 1.9% of



49

area according to either endemicity or species richness. In total, between 38 and 45% of

the area denoted as transgressed, show high biodiversity levels.

strict mean
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Figure 25: Biodiversity associated to transgressed basins and share in total land area

Biodiversity in world areas with water resources that are classified as not transgressed,
show high biodiversity according to both descriptors on 25 to 28% of total area. A further
6.3 to 7.8% of total area show high biodiversity according to either of the biodiversity
descriptors.
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Figure 26: Biodiversity associated to basins classified as not transgressed and share in
total land area

The major river basins classified as transgressed according to at least one of the basis
methods are given in Table 5 (only showing basins with an area of at least 50,000km?,
“high” biodiversity levels with sufficient overlap are given on a grey background). Some
of these basins like the Po basin in Italy and the Amu Darya basin in Uzbekistan show
quite different annual EFR deficits depending on the respective method. Most of the af-
fected basins can be found in South and Central Asia (12 basins) and the Middle East (4
basins). Many are adjacent like the Chu Talas and Amu Darya basins in Central Asia.
It can further be seen where the basis methods differ in their classification. If EFRs
according to VMF were to be preserved, less basins would be defined as transgressed
than according to the other two methods. With regard to the annual EFR deficits, it can
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again be seen that the biggest share of global transgressions concentrates in a few large
basins (details given in subsection S 4.5). However, many additional basins are classed
as transgressed due to the wide spatial extent and/or sheer duration of deficits. Concern-
ing associated biodiversity is can furthermore it is shown that if the thresholds is set as
the median of the global biodiversity distribution, 18 of the 24 major world river basins
show high biodiversity in at least one of the descriptors and 7 in both (see also map in
Figure 22). Nevertheless, as shown in grey, although high biodiversity is present, some
basins like the Indus and Yellow basin where not classified in the high biodiversity cate-
gory, as the area share in these basins displaying as high was not large enough (less than

50% overlapping).
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6 Discussion

This revised assessment of the transgression of the PB for freshwater use based on EFRs
has shown that overexploitation of global water resources is characterized by major spatial
differences. Although blue water consumption lies below the suggested boundaries of
~2,800km?> /yr estimated by Gerten et al. (2013), ~4,000 by Steffen et al. (2015) and
~5,205 estimated by Brauns (2016), there are considerable transgressions of EFRs on
local as well as aggregated regional scale. Mainly freshwater resources of the Indian
subcontinent, Pakistan, the Middle East, Central Asia and the Mediterranean display as
severely altered from their natural state. Major basins in these regions can be regarded
as transgressed. Concerning the duration of EFR transgression particularly India and
Central Asia stand out, but basins in Northwest and Central America and East Africa
are also affected. The magnitude of transgressions represents as a more global problem
affecting major basins of all continents apart from South America - particularly basins of

the Northern midlatitudes often present as severely transgressed.

This study was the first to assess global patterns of EFR transgressions in conjunction
with associated aquatic biodiversity and hence combined the assessment of the transgres-
sion of the PB for water use with an analysis of transgressions in the sphere of the PB
for biosphere integrity. It was shown that a considerable share of the most severely over-
exploited basins constitutes a habitat for amphibians of high biodiversity. Also in basins

which are endangered of transgression, biodiversity is often high.

Every river has its own characteristic flow regime and associated biotic community (Richter
et al.,, 1997; Bunn and Arthington, 2002). The incorporation of data on biodiversity has
facilitated to add further meaning to EFR transgressions, because it has highlighted where
most biodiversity is endangered by overexploitation of freshwater resources. Particularly
in basins in India, Central Asia, Spain, and some more isolated basins, high rates of am-
phibian biodiversity coincide with high rates of overexploitation. The here chosen thresh-
olds and aggregation scheme imply that on 2.2 to 4.5% of total land area and in 18 large
river basins of at least 50,000km? /yr, high amphibian biodiversity coincides with severe
transgressions of EFRs. Particularly endemicity displays as high in these transgressed

basins.

6.1 Model Limitations

As real systems are too complex, the aim of modelling natural systems is to represent
them in a simplified way. Though it is unique and well established, like all other models,
LPJmL relies on assumptions and simplifications. Arnell (1999) argued that the accuracy

of modelled water budgets is considerably dependent on the quality and spatial resolu-
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tion of climate input data. Uncertainties in precipitation data are directly transferred to
uncertainties in discharge estimations at similar or even greater magnitudes (Fekete et al.,
2002).

As described in subsection 4.1, model runs used in this thesis are forced with GPCC’s
Full Data Reanalysis precipitation data version 6. Biemans et al. (2009) compared an
older version of GPCC to six other precipitation datasets covering time periods of at
last 20 years using LPJmL. The results confirmed the significant impact of precipitation
uncertainty on discharge simulations. The GPCC dataset’s total annual precipitation lies
in the middle of the other datasets’ range, though the total precipitation of the new version
used in this thesis is smaller. To estimate the uncertainty of discharge simulations at least

two precipitation datasets should be used.

Gerten et al. (2004) reinforced the hypothesis by Fekete et al. (2002) and Arnell (1999)
and showed that LPJmL significantly under- or overestimated runoff in certain regions
compared to observations. While annual means are within other estimates’ range, runoff
is frequently underestimated in subarctic regions and overestimated in semi-arid and arid
regions, particularly in northern Africa, India and to some parts South America. Although
flow requirements are simulated based on discharge simulations and are therefore prob-
ably biased in the same direction, this implies that the overexploitation in India could in
reality be even worse than indicated in this thesis and that South America and northern
Africa might have been underestimated.

A further inaccuracy in timing and amount of discharge is introduced through the reservoir
module applied in LPJmL. Instead of local information on the management of individual
reservoirs, it is based on general assumptions of their operation schedule. This module
improves the simulation of discharge in most areas. But as the simulation of outflow
follows irrigation water demand, it is not able to improve discharge simulations in some
regions, such as China and India. In these countries irrigation water demands are particu-
larly high and currently the accuracy of simulated growing season is insufficient(Biemans
et al., 2011). Another uncertainty arises due to the land mask used in LPJmL. The differ-
ences between the discharge volume between this studies and the one by Brauns (2016)
and Gerten et al. (2013) are partly due to the different size of mask applied. While Antarc-
tica is excluded from the terrestrial surface basis used in the simulations for this thesis,
Greenland and many small islands are still included and the current land mask with 67,420
cells leads to numerous transgressions of EFRs that are due to artefacts inherent in the
model. They occur in areas not influenced by human doing. The adjustments described
in subsection 4.1 partly cover this aspect. About 24.4% of total land cover were disre-
garded in all calculations. Nevertheless, to receive improved estimates of discharge and

EFRs, areas without water storage capacity in the form of vegetation cover or due to soil
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characteristics should additionally be excluded as their contribution to the global water

cycle is negligible.

Currently LPJmL is not able to evaluate fossil groundwater availability and extraction
rates although this is an important water source in many countries (see subsection 3.2).
Groundwater contributions are indirectly assumed over irrigation demand. If a grid cell’s
water volume is insufficient to fulfil the crops’ demand, implicit contributions from fossil
groundwater as well as river diversions or large scale water transport is assumed (Kummu
et al., 2010; Rost et al., 2008). Only groundwater abstraction which doesn’t exceed nat-
ural recharge rates is sustainable. The groundwater resources of major basins found to
be transgressed due to overexploitation of EFRs (e.g. in the North China Plain, Mexico,
northwest India, Middle East) are already depleted to a large extent (Wada et al., 2010;
Foster and Chilton, 2003; Chen et al., 2016). An integration of groundwater simulations
into the model to accurately account for its contribution to irrigation and HIL would in-
crease the simulated volume of discharge and the accuracy of results. Nevertheless, it
is unlikely that there are major implications for the conclusions drawn here. Although
groundwater can serve as a strategic water reserve, particularly in times of prolonged
drought, it should not be used to fulfil EFRs. As surface and groundwater are strongly
interlinked they should be managed conjunctively (McNutt, 2014). Like in the protection
of EFRs (see below), groundwater preservation can be attained through improvements in

agriculture efficiency (Famiglietti, 2014).

A new version of LPJmL 4.0, including, among other improvements, an upgraded rep-
resentation of sowing dates to enhance the accuracy of simulated growing seasons and a
newly introduced representation of multi cropping systems is expected to be released in
2017.

6.2 Basic Assumptions

The discharge values (MMFE, MAF, Qqp) underlying the EFR runs used here are based on a
simulation of the global water cycle of today (CS). Another possibility would be to calcu-
late EFRs based on PNV runs. The resulting requirements as well as EFR transgressions
would be lower as global discharge today is higher than under the assumptions of PNV,
in particular due to climate change and deforestation (Gerten et al., 2008). Hence, the
here chosen assumptions are more cautious and depict the challenges of anthropogenic
pressure on freshwater ecosystems in the 21st century in a more realistic way. If the
implications of climate change and land use change on freshwater resources were to be
examined, the application of runs with other assumptions, like for example PNV, would

be sensible.



57

EFRs provide a simple method to assess the spatio-temporal patterns of transgressions of
the planetary boundary for human freshwater use and combine the regional with the global
operating scale of freshwater use (Gerten et al., 2013; Steffen et al., 2015). Nevertheless,
the global quantification of EFRs is difficult and subject to many uncertainties (Poff et al.,
2010; Smakhtin, 2008). The main problem with the EFRs calculation approach used in
this analysis, is that due to the global application, which requires EFRs to be flexibly ap-
plicable over all world regions, methodological simplifications such as the exclusion of
channel and habitat maintenance floods are inevitable (discussed in section 3 and by Jédger-
meyr et al. (2016b)). Using three different basis methods and two scenarios combining
these three methods, this analysis well depicts methodological uncertainty and the results
reflect the wide range of possible outcomes of policies, differing in their strictness (Jager-
meyr et al., 2016b). Pastor et al. (2014) showed that the methods applied here performed
well in different regions of the world depending on the variability of flow regime. VMF
and Tessmann displayed the best results on a global scale. Nevertheless, these estimates
lack local validation. Holistic approaches that are able to sufficiently include the ecosys-
tem requirements and particularities in terms of flow regime are only possible on local
scale, though under constraints as well (Bunn and Arthington, 2002). As there is little
scientific basis on how to scale up EFRs and their transgressions, the approach chosen
here is very cautious in its assumptions (Steffen et al., 2015). The choice of thresholds for
transgressions to be considered was set at 1m3/s and rivers with average discharge less
than 1m3/s were left out. This is quite strict as compared to other approaches that only

included considerable big streams and transgressions like Jagermeyr et al. (2016b).

As the share of different areas in total global transgression shows, most overexploitation
in terms of volume take place in only few major basins, the majority of which in Asia.
Here, the focus lies on the analysis of spatio-temporal pattern of EFR transgression and,
though outweighed in terms of volume on a global perspective, the chosen thresholds
have facilitated to show the global distribution of transgressions in terms of duration and
magnitude. The main challenge therein was to appropriately reflect the temporal and
geographical dimensions of the tapping of EFRs, to account for uncertainties concerning
the calculation method for EFRs, and to apply an appropriate method for the upscaling of
these transgression.

The two-criteria analysis using duration and the transgression-to-uncertainty ratio, allows
to evaluate and classify transgressions in a clear and simple way. As the exact effects
of EFR deficits in terms of duration and severity are unknown and vary widely on the
global scale, the approach of the criteria evaluation presented here applies the precaution-
ary principle by applying low thresholds. As these criteria are combined on basin scale
assigning basins the strictest category of the two, this cautiousness is transferred across
scales and reinforces. The evaluation of transgressions was done individually for each of

the criteria, while an integrated assessment of both would facilitate to depict interdepen-
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dencies between the temporal dimension and the height of transgression. If, for example,
high transgressions concentrate in only one or few months the effects for aquatic ecosys-
tems can be devastating. These cases are not well represented in the evaluation of criteria

chosen here.

Appropriate water quality in terms of concentration of different constituents in the water
as well as its temperature and state, is an integral part of EFRs (Nilsson and Renofalt,
2008). Both good water quality and adequate quantity are necessary for achieving the
Sustainable Development Goals for food and water security as well as health (UNEP,
2016). As the focus of this assessment lies on flow volumes/quantities it is not explicitly
considered. Nevertheless, water quality plays an integral role in water resources pro-
tection and the fulfilment of EFRs in terms of quantity and timing, as assessed here, is
insufficient to sustain freshwater ecosystems if water quality is poor. The characteristics
and functioning of riverine ecosystems is jointly determined by both, water quality and
quantity (Nilsson and Renofalt, 2008; Arthington et al., 2010). Already one third of river
stretches in Africa, Latin America and Asia are affected by severe pathogen pollution and
one seventh by severe organic pollution. Moderate to severe salinity pollution is a affect-
ing around one tenth of African, Asian and Latin American river stretches (UNEP, 2016).
As many aspects of water quality and quantity are closely interlinked, quality can vary in

importance depending on dilution rate and actual water quantity (Chen et al., 2013).

6.3 Biodiversity Data Limitations & disregarded Boundary
Interactions

The main challenge underlying this analyses is the coarse resolution of the biodiversity
data and the limited compatibility of the datasets. This inevitably implies information
loss associated with rasterization and limited overlap. While data on EFRs is calculated
at a spatial resolution of 0.5° x 0.5°, the data by Tisseuil et al. (2013) represents an as-
sessment on basin scale only. When analyzing the importance of EFR(s) (transgressions),
an integration of data on cell scale is much more sensible due to the wide variation of
water availability and biodiversity within basins and the direct dependence of aquatic bio-
diversity on local freshwater availability. Also for conservation planning efforts the river
basin scale is too broad (Tisseuil et al., 2013). The criterion that only biodiversity of
datasets that are 50% overlapping is considered, is relatively strict but to a certain extent

it facilitated to maintain accuracy.

Furthermore, although a good surrogate dataset, as only amphibian biodiversity was in-
cluded into the assessment, it remains a rough estimate and cannot replace differentiated
local analyses of biodiversity levels for different taxa. Additionally, global comparisons

of biodiversity patterns are difficult due to the influence of diverse factors such as lati-
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tudinal gradients or species-energy relationships (Gaston, 2000). Unfortunately beyond
the scope of this thesis, a detailed classification of river basins according to habitat cate-
gories would allow for better evaluation of biodiversity levels. Comparisons should then
be done among similar habitats (Abell et al., 2008). The here chosen median thresholds
systematically underestimate biodiversity levels, particularly at high latitudes (another,
lower threshold is examined in subsection S 4.4). However this is partially compensated,
as large parts of the excluded areas are at high latitudes in Eurasia and America. Fur-
ther, it is not clear to what extent biodiversity levels, particularly those in basin that have
gone severe hydrological alterations, have already been compromised. The here examined
levels might already represent an impaired state, particularly in basins classed as trans-
gressed with rather low biodiversity. Concerning the effects of resources use for aquatic
biodiversity, modified flow is only one threat and often the presence of multiple stressors
makes a definite separation of impacts impossible (Bunn and Arthington, 2002). Impor-
tant stressors not included in this assessment are the intrusion of exotic species, declining
water quality and the extensive effects of climate change such as increases in water tem-
peratures and declines in summer flow (WWF, 2016; van Vliet et al., 2011; Naiman et al.,
2002). This study has to be taken as a first, broad analysis that cannot replace holistic
approaches (explicitly considering the link between biodiversity, habitat conditions and

discharge) with local scale validation (Acreman and Dunbar, 2004; Pastor et al., 2014).
Boundary Interactions

When scientifically examining PBs and when they shall be applied in management op-
tions and policy frameworks, it is crucial to observe and assess processes of boundary
interactions (Steffen et al., 2015).

This thesis represents a first assessment to combine the analysis of transgression of the
PB for water use with the sphere of the PB for biosphere integrity. As described in sub-
section 3.1, the human appropriation of water leads to disturbances in river, wetland and
lake ecosystems and deterioration of ecosystem services. The focus lies on the effects of
water withdrawals for HIL and irrigation on discharge and depending biosphere integrity.
It is shown that in major basins in India, Spain, Italy, Mexico and the USA, high levels of

biodiversity coincide with and depend on severely overexploited resources.

Nevertheless, particularly the core boundary climate change has to be considered. It
presents a severe threat for the health of freshwater resources and dependent ecosys-
tems (Kundzewicz et al., 2008; Gerten et al., 2013; Bates et al., 2008). River flow regimes
for around 90% of the global land surface area are significantly affected by it (Doll and
Zhang, 2010). The fulfillment of EFRs and the protection of dependent ecosystems is
thereby mostly threatened by changes in precipitation. Though it is difficult to estab-
lish trends due to the spatio-temporal variability of precipitation, particularly wet areas

in northern latitudes are expected to get wetter and drier areas are expected to get even
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drier (Vorosmarty et al., 2000b; Hagemann et al., 2013; Allan et al., 2010). The trans-
gressed basins in the Middle East and Southern Europe are projected to be particularly
affected, as runoff is expected to decrease by 10-30% (Milly et al., 2005). In areas
with a projected increase in precipitation like in the severely transgressed basins of Cen-
tral and southeast Asia, variability in runoff will temper the beneficial effects for EFRs
and aquatic habitats (Milly et al., 2005; Kundzewicz et al., 2008). Additionally, climate
change not only alters river flow regimes, it further leads to increasing water temperatures

and changes in water quality (Ficke et al., 2007).

Next to climate change particularly land system change, biogeochemical flows and at-
mospheric aerosol loading display close interactions with freshwater use as discussed in
section Planetary boundaries (Rockstrom et al., 2009b). The strong effect of land use
change and land cover conversion on freshwater resources is due to lower transpiration
from agricultural areas compared to natural vegetation, in particular from forests. This is
because of shallower rooting depths, lower interception losses and shorter growing sea-
sons of crops as compared to natural vegetation (Rost et al., 2008; Gerten et al., 2008).
Although changes in precipitation are dominant in their effect on global discharge, there
are strong regional differences and pronounced effects of land use, CO(Z), temperature,
and irrigation as indicated here. While discharge in North and West Africa, Central Eu-
rope, East Europe and parts of South Asia has decreased since the beginning of the 20"
century, it has increased in Western Asia and parts of North America (Gerten et al., 2008).
In an approach to distinguish the joint and individual influences of land use change and
climate change on discharge volumes, Rost et al. (2008) found that between 1971 and
2000, land cover conversion and increasing precipitation lead to an increase in total global
discharge, cancelling out the decreasing effect of withdrawals for irrigation. In total there
was an increase of around 7.7% in global discharge since 1901 (Gerten et al., 2008). Con-
versely, freshwater use can increase the effects of climate change as it leads to a reduction
of growth in natural ecosystems, diminishing their function as carbon sink. Furthermore,
irrigation induces raising CH4 emissions and reduces carbon transport from land to ocean
as river flows decrease (Steffen et al., 2015). Regional climate patterns like monsoon be-
havior could be disturbed (Rockstrom et al., 2009b). When applying and extending the
results of this study, the interconnections with the other boundaries have to be accounted

for and above all the effects of climate change have to be considered.

6.4 Measures of Mitigation & Scientific perspectives

One way to operationalize the PB for freshwater use is the introduction of strict EFRs in
the form of maximum extraction rates (Rockstrom et al., 2014a; Pastor et al., 2014). From
an ecological point of view, their enforcement is of highest importance in transgressed

basins that show high biodiversity, particularly in those where this is the case for all EFR
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scenarios, such as in the Indian Ganges and Krishna basins and the Spanish Ebro and
Douro-Tagus basins. On the other hand, if biodiversity levels are low and other demands,
particularly food production aggravate the enforcement of EFRs in these regions, their
fulfilment is not as important from an ecological point of view as in the first cases. Further
extension of hydrological alteration is also a threat to high biodiversity levels in basins at

risk of transgression, e.g. in France and East China.
Water Policy

This thesis has given an overview of local to global scale EFR transgressions. Unfortu-
nately, there is very little research on global scale governance issues and implementation
of EFRs is a demanding task (FC-GWSP, 2005; Le Quesne et al., 2010). Many open ques-
tions have yet to be answered like on the feasibility of water management on the global
scale and how greater resilience is to be achieved, either by applying a worldwide uni-
form approach in water governance or by a diversity of regional agendas (Alcamo et al.,
2008). In hot spot regions facing increasingly severe water degradation, adequate techni-
cal and economic capacity is often insufficient and has to be fostered (Rockstrom et al.,
2014a). For the purpose of maximum withdrawal rates, national capacities in environ-
mental ow assessment have to be developed, policy support should be strengthened and
appropriate infrastructure supporting environmental EFRs has to be planned (Acreman
et al., 2014). Solutions should be found in bottom-up processes and include ecohydro-
logical management of landscapes as well as adapted governance arrangements across
scales (Rockstrom et al., 2014a). Furthermore, the successful introduction of EFRs into
river basin management on a global scale requires scientists to stress and transparently
illustrate their economic benefits (Smakhtin, 2008; Moore, 2004).

EFRs should be a basic requirement in Integrated Water Resource Management IWRM),
as for example outlined in the EU Water Framework Directive (EU, 2015). Water re-
sources management schemes like demanded by the SDG framework have to be extended
to attain efficient water allocation between human needs and EFRs (UN, 2015). Agri-
culture and thereby IWRM and the protection of freshwater ecosystems are central to
attaining the renewed SDGs, however conflicts with other goals, particularly food pro-
duction, are possible (Jagermeyr et al., 2016b; Griggs et al., 2013). To solve this set of
complex challenges, no uniform approach but locally adapted arrangements have to be
found (FC-GWSP, 2005; Le Quesne et al., 2010). Priority should be given to policy and
management responses that tackle threats at their source instead of expensively fight the

symptoms (Vorosmarty et al., 2010).
The role of agriculture

Agricultural expansion and intensification are the main contributors to freshwater degra-

dation. “Agriculture is a major force driving the environment beyond the planetary bound-
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aries” (Foley et al., 2011, p.337). To attain environmental sustainability while at the same
time achieving food security, requires the transformation of agricultural systems (Power,
2010; Foley et al., 2011; Tilman et al., 2002).

Although globally there is sufficient water available for future agricultural requirements
(see subsection 3.2), there is considerable scope for water use improvements, particularly
in arid and semi-arid areas (Wallace and Batchelor, 1997). Scientists agree that in this
context, agricultural land expansion is no longer a viable option (Steffen et al., 2015;
Foley et al., 2011). Water management in agriculture is the major strategy to achieve both,
prevent further hydrological alterations through the improvement of fulfilment of EFRs
while at the same time contributing to higher agricultural productivity to feed growing
populations (Gordon et al., 2010; Molden, 2007).

In this study, basins in Pakistan, India and the Middle East display as most overexploited.
In wide areas of these basins surface irrigation systems still prevail. Irrigation efficien-
cies are therefore considerably lower than in Europe, Northern China and North Amer-
ica (Jagermeyr et al., 2015). A transition from traditional surface (furrow or flood irriga-
tion) to more water efficient systems like sprinkler or drip systems can increase produc-
tivity as water is applied more accurately and water use decreased (Gleick, 2003; Molden,
2007).

Hoff et al. (2010) emphasize that the whole spectrum of water management options needs
to be applied to close the growing water gap in food production. Particularly green water
based solutions are crucial as it accounts for about 90% of agricultural water consump-
tion (Rost et al., 2008; Hoekstra and Mekonnen, 2012; Liu et al., 2009). While having
reached blue water shortages, many countries have not yet unlocked their whole green
water potential (Falkenmark et al., 2009; Rockstrom et al., 2009a). The possibilities are
an improvement of water conservation, or more precisely water-use efficiency and water
productivity enhancements (Gleick, 2003; Rockstrom et al., 2009a). An increase in ef-
ficiency is increased when green water losses are reduced through an increase of water
transpired productively instead of evaporating unproductively from soils, canals or lakes

or as interception loss (white water) (Falkenmark and Lannerstad, 2005; Rost et al., 2008).

Green water based solutions include techniques like rainwater harvesting/supplemental
irrigation (Oweis and Hachum, 2006), water recycling and reuse of agricultural drainage
water (Allam et al., 2016), land leveling (Gleick, 2003), careful water accounting and
scheduling of irrigation (Perea et al., 2016; Villalobos et al., 2016), as well as direct
seeding, mulching and low tillage (soil and nutrient management) (Foley et al., 2011;
Bhushan et al., 2007). In water-scarce regions affected by climate change, an increase of
irrigation is often still seen as the sole mitigation strategy thus preventing urgently needed

green water based innovations (Wittekind et al., 2016).
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An essential factor in global water resources assessment today and expected to become
even more important in the future, is virtual water trade. It allows to improve global water
productivity and can help to save water resources and associated habitats when production
is transferred to other regions with less susceptible water resources (Hoff et al., 2010;
Hoekstra, 2011). On the other hand, some important international water dependencies
might be overlooked and have to be considered (Wichelns, 2001; Allan, 2003; Rockstrom
et al., 2014a).

Certainly, virtual water trade supports the notion of a broad global scale approach in water

resources assessments like undertaken here.
Outlook - Possible future Studies building on this Thesis

Regarding the set of PBs on the global scale, it is beyond doubt that the resilience of
the ES is strained to an unprecedented extent. Nevertheless, it is unknown when it is
destroyed (Rockstrom et al., 2009¢). The implications of the here assessed widespread
transgressions in often adjacent basins have unknown consequences for the global water

cycle and for depending sub processes like the functioning of aquatic habitats.

It can be concluded that there is considerable room for refinement of this first explorative
assessment of the transgression of the PB of human freshwater use with consideration of
freshwater biodiversity. Above all, a refined assessment of EFR deficits requires local val-
idation of the underlying EFRs and scientific assessments of the effects of transgressions

and of their propagation across scales.

Future assessments should further focus on the identification of hot spots of competition
for water between food production and EFRs as well as biodiversity against the back-
ground of climate change. Vulnerabilities have to be assessed not only on local but also
on global scale as has been done with focus on climate change as well as food produc-
tion (Vorosmarty et al., 2000b; Alcamo et al., 2008). Integrative analyses of changes in
streamflow and interactions with biodiversity and climate change’s influences, such as al-
teration of thermal habitat characteristics, have to be undertaken (Milly et al., 2005; van
Vliet et al., 2013). This can serve to develop the “truly global evidence base, with much
greater integration among issues” demanded by (Steffen et al., 2015, p.9). The data cou-
pling should therein be done on the finest grain possible. Furthermore, ecological risks
associated with further impacts on freshwater resources due to growing populations have

to become an integral part of water assessments (Vorosmarty et al., 2000b).

These assessments have rarely been done on a global scale. EFRs have to be globally com-
pared to anthropogenic water requirements for goods and services (Alcamo et al., 2008).
By further integrating the complex interactions between freshwater, climate change and

aquatic biodiversity in the assessment of anthropogenic effects on environmental pro-
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cesses, holistic sustainable management solutions can be advanced. Finally, possible

threats to the stability of the ES can be examined.

The strengthening of the scientific knowledge base on the state and development of fresh-
water availability and scarcity and the effects on EFRs in the future, while integrating
climate change and socioeconomic changes in these projections, is of major importance
for adapted decision making in sustainable management of water resources (Bates et al.,
2008; Molden, 2007).
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7 Conclusion

As the most essential natural resource, water represents the very core of sustainable de-
velopment as it is crucial to the survival of people and the planet. Considerable levels of
global biodiversity are dependent on the health and functioning of freshwater ecosystem.
Overexploitation of freshwater resources is a dynamic process with severe impacts on the
Earth System and strong interlinkages with other processes such as climate change and
functioning of the biosphere. Therefore, it needs to be represented adequately in holistic
frameworks for sustainable management like the highly influential concept of planetary

boundaries.

This two-criteria analysis of transgressions of EFRs and coinciding biodiversity accom-
plishes to provide an elaborate representation of the extent of exploitation of freshwater
resources and their spatio-temporal distribution. While the duration of transgression (non-
fulfillment of the EFRs during at least half of the year) is particularly problematic on the
Indian subcontinent, Central Asia, and in the Middle East, the magnitude of EFR deficits
is a more global problem - major basins showing transgressions beyond uncertainty can
be found on all continents, except South America. Furthermore, the high number of
species, many of them endemic that depend on in some areas severely strained freshwater
resources were integrated into the assessment. The aim was to improve the spatial reso-
lution of global EFR transgressions with regard to levels of aquatic biodiversity. Major
Indian, Spanish, Italian, Mexican and US-American basins with severely overexploited
freshwater resources support high levels of amphibian biodiversity. The introduction and
enforcement of strict EFRs (e.g. in the form of maximum extraction rates) is crucial in

these basins to protect these valuable habitats.

To attain the SDGs it is indispensable to protect freshwater ecosystem, though conflict
with other goals like food security is possible. Integrated water resources management
schemes like demanded in the SDG framework have to be extended to efficiently allo-
cate water to both human and environmental requirements. This entails locally adapted
arrangements and fast action while prioritizing policy and management responses that are
able to block threats at their source instead of through expensive elimination of symptoms.
To achieve global water security for both humans and freshwater biodiversity against the
background of climate change and environmental degradation, while staying within the
safe operating space of the Earth system as delineated by the PBs, remains a major chal-

lenge of today’s society.
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S 1 Overview of recent planetary boundary

S1

calculations, control values and current values

S 1.1 Overview of the nine planetary boundaries, control
variables and current values according to Steffen et al.

(2015)

Table ST 1: The updated control variables and their current values, along with the pro-
posed boundaries and zones of uncertainty according to Steffen et al. (2015)

Earth-system

Control variable(s)

Planetary boundary

Current value

process (zone of uncertainty) of control
variable
) Atmospheric CO, | 350 ppm CO, | 398.5 ppm CO,
Climate Change concentration, ppm (350—450 ppm)
Energy imbalance at | +1Wm™2 2.3Wm™2
top-of-atmosphere, (+1.0— 1.5Wm—2) (1.1-3.3Wm—2)

Wm =2

Change in bio-
sphere integrity

Genetic diversity: Ex-

tinction rate

<I10E/MSY

(10 — 100E /MSY) but
with an aspirational
1E/MSY
(the background rate

goal of ca.

of extinction loss).

E/MSY

per million

=extinctions
species-

years

100—1000E/MSY




Table ST 1 continued

S2

Functional diver- | Maintain BII at | ~84%, applied
Sity: Biodiversity | 90% (90-30%) | to southern
Intactness Index (BII) | or above, assessed | Africa only
geographically by
biomes/large regional
areas (e.g.southern
Africa), major marine
ecosystems (e.g. coral
reefs) or by large
functional groups
Stratospheric Stratospheric O3 con- | <5% reduction from | Only trans-
ozone depletion centration, DU preindustrial level of | gressed over
290DU (5% —10%), | Antarctica  in
assessed by latitude Austral  spring
(—200DU)
Ocean acidifica- | Carbonate ion con- | > 80% of the pre- | 80% of the
tion centration,  average | industrial ~ aragonite | preindustrial
global surface ocean | saturation state of | aragonite satu-
saturation state with | mean surface ocean, | ration state
respect to aragonite | including natural diel
(Qarag) and seasonal variabil-
ity (> 80% —70%)
Biogeochemical P Global: P flow | 11 TgP yr~!

flows: (P and N

cycles)

from freshwater sys-

tems into the ocean

P flow

from fertilizers to

P Regional:

erodible soils

6.2Tgyr~! mined and
applied to erodible
(agricultural) soils
(6.2 — 11.2Tgyr 1.
Boundary is a global
average but regional
distribution is critical

for impacts.

~14Tg P yr~!




Table ST 1 continued

S3

N Global: Industrial | 62T gNyr—1(62-82Tg | ~15Tg N yr~!
and intentional bio- | N yr_l). Boundary
logical fixation of N | acts as a global © valve
> limiting introduction
of new reactive N
to Earth System, but
regional distribution of
fertilizer N is critical
for impacts.
Land System | Global: Area of | Global: 75% (75-54%) | ~62%
Change forested land as % of | Values are a weighted
original forest cover | average of the three in-
dividual biome bound-
aries and their uncer-
tainty zones
Biome: Area of Biome:
forested land as % of | Tropical:  85% (85-
potential forest 60%), Temperate:
50% (50-30%), Bo-
real: 85% (85-60%)
Global: ~ Maximum | Global:  4000km?/yr | ~ 2600km? /yr

Freshwater use

amount of consump-

tive blue water use
(km? /yr)

(4000-6000km? /yr)

Basin: Blue water
withdrawal as % of
mean monthly river

flow

Basin: Maximum

monthly  withdrawal
as percentage of mean
monthly river flow. For
low-flow months: 25%
(25-55%):
mediate flow months:
30% (30-60%):
high-flow

55% (55-85%)

for inter-

for

months:




Table ST 1 continued

S4

Atmospheric

aerosol loading

Global: Aerosol Opti-
cal Depth (AOD), but
much regional varia-

tion

Regional: AOD as a
seasonal average over
a region. South Asian
Monsoon used in a

case study

(South

Monsoon as

Regional:
Asian
a case study): an-
thropogenic total
(absorbing and scatter-
ing) AOD over Indian
subcontinent of 0.25
(0.25-0.50): absorbind
(warming) AOD less

than 10% of total AOD

0.30A0D, over
South Asian Re-

gion

Introduction

novel entities

of

No control variable

currently defined

No boundary currently
identified, but

boundary for strato-

N+

spheric ozone for an
example of a boundary
related to novel entity
(CFCs)
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S 1.2 Conceptual overview of the calculations of the planetary
boundary of freshwater use

Total blue water resources (BWR)

40,700 Posted et al. 41,700 GerTEN et al.

Spatial inaccessibility Temporal accessibility

Remote rivers: s Base flow 11,100
*  Reservoirs 3,500 pos et al,

e  Amazon River (95% of annual 6,900 ¢ |
il ERTEN et al.

runoff)

+  Congo River (50% of annual , -
Temporal inaccessibility

runoff)
* Remote rivers of Northern -7,774%0.27 posin et a1, (base flow of
American and Eurasia (95% remote rivers)

of annual runoff)
-20,426 uncaptured high flow

- 7r774 PosTeL et al.
BOX 1

\ Accessible runoff (AR) /

121500 PosTeL et al. 161300 GERTEN et al

-60 % ‘ -30% ‘ ’ - EFRs (different methods)

ROCKSTROM et al. GERTEN et al.
Accessible runoff (AR): 5,000 2,100-5,500
Uncertainty range: 4,000-6,000 1,100-6,500
Boundary: 4,000 1,100-4,500

(Average 2,800)

Figure SF 1: Conceptual overview of the calculations of the planetary boundary of fresh-
water use by Brauns (2016) showing the approaches by Gerten et al. (2013)
and Rockstrom et al. (2009) with basis values by Postel et al. (1996). Esti-
mates in km? /yr
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[ Total blue water resources (BWR) ]

|

Spatial inaccessibility

Remote rivers:

e  Amazon River (95% of annual runoff)
e Congo River (50% of annual runoff)
¢ Remote rivers of Northern American and Eurasia (95% of annual runoff)

BOX 1

Environmental Flow Requirements (EFR) Temporal inaccessibility

e Tennant e Uncaptured high flow

e Tessmann

o Smakhtin

* (Q90_Q50

e VMF

=> not less than 60%

[ Comparison: EFR — Uncaptured high flow J

v

[ Boundary ]

Figure SF 2: Conceptual Overview of the calculation of the boundary for freshwater use
by Brauns (2016) Estimates in km? /yr
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S 1.3 Detailed description of the different PB calculations

Total renewable BW resource

The global BW availability serves as a basis for calculating accessible BW volumes. This
is done by correcting it with spatially and temporally inaccessible and accessible flows.
Three main components have been considered in recent approaches: remote flows that
are inaccessible due to their geography, uncaptured high/flood flows and water stored in
reservoirs. The estimates by Rockstrom et al. (2009) and Gerten et al. (2013) are based on
Postel et al. (1996) but differ in the adjustments and assumptions. Brauns (2016) as well
as Gerten et al. and Steffen et al. used LPJmL for the calculation of total runoff, these
approaches are therefore similar in many aspects though Brauns included a refinement
of spatial (remote flows) and temporal (high flow and seasonality) inaccessibility. An
overview of the different approaches of calculating the accessible runoff is given in Ta-
ble ST 3 and Table ST 2. Concerning the basis value of BW availability, Rockstrom
et al. assumed the volume of global BW availability to be around 40,700km? /yrmainly
based on the assumptions by Postel et al. who in turn were based on earlier calculations
by L’ Vovich et al. (1990), while Gerten et al. received 41,700km? /yr using the LPJmL
outputs based on specified climatic data with a time frame of 1980-2009. Global blue
water availability can be estimated by considering precipitation over land and subtracting
total evapotranspiration on land (Postel et al., 1996). Brauns based her calculations on an
LPJmL simulation output of 55,582km? /yr ,~36% higher than Rockstrom et al. and 33%
higher than Gerten et al.. This difference is mainly due to the use of different land masks

in the respective LPJmL simulation runs.
Accessible BW

Rockstrom et al. assumed the accessible BW resource/river runoff to be between

12.500km? /yr as estimated by Postel et al. and 15,000km? /yr as estimated by de Fraiture
et al. (2001) and the rest of BW availability to generally being constrained by the remote
location or storm flow. Gerten et al. used 16,300km? /yras basis for their calculations, as
they accounted for the significant volumes currently stored by dams and actively used in
flow regulation. Brauns, while not considering reservoir storage, included temporal inac-
cessibility due to storm flows and combined these calculations with the EFR assessment
and applied the reassessed spatially inaccessible volumes as calculated by Billing (2016).
As the high flows vary depending on EFR calculation method, the resulting estimate of
accessible runoff varies between 8,802 and 21,441km?3/yr. These steps are shortly ex-
plained in detail. Remote Flows As discussed in chapter kl, global freshwater resources
are not evenly distributed and there are several regions with high volumes of freshwater
supply that are (still) largely untapped by humanity. As a first adjustment, remote rivers
in North America as well as in Eurasia that are largely untapped as they are mostly in tun-
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dra and taiga biomes have to be subtracted. In the calculations of all three, Gerten et al.,
Rockstorm et al. and Brauns, 95% of the average annual flow of these rivers is subtracted
like Postel et al. suggested. Postel calculated these flows to be 1,725km?> /yr and LPJmL
calculated 1,513km? /yr (Billing, 2016). Moreover, inaccessible remote flows of the Ama-
zon and Congo region have to be excluded from calculations. All approaches considered
90% of the Amazon flow (Postel/Rockstrom: 5.387 km? /yr; LPJmL: 6,955km?> /yr) and
50% of the Congo flow (662km?/yr and 1,094km?/yr) as inaccessible. The calcula-
tions with LPJmL were in total 23% higher (9,562km? /yr) than the ones by Postel et al.
(7,774km? /yr) (Billing, 2016). Brauns (2016) considered 102 catchments in the northern
hemisphere as unaffected like defined by Dynesius and Nilsson (1994) also complying
with their requirements for catchment size. The reductions in these northern regions and
in the Amazon and Congo basins by 50% or 95% respectively were taken into account
for the calculation of EFRs on basin scale by lowering the discharge by the share of it

contained in the remote flow.
Flood Water/High Flows

Furthermore, not only geographical inaccessibility but also temporal inaccessibility has to
be taken into account and leaves room for further refinement. This applies to flood water,
which is often very hard to capture and can therefore largely be subtracted though some of
itis captured in dams (Postel et al., 1996). As discussed before and shown in ST 3, though
increasing the value by volumes of storage capacity, Gerten et al. fundamentally followed
Rockstrom et al. in the accounting for high flows/uncaptured storm flows by regarding
69% of total global discharge as runoff either in remote regions or as uncaptured high
flows. Assuming 11,100km?/yr of global runoff as renewable ground water and base
river flow (L' Vovich et al., 1990) the remaining runoff mainly consisting of high flow
and therefore largely inaccessible is 29,600km?> /yr. By subtracting the share of base flow
in remote rivers that is 27% of the spatially inaccessible volume (=2,100km?/yr), the
intermediate result of accessible base flow is 9,000km?> /yr (Postel et al., 1996).

Reservoirs

Moreover, the physical alterations that many rivers have undergone have to be considered
as they have strong impact on natural flow regimes (Poff et al., 1997). Dams store a
significant amount of BW and these volumes have to be added to the amount of accessible
BW as a large part would otherwise be inaccessible flood flows (Gerten et al., 2013).
While Rockstrom et al. did not include this adjustment explicitly but instead used the
estimate of accessible runoff by Postel et al. that contained an estimated storage capacity
of 5,500km?/yr, but only assumed 3,500km?/yr to actively be used in the regulation
of river runoff, Gerten et al. estimated the storage capacity to be 6,900 km 3 yr-1, so
3,400km?> /yr higher than Postel et al./Rockstrom et al.. While the latter assumed 31% of
total runoff to be accessible, Gerten et al. increased the estimate by 8% (3,400 of 40,700)
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and therefore defined 39% of total runoff to be accessible which equals 16.300 km? /yr in
their approach (=39% of (41,700km? /yr). Brauns did not consider dams and reservoirs,
as her approach relies on discharge data simulated under naturalized condition (Brauns,
2016).

Environmental Flow Requirements and Water stress

Rockstrom et al. assumed that physical water scarcity is reached when withdrawals of
runoff/blue water exceed 40% (=5,000 — 6.000 km?> /yr) (Vorosmarty et al., 2000, Stock-
holm Environment Institute, 1997), therefore leaving 60% as a fixed fraction to cover half
the potential water stress and observe environmental flow requirements (3,750km? /yr for
each). Gerten et al. applied a water stress buffer of 30% and used a more detailed method
to account for EFRs . While Gerten et al. subtracted water stress directly from accessible
runoff to then calculate EFRs using five different methods, Brauns connected the calcu-
lation of EFRs with calculation of water stress and high flows, receiving five different
values for EFRs and physical water stress and seven different values for high flows and
consequently seven different boundary values, for further details on Brauns’ calculation
of EFRs see chapter xy EFR and Figure KO. Brauns indirectly applied a water stress
buffer of 40% by increasing EFRs to 60% if their share at basin scale did not already
represent at least 60%. Therefore, the values for water stress (given in ST 2) in Brauns’
approach don’t necessarily represent 40% of discharge, but water stress is included in
EFRs (Brauns, 2016). In the refinement by Steffen et al. (2015) EFRs are calculated with
one method (vmf) only, the aim was to improve the river basin scale boundary, as shown
in ST 2, the result was a maximum withdrawal of 25 — 55% of MMF for rivers and the

scaling up was not done individually but included in Gerten et al. (2013).
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High Flow and correction with EFR

Unlike Rockstrom et al. and Gerten et al., Brauns combined the calculation of tempo-
rally inaccessible flows (high/flood flows) with the calculation of EFRs. The volumes of
flood water are calculated by first defining high flow and low flow months. Then the vol-
ume of water in low flow months averaged over the year (=base flow) is subtracted from
the average volume of water in high flow months for each cell. After some corrections,
! the resulting difference represents the volume of flood water/high flows. Depending
on the calculation method, the received values of high flow range between 24,579 and
37,218km3 /yr (Brauns, 2016). The calculation of EFR is based on the same outputs as
the calculation of flood water (high flow, intermediate and low flow months) and as they
are designed to mimic the natural flow regime as close as possible they should incorpo-
rate flood water. Hence, values for EFRs and for flood volumes partly represent the same
and restrict one another (Pastor et al., 2014, Smakhtin et al., 2004). Therefore, an adjust-
ment is needed and only the higher value of the two, either EFR or flood water volume is

subtracted from the intermediate result in each of the five methods (Brauns, 2016).
Calculation of PB Values

The boundary of ~4,000km?/yr calculated by Rockstrom et al. (2009) represents the
lower limit of an uncertainty zone of 4,000-6,000km? /yr. The received boundary of
2,800km? /yr by Gerten et al. (2013) is the average of the uncertainty range of 1,100-
4.500km? /yr and the PB value of Brauns ranges between 6,410 and 12,990km?/yr de-
pending on the scenario, Tessmann’s method being the most permissive and Tennant’s the
strictest. If the strictest calculation is considered for each catchment, the boundary lies at
5,205km? /yr.

IFor areas/cells that don’t generate individual base flow (where no low flows can be assigned because
there is either no discharge due to model limitations or very uniform monthly flows) the global average of
the other base flows is assigned as base flow in the respective cell. This was done for each of the methods
that differentiate low and high flows (Tennant, Smakhtin, Qgg_Qs0) but the other two methods (Tessmann
& VMF) require a distinction of two cases because they differentiate low, intermediate and high flows.
Therefore, either intermediate flow is part of the high-flow fraction or it is part of the base-flow fraction,
see Brauns (2016) for more details.
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Table ST 2: Overview of the boundary calculations of Rockstrom et al. (2009b), Gerten
et al. (2013) and Brauns (2016) and the values used in this study (Estimates

in km? /yr)
Rockstrom Gerten et al. Brauns This study
et al. (2009b) (2013) (2016)

Total Runoff 40 700 41700 55 582 54 602
Remote Flow | 7774 - 9562 1589
Not accessed - - - 15598
yet/small
basins
High Flow 20 426 - 24 579- 37 218 | Not considered
Reservoirs 3500 6 900 Not considered | explicitly*
Accessible 12 500 16 300 8802 -21441 | 394002
Runoff
Environmental | 3 750 (30%) 5910-9 310 11458-20772 | 11931-18156
Flow Require-
ments
Physical 3750 (30%) 4 890 7341-16 126
Water Stress
Usable Water | 5 000 2 100 - 5 500 | 6410-12990

25 - 50% of

MMF (Steffen

applied  only

VMF)
Uncertainty 4 000 - 6 000 1100 - 4 500 -
Range
Planetary 4 000 2800 6410 -12990 | Not calculated
Boundary 5205

(applying the
individually
strictest
method in each
basin)

2

corrected for inaccessible high flows and reservoirs indirectly through the model
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Table ST 3: Accessible Runoff calculations and spatial and temporal inaccessibility as
calculated by Postel et al. (1996) & Rockstrom et al. (2009b), Gerten et al.
(2013) and Brauns (2016) (estimates in km? /yr)

Postel et al. Gerten Brauns This study
(1996)& Rock- | et al. (2013) (2016)
strom et al.
(2009b)
Total runoff 40 700 41 700 55582 54 602
Amazonas (95% inac- | 5 387 6 955
cessible)
Zaire-Congo (50% in- | 662 1 094
accessible)
Northern remote | 979+746 1513 1589
(95%) North
America+FEurasia
No irrigation 13 433
Small basins 7778
Spatial inaccessibility | =7 774 =9 562 =15 598 (=
Total corrected for
overlapping
areas)
Spatial accessible To- | 32 900 39004

tal

Renewable runoff

(groundwater and

base river flow)

11 100 (~27%
of 40 700)

Remaining runoff

29 600

Share of base flow in
remote rivers (share
of base flow in total

runoff)

2100 (27% of 7
774)

Accessible Base Flow

=9 000
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Table ST 3: Continued

Dams’ storage capac- | 5 500 (3 500 in | 6 900
ity river runoff)
Uncaptured High 24 579-37 218
Flow
Gerten Basis 6900-3500=3 | 31% + 8%
400 (8% of 40
700)
Accessible Runoff 12 500 16 300 8 802-21 441
(% of total) (31%) (39%) (16-39%)
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S 1.5 Description of the Tennant and Qg¢ Q59 method

Tennant’s method

The approach suggested by Tennant (1976) doesn’t define intermediate-flow months, but
only distinguishes high- and low-flow months. The allocation of EFRs is based on mean
annual flows and all months where the MMF is lower than the MAF are defined as low-
flow and all months were it is higher are defined as high-flow months. Tennant allocates
20% of MAF as EFR to low-flow months and 40% of MAF as high flow requirement (Pas-
tor et al., 2014). Tennant’s method sometimes allocates EFRs that are higher than the
monthly discharge, therefore also requiring a correction where this is the case by assign-
ing MMF as EFR.

Q90-0Os0

Both, the VMF method and the Qg¢9-Qso method were developed by Pastor et al. (2014).
Like Tennant, this approach only distinguishes low flow and high flow months. During
low flow months when MMF < MAF, Qq is defined as flow requirement. During high
flow months, when MMF > MAF, Qs is allocated as flow requirement. Brauns (2016)
adapted this approach. A low flow month is only a low flow month if its MMF is not
only less than MAF but also higher than Qg and high flow months are only those where
MMEF is not only higher than MAF but also higher than Qsg. For cases when either MMF
< MAF but MMF < Qgg or MMF > MAF but MMF < Q5o which wouldn’t fall in any
category, EFRs are defined as MMF. Like Tennant and Smakhtin, the Qgy_Qso9 method
in some cases recommends higher EFRs than discharge is available, this is corrected by
assigning the MMF as EFR is these months (Brauns, 2016).

See ST 4 for a comparison of Qgp-Qs50 and Tennant method with the methods used in this
study.



S 1.6 Comparison of the EFR methods
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Table ST 4: Comparison of Environmental Flow Methods, adapted from Pastor et al.

(2014)
Hydrological | VMF (2014) Tessmann Smakhtin Tennant Qgo_-
Season (1980) et al. (2004b) (1976) Q50(2014)
Determination| MMF MMF MMF MMF MMF
of low-flow | < < < < <
months 0.4 MAF 0.4 MAF MAF MAF MAF
(entire year)
low flow re- | 0.6 MAF MMF Q9o 0.2 MAF Qoo
quirements
Determination| MMF MMF
of > >
intermediate- | 0.4 MAF & | 04 MAF &
flow months | MMF 0.4 MMF
< <
0.8 MAF 0.4 MAF
intermediate- | 0.45 MMF 0.4 MAF
flow require-
ments
Determination| MMF MMF MMF>MAF | MMF>MAF | MMF
of high-flow | > > (entire year) >
months 0.8 MAF 0.4 MAF & MAF
0.4 MMF
>
0.4 MAF
High-flow re- | 0.3 MAF 0.4 MAF 0to 0.2 MAF | 0.4 MAF Q5o

quirements
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S 2 Detailed description of the adjustments of the
considered area

Figure SF 3: The original land mask of LPJmL (a) and the land mask with adjustments
for unaffectedness (b) and small discharge (c)

First, based on the mask by Billing (2016), northern remote rivers were excluded, given
in red in Figure S 1.2. These rivers are inaccessible due to their geography and accounted
for 1,588km? /yr of discharge in the simulation of the CS. Furthermore, very small basins
only consisting of one cell were excluded. Their discharge is considerable small and these
cells/basins don’t drain into and therefore don’t affect other cells, their effect concerning
propagation across scales is negligible. These small basins accounted for 7,778km? /yr
of simulated discharge. Furthermore, basins not equipped for irrigation as described
by Siebert et al. (2015) and of areas not affected by HIL as computed in LPJmL were
excluded to assure that transgressions of EFR were only considered when they were tak-
ing place in areas that underlie human influence and are not due to the model. These are
given in green in Figure S 1.2. 13,433km? /yr of discharge were regarded as unaffected by
humans as they occurred in basins not equipped for irrigation like in wide parts of Western
Australia and 1,893km? /yr occurred in basins not affected by HIL. These cells without
withdrawal for HIL are predefined to lie in areas not equipped for irrigation either, the
discharge for these areas is therefore already included in the 13,433km?> /yr (see fefVR).
In total, 15,597km? /yr of discharge is regarded as either unaffected by human influence
or occurring in basins of only one grid cell, therefore not draining in other cells. Note that

cells excluded for more than one reason were only counted once.

The world’s total land area is 146,376,945km? of which 110,675,112km? (= 75.61%)

were regarded as affected by humans in the calculations. Furthermore, there were no



Table ST 5: Excluded Areas and respective discharge in HIL
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Affected Discharge of | Affected area | Non-
discharge non- overlapping
overlapping area
areas
in km? /yr in km?

Northern 1589 7190 536
Remote
No irriga- | 13434 13434 32817 110 32817110
tion
No HIL 1 893 5462932
Basins with | 7 778 2 164 11 803 254 2 884723
only 1 cell
Total 15 598 35701 833

EFRs assigned to months where discharge in PNV was less than 1 m?/s. Therefore, cells

where this is the case twelve months a year were not considered when area shares are

calculated as is the case when aggregating transgression from cell to basin scale. The

annual sum of discharge in these areas is 3.96 km? /yr. Especially the lower Nile Basin is

affected by this as shown in green in subsection S 1.2. See also section 6.
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Legend
HydroSHED - Global Biodiversity Patterns
] STN-30p - Major River Basins in LPJmL

Figure SF 4: Comparison HydroSHED by Lehner and Grill (2013) and STN by
Vorosmarty et al. (2000a)

HydroSHED and STN30p (the DDM underlying the simulations by LPJmL) overlap only
partly and a further bias in the results (additionally to the information loss inherent in the
biodiversity dataset due to its focus on basin grain) is therefore not preventable. Particu-
larly in cases where the assessment by Tisseuil et al. covers large basins and hence assigns
only one value for biodiversity for an area that displays considerable variation. For exam-
ple, if high endemicity is mostly due to only one small lake in the catchment. When the
rest of the area is characterized by rather low endemicity as well as species richness and
the basin of interest in STN covers only the areas with low endemicity, distorted results

are hard to prevent.
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S 3 Details for the results on cell scale

S 3.1 Cell scale plots of EFRs for mean, strict, VMF, Tessmann
and Smakhtin

EFR in km3/yr

[ Jo-2 &
[ ]2-10 €.
[ 10-50
I so0- 100
I 100 - 1000
I 1000 - 4000

EFR Smakhtin et al.

Figure SF 5: Sum of annual EFRs on cell scale (1980-2009, 0.5°resolution) in km3 /yr,
major river basins delineated
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S 3.2 Cell scale plots for the mean and strict scenarios

strict scenario

EFR transgression in km3/yr
. . !
[ o-0001" i

[ Jo.001-01

[ Jo1-05

[os-1

s

5>

Figure SF 6: Sum of annual transgression of EFRs on cell scale (1980-2009,
0.5°resolution) in km? /yr, for the mean and strict scenario, major river
basins delineated
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strict

Du.‘r;iiori";fl t:réhsgress_ion
- safe
l:l increasing risk
I nigh risk
Figure SF 7: Duration of transgression of EFRs on cell scale (1980-2009, 0.5°resolution),
in km3 /yr for the mean and strict scenario, major river basins delineated

strict

Transgression-to-uncertainty ratio
- below uncertainty
[ within uncertainty

- beyond uncertainty

Figure SF 8: Transgression-to-uncertainty ratio on cell scale (1980-2009, 0.5°resolution),
in km? /yr for the mean and strict scenario, major river basins delineated
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S 3.3 Details on the distribution of transgression volumes into
the categories of uncertainty and duration

Looking at Table ST 7, showing the different EFR scenarios, the share of the total vol-
umes of transgression falling into the respective categories— below, within and beyond
uncertainty — it is evident, that regardless of the scenario, less than 4 percent of transgres-
sion is assigned below uncertainty. Between 41 and 63% of the total global EFR deficits
is classed as transgressed beyond uncertainty. Although the total sum of transgressions
for the VMF scenario is the smallest, the share of it occurring in transgressed areas is with
63% the highest value.

The details for the second criterion are shown in Table ST 8. Areas with transgressions
during 6 months of the year or longer account for around 60% of total transgression.

Further 30% of global EFR deficits occur in areas defined as at risk of transgression.
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S 3.4 EFR plots for the mean scenario, VMF, Tessmann and
Smakhtin et al.

EFR mean

EFR in km3/yr

[ Jo-2

[ 2-10

[ 10-50
I 50 - 100
I 100 - 1000
I 1000 - 4000

Figure SF 9: Environmental Flow Requirements, in km? /yr, averaged over the years 1980
to 2009, simulated by LPJmL
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S 3.5 Share of transgressed area per basin

strict

share of transgressed area
[ Jo

- <10

[ 10-30

B 30-50

B s0- 100

Figure SF 10: Share of transgressed area per basin, according to the l1st criterion -
transgression-to-uncertainty ratio
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share of transgressed area in %
[ Jo

- <10

[ 10-30

B 30-50

B so0- 100

Figure SF 11: Share of transgressed area per basin, according to the 2nd criterion - dura-
tion of transgression
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S 4 Details for the results on basin scale

S 4.1 Histograms of the basin classes
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Figure SF 12: Histogram of the of the different basin classes for the strict, mean and vmf
scenario, according to the 1st criterion - transgression-to-uncertainty ratio
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Figure SF 13: Histogram of the of the different basin classes for the Tessmann and
Smakhtin method, according to the 1st criterion - transgression-to-
uncertainty ratio
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Figure SF 14: Histogram of the of the different basin classes for the strict, mean and vmf

scenario, according to the 2nd criterion - duration of transgression
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Figure SF 15: Histogram of the of the different basin classes for the Tessmann and
Smakhtin method, according to the 2nd criterion - duration of transgres-
sion
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S 4.2 Alternative threshold for basin classification
The thresholds applied in this thesis are very cautious, a comparison to other less strict
approaches is therefore interesting. The alternative thresholds are as follows:

* abasinis classed as transgressed/red if >30% of its area is classed as transgressed/red

* abasin is classed as at risk of transgression if >50% of its area is classed as at risk

of transgression/yellow or transgressed/red (while less than 30% are transgressed)

* a basin is classed as not transgressed/green if >70% of its area show no transgres-

sion or their transgression is classed as below uncertainty or safe

The respective maps are given in in Figures SF 16 and SF 17 and a comparison of the

different approaches is given in Table ST 9

strict mean

Tessmann

Transgression-to-uncertainty-ratio

- below uncertainty
[ within uncertainty
- beyond uncertainty

Figure SF 16: Transgression — to — uncertainty ratio, aggregated to basin scale, thresh-
olds: >30% red = red-transgressed, >50% yellow = yellow-risk of trans-
gression
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strict

B

Tessmann

Duration of transgression

- safe
:l increasing risk
B ioh risk

Figure SF 17: Duration of transgression, aggregated to basin scale,
thresholds: >30% red = red-transgressed, >50% yellow = yellow-risk of

transgression
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Table ST 9: Comparison between different thresholds for aggregation to basin scale, num-

ber of basins and respective share in total area

Threshold strict | mean vmf | Tessmann | Smakhtin et al.
Transgression-to-uncertainty ratio
Number 141 89 93 116 103
>10% beyond
£ share 0.6 0.4 0.4 0.5 0.4
[a°1
[aa]
3 Number 62 33 41 43 37
R~ >30% beyond
share 0.6 0.3 0.3 04 0.3
Number 334 274 125 273 307
2 >30% within
§ share 7.8 4.4 1.8 4.2 4.3
3
= Number | 212 | 163 56 185 194
= >50% within
share 2.1 1.8 0.6 1.8 1.9
Number | 10846 | 10958 | 11103 10932 10911
>70% below
2 (6) 2 0) (2) (6)
2
@ share 86.6 91.8 94.2 91.1 91.9
Q
(D)
(5 Number | 11047 | 11125 | 11224 11093 11090
>50% below
@n | @n (6) (21 (39)
share 97.2 97.9 99.1 97.8 97.8
Duration of Transgression
Number 119 85 47 82 78
>10% beyond
£ share 7.7 5.2 3.4 5.1 5.0
[a°1
[aa]
3 Number 43 31 10 27 27
~ >30% beyond
share 0.6 0.3 0.1 0.4 0.2
Number 155 129 60 124 160
>30% within
share 1.6 1.5 0.9 1.4 1.9

Yellow Basins
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Table ST 9 continued
Number 95 68 22 66 84
>50% within
share 0.9 0.8 0.1 0.5 0.7
Number | 11047 | 11107 | 11214 11115 11083
>70% below
2 (54) (10) 2) ) (13)
QE share 87.7 91.1 94.2 914 90.7
Q
(D]
65 Number | 11183 | 11122 | 11289 11228 11210
>50% below
(150) (98) (36) (114) (127)
share 98.4 98.8 99.8 99.1 98.9

S 4.3 Alternative threshold for biodiversity data to be
considered

Looking at a comparison of the thresholds for biodiversity data to be considered, one at
30% and one at 50% (given in Figure SF 18 in blue and green respectively), it becomes
evident only few basins would additionally be included if a lower threshold would have
been chosen. In the case of the Central Asian Amu Darya/Sry Darya basins, a seperate
analysis might be interesting as these basins are severely transgressed and home to a con-
siderable amount of endemic species. See also Table 5. Unfortunately, the HydroSHED

global biodiversity set’s coverage is limited this region of Asia.



S35

Il Basins where biodiversity data overlaps >50%
B Basins where biodiversity data overlaps 30-50%

Figure SF 18

S 4.4 Alternative threshold for biodiversity to be considered
high

It is not easy to find suitable measures to compare and assess global biodiversity lev-
els (Gaston, 2000). The here chosen threshold of biodiversity are based on a single value
— the median - and therefore systematically underestimate biodiversity levels in certain
world regions such as at high latitudes. To receive a picture of the effect of this approach
another lower threshold is given in Figure SF 19. The 30th percentile for species richness
is 8 and the CWEI is 0.030615. Especially in Eurasia additional basins would have been
included, particularly due to species richness.



[ cweEr > 0.075435
I C\WE! between 0.030615 and 0.075435

Total native species richness

i
- species richness >=18 ( -

- species richness between 8 and 18
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Figure SF 19: Comparison of a median threshold (orange) with a 30th percentile threshold

(blue& orange)



S 4.5 Basins’ share in global annual transgression
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Table ST 10: Major river basins’ share in global annual EFR transgression, in %

River Basin Countries | strict | mean | vmf | Tessmann | Smakhtin et al.
Indus River Pakistan 26 27 42 28 22
Ganges River India 11 13 5 14 15
Yellow River China 4
Chu-Talas Kazakhstan/ 3 4 4
Kyrgyzstan
Amu Darya River | Uzbekistan 4 4
Euphrates-Tigris | Tukey/Syria/ 2
Irag/Iran
Nile River Sudan/Egypt 3 2 0 4 1

S 4.6 EFR transgressions share in mean annual discharge

Table ST 11: EFR transgressions’ share in mean annual discharge for major river basins,

in %
River Basin Countries strict | mean | vinf | Tessmann | Smakhtin et al.
Indus River Pakistan 309 232 | 285 234 192
North-Tarim Basin | China 47 33 21 29 43
Yellow River China 24 19 22 19 16
Chu-Talas Kazakhstan/ 12 11 9 12 11
Kyrgyzstan

Amu Darya River | Uzbekistan 63 38 55 38 29
Euphrates-Tigris Turkey/Syria/| 23 11 20 13 8

Irag/Iran
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S 4.7 Details on the subclasses in transgressed Basins

Table ST 12: Details on transgressed basins and respective biodiversity and water descrip-
tors in subclasses

strict

mean

vmf

Tessmann

Smakhtin
et al.

total Num-
ber

202

145

111

162

149

Subclasses

both  bio-
diversity
descriptors
high

17

13

10

13

13

high en-
demicity

21

17

12

19

15

high species
richness

10

no high bio-
diversity

154

108

85

121

113

Details on Subclasses/Water

criteria and ass

ociated Biodiversity

uncertainty
ratio & high
endemicity

23

18

15

18

17

uncertainty
ratio &
high species
richness

15

11

11

13

14

duration
& high
endemicity

29

20

16

24

17

duration &
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S 4.8 Details on the share in land surface area
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Table ST 13: Number of basins, affected area and share in total and influenced/accessed
area of the two water descriptors

combined
strict mean vmf Tessmann | Smakhtin
et al.
Both arguments combined (duration and uncertainty/strictest each)
Number 202 145 111 162 149
é Area in km? 15185208 | 11167800 | 8380036 12006852 | 10738704
j‘é Share in total 0.1037 0.0762 0.0572 0.0820 0.0734
7 Share in influ- | 0.1372 0.1009 0.0757 0.1085 0.0970
enced area
2 Number 294 242 118 245 282
E Area in km? 7473561 4529154 2031998 4027000 4658746
% Share in total 0.0511 0.0309 0.0139 0.0275 0.0318
§ Share in influ- | 0.0675 0.0409 0.0184 0.0364 0.0421
enced area
- Number 1273 1382 1540 1360 1338
'% Area in km? 88002977 | 94964793 | 100249712 | 94627895 | 95264297
Q;) Share in total 0.6012 0.6488 0.6849 0.6465 0.6508
éﬂ Share in influ- | 0.7951 0.8581 0.9058 0.8550 0.8608

enced area
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S 5 Details for the results on global scale

S 5.1 Results with consideration of extent of anthropogenic

influence

Table ST 14: Area shares with and without adjustments for anthropogenic influence

strict mean vmf Tessmann | Smakhtin
et al.
Transgressed basins
Total number 120 145 111 162 149
Total area 15185208 | 11167800 | 8380036 12006852 | 10738704
Share in total land | 10.4 7.6 5.7 8.2 7.3
area in%
Share in total | 13.7 10.1 7.6 10.9 9.7
area under anthro-
pogenic influence
in%
Basins at risk of transgression
Total number 294 242 118 245 282
Total area 7473561 4529154 2031998 4027000 4658746
Share in total land | 5.1 3.1 1.4 2.8 32
area in%
Share in total | 6.7 4.1 1.8 3.6 4.2
area under anthro-
pogenic influence
in%
Basins classed as not transgressed
Total number 1273 1382 1540 1360 1338
Total area 88002977 | 94964793 | 100249712 | 94627895 | 95264297
Share in total land | 60.1 64.8 68.5 64.6 65.1
area in%
Share in total | 79.5 85.8 90.6 85.5 86.1
area under anthro-
pogenic influence
in%




S41

S 6 Datasets on aquatic biodiversity by Tisseuil
et al. (2013)

Corrected weighted endemicity
I 0.005356 - 0.009233
I 0.009234 - 0.011874
[ 0.011875-0.014127
[ 0014128-0.018099
| 0.018100-0.023872
[ 0.023873 - 0.030788
[ 0030789 - 0.042943
[ 0.042944 - 0.059749
I 0.059750 - 0.085278
I 0.085279 - 0.191024

Figure SF 20: Global distribution of aquatic birds, corrected weighted endemicity in-
dex (Tisseuil et al., 2013)

Species Richness/total number of species
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B ss-174

Figure SF 21: Global distribution of aquatic birds, total native species richness (Tisseuil
et al., 2013)
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Corrected weighted endemicity i&

I 0.004293 - 0.027579 .
[ 0.027580 - 0.056535
[ 0.056536 - 0.091481
[ 0.001482-0.137387
| 0.137388-0.194444
[ | 0.194445-0.268711
[ ] 0.268712-0.350591
[ 0.350592 - 0.458333
I 0.458334 - 0.639623
I 0.639624 - 1.000000

Figure SF 22: Global distribution of fishes, corrected weighted endemicity index (Tisseuil
etal., 2013)
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Figure SF 23: Global distribution of fishes, total native species richness (Tisseuil et al.,
2013)
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Corrected weighted endemicity %
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[ | 0.084647 - 0.126389
| 0.126390 - 0.162230
| 0.162231-0.208333
[ | 0.208334-0.309167
[ 0.309168 - 0.446061
I 0.446062 - 0.602676
I 0.602677 - 1.000000

Figure SF 24: Global distribution of crayfish, corrected weighted endemicity index (Tis-
seuil et al., 2013)
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Figure SF 25: Global distribution of crayfish, total native species richness (Tisseuil et al.,
2013)
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Corrected weighted endemicity
I 0.004016 - 0.008497
[ 0.008498 - 0.012684
77 0.012685 - 0.016800
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[ 0.032245-0.050926
[ 0.050927 - 0.088951
[0 0.088952 - 0.154145
I 0.154146 - 0.236068
I 0236069 - 0.500000

Figure SF 26: Global distribution of aquatic mammals, corrected weighted endemicity
index (Tisseuil et al., 2013)
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Figure SF 27: Global distribution of aquatic mammals, total native species richness (Tis-
seuil et al., 2013)
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S 7 R Scripts

S 7.1 Basis script to read LPJmL Outputs and calculate EFRs
and EFR deficits

rm( list=1s (all=TRUE))

ge()

open="G:/open/Cordula”

library (raster)

library (fields)

library (rgeos)

ncell =67420

ndaymonth <- ¢(31,28,31,30,31,30,31,31,30,31,30,31)
size = 4

source (paste (open,”/functions _to_read_lpjml_outputs .R”,sep=""))
source (paste (open,”/LPJmLplots .R”,sep=""))
source (paste (open,”/fpu_and_basin_aggregation.R”, sep=""))

### Find Basis Drain Cells ###

drainage <— file (”G:/open/Cordula/Endzellen/drainagestn.bin”,”rb”)
nbands <— 2

hsize <— 43

seek (drainage , where= hsize, origin="start”)

drain <— readBin(drainage , what=integer (), n=ncellxnbands=*size, size=4)
dim(drain) <— c(nbands,ncell)

close (drainage)

drain_cells <— which(drain[l,]==(—1)| drain[l,]==(-9))

grid <— t(array(readBin(paste(open,”/1950_.2009_baseline _noefr/grid.bin”, sep=""),
what=integer (), size=2,n=ncell*2),dim=c(2,ncell))/100)

cellwidth <— 6371000.785%pi/ 180 # earthradius [m] times Pi

cellarea<— (cellwidth=0.5)%(cellwidth#0.5)%cos(grid[,2]/180%pi) # in m"2
cellarea <— cellarea/1000000 # in km"2

total _area <-sum(cellarea) # [1] 146.376.945 km"2

#Ht#######A Cells to take out
# # dismiss basins without irrigation

readdir=paste (”G:/open/Cordula/water _boundary -paper/1950_2009 _baseline _noefr/”,sep="")
#noefr —> discharge doesn’t contain efr
air = readbin_lpjml(readdir,”airrig”,1950,1980,2009,ncell ,1,4)
zz<— file (”G:/open/Cordula/Endzellzuordnung.bzw._Basins/endcell _drainagestn.bin”,”rb”)
endcell <— readBin(zz,integer (),size=4,n=67420)
close(zz)
basin.ids <— sort(unique(endcell))
irrmask _basin=array (0, ncell)
for(i in 1:length(basin.ids))
{
basincells <— which(endcell==basin.ids[i])
if (sum(air[basincells])>0) {

irrmask _basin[basincells]=1

}

irrmask=array(0,ncell)

irrmask [ which(air >0)] = 1

irrmask [47000]<-1

#dismiss basins without water use in HIL

readdir=paste (”G:/open/Cordula/water_boundary -paper/1950_2009 _baseline -noefr/”,sep="")
#noefr —> discharge doesn’t contain efr

hil = readbin_lpjml(readdir ,”awateruse_hil”,1950,1980,2009,ncell ,1.,4)

hilmask _basin=array (0, ncell)
for(i in 1l:length(basin.ids))

{
basincells <— which(endcell==basin.ids[i])
if (sum(hil[basincells])>0) {
hilmask _basin[basincells]=1
}
} # var[hilmask _basin==0]<-0 # 5692

hilmask=array (0, ncell)
hilmask [ which (hil >0)] =1

### Dismiss basins of northern remote ###

load (”G:/open/Cordula/remote _cell .RData”) #remote_cell #5540
remote _basin= array(l,ncell)

remote _basin[remote_cell] <0 # 5540



### Dismiss basins with one cell ###
size _basins <— ave(endcell ,endcell , FUN=length)
small _basins <— ifelse(size_basins==1,0,1) #7595 cells!basins

### All out ###

out <— c(irrmask _basin , hilmask _basin,remote_basin ,small_basins)

out_tog <— array(out,c(1l,ncell ,4))

cell _out <— apply(out_tog,c(1,2),min)

Cell _out <— array(l,ncell)

Cell_out[cell —out==0] <0

accessed-area <— sum(cellarea[Cell _out==1])

#Cells —out <—toraster(cell _out)

#writeRaster( Cells _out, filename="G: /open/ Cordulal Outputs/161024/Maske _wegfall. tif ",
format="GTiff”,overwrite=TRUE, bandorder= BSQ)

## share in area

# sum(cellarea[cell _out==0]) # 35701833/total _area = 0.2439034, on regard que 75,60966%
#sum( cellarea[cell _out!= 0]) #110675112 total considered areaa

###PNV Discharge for corrections

readdir=paste (”G:/open/Cordula/1950_.2009 _pnv/” ,sep="")

dis_-pnv = readbin_lpjml(readdir ,”mdischarge”,1950,1980,2009,ncell ,12,4)

# 30—year mean # [m3/s]

#for(m in 1:12) dis_pnv[,m]<— dis_pnv[,m]xndaymonth[m] #10"—3 #UNIT CHANGE

an_dis _pnv<—apply (dis _pnv,1 ,sum)
#sum(an_dis _pnv[drain_cells ]) #[1] 55514.73

### EFR vmf, smak, tess in LPJmL ###
EFRs=c ("VMF” ,"SMAK” ,”TESS”)
thres=array (0,c(ncell ,12,length (EFRs)))
for(efr in 1:length(EFRs)) {
readdir=paste (”G:/open/Cordula/water _boundary _paper/1950_2009 _respect_water_"
L,EFRs[efr],”/” sep="")
thres|[,,efr] = readbin_lpjml(readdir ,”mefr_threshold”,1950,1980,2009,ncell ,12.,4)}

#for(m in 1:12) thres[,m,]<— thres[,m,]%ndaymonth[m] %10"—3 #UNIT CHANGE

### EFR ###

# strict

tar —_up=apply (thres ,c(1,2) ,max)
tar _lo=apply (thres ,c¢(1,2),min)

# mean

thres [thres ==0]<NA

tar -mean=apply (thres ,c(1,2) ,mean,na.rm=T) #average efr per cell
tar _mean[is .na(tar _mean)]<-0

thres[is.na(thres)] <-0

# VMF
tar _vmf = thres[,,1]
# SMAK
tar _smak = thres|[,,2]
# Tess

tar _tess = thres|[,,3]

span=tar _up—tar _lo
span[dis_pnv <0.0864]<—0 #0 for tiny rivers with less than Im3/s

### Correction for strictness efr###
# strict

def_pnv_up=tar _up—dis _pnv
def_pnv_up[def_pnv_up<0K—0

def _pnv_up[dis _pnv <0.0864]<-0

# corr liberal

def_pnv_lo=tar _lo—dis _pnv
def_pnv_lo[def_pnv_lo <0k—0
def_pnv_lo[dis _pnv <0.0864]<-0

# Corr mean
def_pnv_mean=tar _mean —dis _pnv
def_pnv_mean[def_pnv_mean<0] <-0
def_pnv_mean[ dis _pnv <0.0864] <-0
# corr vmf

def_pnv_vmf=tar _.vmf—dis _pnv
def_pnv_vmf[def_pnv_vmf<0] <-0
def _pnv_vmf[dis _pnv< 0.0864] <-0
# corr smak

def_pnv_smak=tar _smak—dis _pnv
def _pnv_smak[def _pnv_smak<0] <-0
def _pnv_smak[dis _pnv <0.0864] <-0
# corr tess
def_pnv_tess=tar _tess —dis _pnv
def _pnv_tess[def_pnv_tess <0] <-0
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def _pnv_tess [dis _pnv <0.0864] <-0

# Discharge HIL #

#Scenarios how discharge is calculated are to be put in here
scens=c(”baseline _noefr _HIL”)

for(scen in 1:length(scens)) {

print(scens[scen])

readdir=paste (”G:/open/Cordula/water _boundary -paper/1950_.2009_" ,scens[scen],”/” sep="")
dis = readbin_lpjml(readdir ,”mdischarge”,1950,1980,2009,ncell ,12,4) #
# for(m in 1:12) dis[,m]<— dis[,m]xndaymonth[m] %10"—3 #UNIT CHANGE

sum_an_dischHIL <- apply(dis,1,sum)

# sum_an _dischHIL[ cell _out==0] <-0 # sum(sum_an_dischHIL[drain _cells]) #39004.19

# sum(sum_an_dischHIL[drain _cells ]) #[1] 54601.9 km"3/yr

# dis_hil <— toraster(sum_an_dischHIL)

# writeRaster(dis_hil , filename="G:/openl/ Cordulal Outputs/161231/dis _hil.tif”,
format="GTiff” ,overwrite=TRUE, bandorder= BSQ)

### Transgression

# strict

def _up=tar _up—dis

def _up=def _up—def_pnv_up
def _up[def_up <0.0864]<-0
def_up[dis-pnv <0.0864]<-0
def_up[cell _out==0] <-0

# liberal

def _lo=tar _lo—dis
def_lo=def _lo—def_pnv_lo
def_lo[def_lo <0.0864] <-0
def_lo[dis _pnv <0.0864]<—-0
def_lo[cell _out==0] <-0

# mean

def_mean =tar _mean—dis

def _mean= def _mean—def _pnv_mean
def _mean[ def _mean <0.0864]<—0
def_mean[ dis _pnv <0.0864] <-0
def _mean[ cell _out==0] <-0

# vmf

def _vmf =tar _vmf—dis

def_vmf = def_vmf—def_pnv_vmf
def _vmf[def_vmf<0.0864] <-0
def_vmf[dis _pnv <0.0864]<-0
def_vmf[cell _out==0] <-0

# smak

def _smak =tar _smak—dis

def _smak= def_smak—def _pnv_smak
def _smak[def _smak <0.0864]<-0
def _smak[ dis -pnv <0.0864]<—0
def_smak[cell _out==0] <-0

# tess

def_tess =tar_tess—dis
def_tess= def_tess—def_pnv_tess
def_tess[def_tess <0.0864]<-0
def_tess[dis_pnv <0.0864]<-0
def_tess[cell _out==0] <0

}

### Correction for small dis_pnv
small _dis <— ifelse (an_dis_pnv >0.0864,1,0)

Small_dis <— toraster (small_dis)

#writeRaster(Small_dis , filename="G: /open! Cordulal Outputs/ 161221/ Maske _kldis. tif ",
format="GTiff”,overwrite=TRUE, bandorder= BSQ)

#affected discharge, mit km laufen lassen
#klok <— ifelse(small_dis==0,sum_an_dischHIL ,0)
#sum( klok [drain_cells]) # [1] 3.963506

### Global sum EFR ###

# corrections from above have to be subtracted and their unit changed separately
### strict sum
efr_strict_o <— tar_up

corr_strict <— def_pnv_up

for(m in 1:12) efr_strict_o[,m]<— efr_strict_o[,m]*ndaymonth[m] %10"—-3
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for(m in 1:12) corr_strict[,m]<— corr_strict[,m]*ndaymonth[m] #10"—-3
efr_strict <— efr_strict_o — corr_strict

efr_strict[cell _out==0] <0

efr_strict_an <— apply(efr_strict ,1,sum)
sum(efr_strict_an[drain_cells]) #18156.18

# efr_up <— toraster(efr_strict_an)
# writeRaster (efr_up, filename="G:/open/ Cordulal Outputs/EFR/ efr _up. tif"”, format="GTiff”,overwrite=TRUE, bandorder= BSQ)

### mean sum
efr _mean_-o <— tar_mean
corr .mean <— def_pnv_up

for(m in 1:12) efr_mean_o[ ,m]<— efr_mean_o[.m]#ndaymonth[m] %10"—-3
for(m in 1:12) corr_mean[ ,m]<— corr_mean[ .m]#ndaymonth[m] %10"—-3
efr _mean <— efr_mean_o — corr_mean

efr _mean[ cell _out==0] <-0

efr _mean_an <— apply (efr_mean,]  sum)

sum(efr _mean_an[drain_cells]) #12407.86

# efr_mean <— toraster(efr_mean_an)
# writeRaster(efr_mean, filename="G:/openl/ Cordulal Outputs/EFR/ efr _mean. tif”, format="GTiff”,overwrite=TRUE, bandorder= BSQ)

### VMF
efr_vmf_o <— tar_vmf
corr_vmf <— def_pnv_vmf

for(m in 1:12) efr_vmf_o[,m]<— efr_vmf_o[.m]#*ndaymonth[m] #10"—3
for(m in 1:12) corr_vmf[ ,m]<— corr_vmf[ ,m]#*ndaymonth[m] %10"—-3
efr_vmf <— efr_vmf_o — corr_vmf

efr_vmf[cell _out==0] <-0

efr_vmf_an <— apply(efr_vmf,1 sum)

sum(efr _vmf_an[drain_cells]) #13538.17

# efr_vmf <— toraster(efr_vmf_an)
# writeRaster(efr_vmf, filename="G:/open!/ Cordulal Outputs/|EFR/ efr _vmf. tif”, format="GTiff”,overwrite=TRUE, bandorder= BSQ)

### smak
efr_smak_.o <— tar_smak
corr .smak <— def_pnv_smak

for(m in 1:12) efr_smak_o[,m]<— efr_smak_o[,m]*ndaymonth[m] #10"—3
for(m in 1:12) corr-smak[,m]<— corr_smak[,m]#ndaymonth[m] #10"—3
efr _smak <— efr_smak_-o — corr_smak

efr_smak[cell —out==0] <-0

efr _smak_an <— apply (efr_smak,l sum)

sum( efr _smak _an[drain_cells ]) #14419.41

# efr_smak <— toraster(efr_smak_an)
# writeRaster(efr_smak, filename="G:/open/ Cordulal Outputs/EFR/ efr _smak. tif”, format="GTiff”,overwrite=TRUE, bandorder= BSQ)

### Tess
efr_tess_o <— tar_tess
corr_tess <— def_pnv_tess

for(m in 1:12) efr_tess_o[,m]<— efr_tess_o[,m]*ndaymonth[m] #10"—3
for(m in 1:12) corr-tess[,m]<— corr_tess[,m]#ndaymonth[m] #10"—3
efr_tess <— efr_tess_o — corr_tess

efr_tess[cell _out==0] <0

efr_tess_an <— apply(efr_tess 1, sum)

sum(efr_tess_an[drain_cells]) #11931.83

# efr_tess <— toraster(efr_tess_an)
# writeRaster(efr_tess , filename="G:/openl/ Cordulal Outputs/|EFR/ efr _tess. tif”, format="GTiff”,overwrite=TRUE, bandorder= BSQ)
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