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Response to Report #1 

We are very thankful for the positive feedback of Reviewer #1 and the profound and helpful evaluation of the 
paper during the review process, which further improved this paper. Please find below our point-by-point 
responses describing our revisions in detail (highlighted in blue and italic type).   

And I mean extremely minor revisions. I caught a few typos/misused words. 5 

I wish there was a way to include the large Table 2 & 3 in the main body of the paper. These tables 
would be a huge 'hook' to interest casual readers by showing them what is going on with the Ramsar 
wetland in their 'back yard'. They are very large though. So I suppose it is what it is. 

My one substantive regret is that the researchers never compared their simulated overbank flows to 
observed conditions the past decade or so. That would have left no doubt in my mind their modeling 10 

was solid. As it is, I have to trust the model. This is not a show-stopper, just a gripe. 

Simulated overbank flows were compared to observed conditions. We refer to the related reference (Schneider 
et al., 2011a) in the text, which describes in detail the approach including a validation of bankfull flow estimates 
against observed conditions. In response to this comment, we want to be more clear on this and added “against 
observed conditions” to the related text in the manuscript as well as specific validation results of the related 15 
reference.   

Aside from this one regret, the revised paper is fantastic. The authors addressed all my concerns and 
did it in an elegant fashion. I give this paper two enthusiastic thumbs up. I left many comments 
embedded in the attached PDF of the revision. 

We are very thankful for the additional comments of reviewer #1 in the attached PDF. We addressed all 20 
comments in the revisions of the manuscript and particularly made the following changes: 

• The introduction has been further shortened a bit by removing dated references/ statements in a 
paragraph on page 3. 

• We divided longer paragraphs into two paragraphs as suggested. 
• We provide reasons for the cutoff threshold defined in section 2.2.1. In addition, we included the number 25 

of affected wetlands for each class in Table 2. 
• All comments addressing sentence and paragraph structure, spelling and wording were adopted as 

suggested. 
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Response to Report #2 

The introduction has now been carefully revised to explain relevant state-of-the art knowledge and knowledge 
gaps, motivating the objectives of the study. 
Regarding the lack of results comparison to previous studies, the issue was addressed by adding relevant 
references and comparing the present outcome with these references. It was not consistently done by using the 5 
discussion-section as suggested – sometimes comments were made in the results section too. However, this is 
more a matter of style, which is up to the authors (as long as the clarity is not affected). Other relevant changes 
were made in the discussion section, perhaps in response to other review questions. The end result was in any 
case a needed improvement: looks clear to me.  
The authors addressed also the previously unclear conclusion section, which now relates to the presented 10 
results in an adequate way. 
This means I would recommend publication of the manuscript in its present form.  

We are very thankful for the profound evaluation of the paper and helpful comments of Referee #3 during the 
review process, which further improved this paper. 
 15 
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Response to Report #3 

We are very thankful for the profound evaluation of the paper and the helpful comments of Referee #2, which 
further improved this paper. Please find below our point-by-point responses describing our revisions (highlighted 
in blue and italic type). 
 5 

I previously reviewed this manuscript and would like to compliment the authors on a much-improved version. 
The clarity of the revised methods greatly assists in fully understanding their objectives and approaches, 
thereby increasing the potential impact of the paper. The authors’ synthesis of worldwide patterns of current 
and future threats to Rasmar wetlands as a result of human-modified flow regimes (e.g., dams) and use of a 
global hydrological modeling framework to do this should result in a highly-cited paper. 10 

Below, I provide minor suggestions for edits to the manuscript: 

General comment: The authors should discuss how the availability of data on different continents and in 
different countries might have affected their model simulations and findings. One might expect data availability 
is imbalanced among, for example, wealthier and poorer countries. This hits upon the topic of how uncertainty 
is addressed in the modeling effort, which is addressed in some capacity in the Discussion. Because the change 15 
in hydrology are presented as relatively changes and in “bins” of magnitudes of change, output uncertainty may 
not be as important as the input uncertainty – such as that of data availability. If there is a clear mention that 
this particular uncertainty exists, it should be sufficient for the purposes of a global scale analyses. 

Thanks for this remark. We clearly mention now the existence of this particular uncertainty by the inclusion of 
the following text in the discussion section: “We stress that global scale modeling is limited by the quality of all 20 
input data used in our calculations. In wealthier countries data availability and verification is often more 
advanced. Hence, a bias of the model performance can be expected with a higher uncertainty in data poor 
regions. However, our global scale modeling approach allows transferring knowledge to these regions by 
identifying hotspots of risk where further hydro-ecological research can be directed.”   

Page 1, Lines 26-27. Revised the first sentence of the Introduction. It is not grammatically correct. What about, 25 
“Natural wetland areas have declined at the global scale by 31% between 1970 and 2008 (Dixon et al. 2016), 
and even higher numbers are likely for floodplain wetlands specifically”. 

Thanks, the sentence was changed as suggested. 

Page 3, Lines 10-30. This paragraph seems really long. Suggest making a new paragraph starting on Line 15 to 
introduce the study’s goals. 30 

Thanks, the paragraph was divided as suggested. 

Page 3, Line 25: Fully define what you mean by “society’s capacity to act” here. It’s too ambiguous without a 
definition. 

Thanks for this comment. We included an additional sentence to be more precise on what we mean by “society’s 
capacity to act” here. 35 

Page 4, Line 33: What is the parameter that’s adjusted in the model. It’s pretty amazing to have only one 
parameter to adjust. 

Thanks, we included the missing information. The parameter is runoff coefficient γ. 
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Page 4, Line 39: Provide (parenthetically) the anthropogenic impacts that are removed from the model for these 
runs. They can be explained further in subsequent sections, but it’s helpful here to briefly mention them. 

Thanks, we added the information. 

Page 4, Line 27: Change “considers now” to “now considers”. 

Thanks, we corrected the sentence as suggested (Page 5, line 27). 5 

Page 8, Line 29: Define RBO here rather than on Line 33. 

Thanks, we now define RBO at the first occurrence (i.e. Page 8, Line 29). 

Page 11, Line 25: Change “on global scale” to “at global scales”. 

Thanks, the sentence was corrected as suggested. 

Page 12, Line 26: Restate what the two sites are here. 10 

Thanks, we restate the two sites now. 

Page 12, Line 35: Start a new paragraph here. This paragraph seems too long. 

Thanks, the paragraph was divided as suggested. 

Page 13, Lines 5-15: This seems to be repetitive and was, in part, discussed on Page 12. Please revise, potentially 
by merging the two discussions on capacity to act and counteractive measures. 15 

Thanks, we removed repetitive sentences at page 13. 

Page 13, Lines 5-35: There are a lot of grammatical errors and odd sentence structures in this section. Please 
reread and revise. 

Thanks for this remark. We did our best as non-native English speakers to revise this section. 

  20 
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Hydrological threats for riparian wetlands of international 
importance – a global quantitative and qualitative analysis 
Christof Schneider1, Martina Flörke1, Lucia De Stefano2, Jacob D. Petersen-Perlman3  
1 Center for Environmental Systems Research, University of Kassel, Kassel, Germany 
2 Department of Geodynamics, Complutense University of Madrid, Madrid, Spain 5 
3 Department of Geography, Western Oregon University, Monmouth, Oregon, USA 

Correspondence to: Christof Schneider (schneider@usf.uni-kassel.de) 

Abstract. Riparian wetlands have been disappearing at an accelerating rate. Their ecological integrity as well as their vital 

ecosystem services for humankind depend on regular patterns of inundation and drying provided by natural flow regimes. 

However, river hydrology has been altered worldwide. Dams cause less variable flow regimes and water abstractions 10 

decrease the amount of flow so that ecologically important flood pulses are often reduced. Given growing population 

pressure and projected climate change, immediate action is required. However, the implementation of counteractive 

measures is often a complex task. This study develops a screening tool for assessing hydrological threats for riparian 

wetlands on global scales. The approach is exemplified on 93 Ramsar sites, many of which are located in transboundary 

basins. First, the hydrological modeling framework WaterGAP3 is used to quantitatively compare current and future 15 

modified flow regimes to reference flow conditions. In our simulations current water resource management seriously impairs 

riparian wetland inundation at 29% of the analyzed sites. Further 8% experience significantly reduced flood pulses. In the 

future, Eastern Europe, Western Asia as well as central South America could be hotspots of further flow modifications due 

to climate change. Second, a qualitative analysis of the 93 sites determined potential impact on overbank flows resulting 

from planned or proposed dam construction projects. They take place in one third of the upstream areas and are likely to 20 

impair especially wetlands located in South America, Asia and the Balkan Peninsula. Third, based on the existing legal/ 

institutional framework and water resource availability upstream, further qualitative analysis evaluated the capacity to 

preserve overbank flows given future streamflow changes due to dam construction and climate change. Results indicate 

hotspots of vulnerability exist especially in Northern Africa and the Persian Gulf. 

1 Introduction 25 

On a global scale, the naturalNatural wetland area has furtherareas have declined by aroundat the global scale by 31% 

between 1970 and 2008 (Dixon et al., 2016) and even higher numbers can be expectedare likely for floodplain wetlands 

specifically. In Europe and North America up to 90% of all natural floodplains are functionally extinct and in developing 

countries they are disappearing at an accelerating rate (Tockner and Stanford, 2002). Today, river systems belong to the most 

threatened ecosystems on the planet and the global freshwater Living Planet Index, indicating changes of fish, bird, reptile, 30 

amphibian and mammal populations, declined by 76% since 1970 (WWF, 2014). One of the main reasons for this situation is 

the alteration of natural flow regimes due to water resource development (Dynesius and Nilsson, 1994; Kingsford, 2000; 

Tockner and Stanford, 2002).  

Dams are built for different purposes. On the one hand, they offer important benefits and contribute to 12-16% of global 

food production and 19% of global electricity generation (WCD, 2000; Richter and Thomas, 2007). On the other hand, dams 35 

have been identified as the largest anthropogenic impact on the natural environment (Petts, 1984; Dynesius and Nilsson, 

1994; Poff et al., 1997). A study of Nilsson et al. (2005) showed that dams affect 59% of all large (i.e. natural annual 

discharge ≥ 350m3/s) river systems globally. In the year 2000, the total cumulative storage capacity of large dams accounted 
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for approximately 8300 km3 (Chao et al., 2008; ICOLD, 2007), meaning that more than 20% of global annual river discharge 

can be retained in reservoirs (Vörösmarty et al., 1997). In general, dams cause less variable flow regimes by considerably 

dampening flood peaks and elevating low flows. The downstream effects of individual dams reach up to tens or hundreds of 

kilometers, reducing the extent and frequency of floodplain wetland inundation (Collier et al., 1996; McCully, 1996; Poff et 

al., 2007). Further decreases in flow are caused by water abstractions of an exponentially growing world population. In the 5 

year 2014, 3986 km3 of freshwater were withdrawn globally according to AQUASTAT statistics (FAO, 2016). The main 

fraction was used by agriculture (69%) followed by industrial (19%) and domestic water supply sectors (12%).  

While floods are known as one of the most damaging natural disasters worldwide affecting human lives and property 

(Jonkman, 2005; Doocy et al., 2013; Swiss Re 2014), they are essential at pristine and not heavily altered floodplains 

benefiting river-floodplain ecosystems. A natural river floodplain falls into the wetland category and represents an ecotone at 10 

the interface of aquatic and terrestrial realms, which is periodically flooded and dried (Gregory et al., 1991; Bayley, 1995). 

Here, as described by the flood pulse concept (Junk et al., 1989; Bayley, 1991; Tockner et al., 2000; Junk and Wantzen, 

2004), the periodic occurrence of overbank flows is by far the single most important driving force (Welcomme, 1979; 

Tockner and Stanford, 2002) and engenders one of the most dynamic, diverse and productive systems in the world (Naiman 

et al., 1993; Nilsson and Berggren, 2000; Allan et al., 2005). Costanza et al. (1997) estimated the monetary value of 15 

ecosystem services from floodplains and swamps at US$ 3.2 trillion per year worldwide. 

Due to population growth, climate change and new dam initiatives, impacts on riparian wetlands are very likely to further 

increase in the next decades. Currently, major initiatives in hydropower development are taking place as a new source of 

renewable energy. At least 3700 major dams are either planned or under construction, which is supposed to further reduce 

the number of remaining free-flowing rivers by 21% (Zarfl et al., 2014). These dams offer economic opportunities, but have 20 

the potential to negatively impact river ecosystem health (Lloyd et al., 2004; WWF, 2004; Poff and Zimmermann, 2010) and 

cause conflicts among upstream and downstream water users. Climate change may severely alter flow regimes over large 

regional scales as well (Nohara et al., 2006; Laize et al., 2014). Hydrological projections indicate that future flow regimes 

are likely to be different under climate change due to regionally and seasonally changing precipitation patterns and amounts 

(Schneider et al., 2013). The higher temperatures will influence timing and quantities of snowmelt (Verzano and Menzel, 25 

2009) as well as frequency and intensity of extreme weather events such as floods (Milly et al., 2008). Okruszko et al. (2011) 

showed that depending on the applied scenario, European wetlands could lose 26 to 46% of their ecosystem services by 2050 

due to climatic and socioeconomic impacts on hydrology. 

In concept, there are different measures to counteract flow alteration threats to riparian wetlands. However, implementing 

such measures is a complex task and faces challenges such as setting strategic goals, identifying operation targets, having 30 

conflict resolution mechanisms in place, involving stakeholders, and monitoring the entire development (Pahl-Wostl et al., 

2013). International reviews (Moore, 2004; Le Quesne et al., 2010) revealed that the main obstacles for environmental flow 

(eFlow) implementations around the world include insufficient legal and institutional capacities, as well as conflicts of 

interests regarding available water resources. This is especially the case in transboundary river basins. The more countries 

affect the water management upstream of a riparian wetland, the more groups of stakeholders with different interests are 35 

present. More interdependencies are created at different administrative levels both within and between the countries and the 

potential for conflicts is higher (GWP, 2014). Hence, international water treaties and institutions are required to agree on 

common goals, coordinate basin-wide water management and allocate water to different users (Le Quesne et al., 2010). In 

the past, ineffective governance systems have often led to overexploitation of water resources with detrimental effects for 

river ecosystems and, in the long-term, for human well-being (Pahl-Wostl et al., 2013).  40 
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Despite the political and legal progress in recent yearsthe last decades (Naiman et al., 2002; Postel and Richter, 2003; 

Arthington et al., 2006; Poff and Matthews, 2013), water provisions for river ecosystems are still assigned a low priority in 

water management (Poff et al., 1997; Revenga et al., 2000; Smakhtin et al., 2004), a much smaller amount has been invested 

into river ecosystem conservation in comparison to human water security (GEF, 2008; Vörösmarty et al., 2010), and 

ecological water requirements have not been assessed yet in many countries (Smakhtin and Eriyagama, 2008; Richter, 2009). 5 

Thus, most river reaches and wetlands remain vulnerable to overexploitation worldwide (Poff et al., 2009; Richter, 2009; 

Richter et al., 2012). Regional studies show that floodplain wetlands have been downsized and transformed into terrestrial 

ecosystems due to reduced flooding caused by water resource management (Hughes, 1988; Maheshwari et al., 1995; Barbier 

and Thompson, 1998; Kingsford, 2000; Nislow et al., 2002; Middelkoop et al., 2015).  

Today, the speed of river ecosystem destruction and biodiversity loss is exceeding the ability of scientists to review applied 10 

water management practices and ecological consequences for each river. Thus, there is an urgent need to complement more 

accurate but time-consuming case studies by global water assessments that cover large-scale developments (Poff and 

Matthews, 2013). In recent yearsAccordingly, different authors have assessed ecologically relevant flow regime alterations 

on larger-scales in recent years (e.g. Smakhtin et al., (e.g.2004; Smakhtin and Eriyagama, 2008; Döll et al., 2009; Döll and 

Zhang, 2010; Vörösmarty et al., 2010; Schneider et al., 2013; Laize et al. 2014; Pastor et al., 2014; Grill et al, 2015).  15 

Building on the work from these valuable papers, this study aims at establishing a screening tool to systematically identify 

riparian wetlands that are threatened due to river flow regime modifications. While most large-scale eFlow assessments 

focused on in-channel river flows, our assessment is the first that applies the flood pulse concept on a global scale. Complex 

flow-dependent ecosystem habitats such as floodplain wetlands are provided by specific flow events. Consequently, rather 

than changes in average flow conditions, our modelling approach focuses on overbank flows leading to inundation of 20 

adjacent riparian wetlands considering. Additionally, it considers different drivers of global change such as dam operation, 

water use and climate change. As many ecological functions and habitats are facilitated by hydrological events that last only 

up to a few days (e.g. strong precipitation events, flood formation and overbank flows), discharge simulations are carried-out 

on a daily time-step. The modelling is performed on a detailed river network with a very high spatial resolution for a global 

model and can be applied for single reaches of larger rivers with a global coverage.  25 

Next to flow regime modifications, the threat for riparian wetlands also depends on the society’s capacity to act which is 

required to respond to hydrological changes and implement counteractive measures. This supporting the conservation of 

riparian wetlands. Capacity to act might be limited due to a high water resource competition or deficits in the legal and 

institutional framework in place and this kind of threat has not yet been taken into account in large scale studies. In order to 

fill this gap, we combined quantitative with qualitative indicators which address upstream water resource availability as well 30 

as the presence of institutional arrangements facilitating the establishment of eFlows.  

In this study, the proposed screening tool is exemplarily applied on 93 selected riparian wetlands of international importance 

to address the following research questions: 

1. What is the impact of current water resource management on riparian wetland flooding?  

2. At which sites is inundation likely to be further modified due to climate change and new dam construction?  35 

3. At which sites could the implementation of conservation measures be hindered by a low capacity to act?  
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2 Methodology 

In order to exemplify the proposed screening tool, we selected wetlands based on two criteria. First, we chose wetlands listed 

under the Ramsar Convention which is a global framework for intergovernmental cooperation aiming for the conservation 

and sustainable use of wetlands. This criterion ensured international importance and the designated protection goalsignificant 

value of the selected wetlands for each wetlandhumanity as a whole. Second, the wetlands have to be dependent on lateral 5 

overspill of adjacent rivers (i.e. fluviogenic). The Ramsar Classification System describes different wetland types, but does 

not categorize riparian wetlands. However, riparian wetlands were selected from the Ramsar list on the basis of information 

provided by the Ramsar information sheets (RSIS, no date) indicating a wetland’s dependence on flooding. For Europe, a 

higher number of sites were chosen as the European wetland geodatabase (Okruszko et al., 2011) clearly defines wetland 

type and main source of water for each European Ramsar wetland. In total 93 sites were selected, ranging from 5 to 55374 10 

km2 in size and located in 48 countries and 47 river basins, respectively. The Danube basin had the most selected wetlands of 

all river basins with 19 riparian Ramsar wetlands. A detailed list of all wetlands is provided in Annex A in the 

Supplementary Material. 

Our wetland assessment combines a quantitative and a qualitative analysis. The quantitative analysis is based on the flood 

pulse concept, which describes the flood pulse as a major driver determining the extent of the river floodplain and the biota 15 

living within it (Junk et al., 1989; Tockner et al., 2000). For each site we determined the percentage change in flood volume 

caused by (i) current water resource management and (ii) future climate change. In each case, we compared the modified 

river flow regimes to reference conditions which reflect near-natural flow regimes. These were simulated by not accounting 

for anthropogenic impacts except current climate and land-cover conditions.  

The qualitative analysis addresses vulnerability due to new dam initiatives as well as a missingdeficient capacity to act. New 20 

dam initiatives have the potential to further reduce wetland inundation in the near future. CapacityCapacity to act is required 

to implement complex counteractive measures at threatened sites and equitably allocated water resources to different water 

use sectors. However, capacity to act is often restricted by deficits in legal and institutional arrangements as well as water 

resource competition (Moore, 2004; Le Quesne et al., 2010), but required to implement complex counteractive measures at 

threatened sites and equitably allocated water resources to different water use sectors. ). We address the third research 25 

question by identifying riparian wetlands where implementation of conservation measures will likely to be hindered by a low 

capacity to act. 

2.1  The quantitative assessment of threats  

In order to quantitatively assess anthropogenic alterations of flood pulses, we applied WaterGAP3 (Eisner, 2016). 

WaterGAP3 is an integrated global modelling framework to assess impacts of global change on renewable freshwater 30 

resources. The model has been further improved to represent specific flow events (Verzano and Menzel, 2009; Verzano et 

al., 2012) and identify river ecosystems at risk (Schneider et al., 2013). Of particular interestWaterGAP3 was selected for 

thisthe study isbecause of the global coverage, the high spatial resolution of 5 by 5 arc minutes (~9 x 9 km at the Equator) to 

represent hydrological processes, the temporal resolution of daily time steps which is important for modelling flood 

formation, the operation of currently >6000 dams with optimization schemes for different dam types, and the calculation of 35 

water withdrawals and consumption of five different water-related sectors (domestic, manufacturing industries, thermal 

electricity production, agricultural crop irrigation, and livestock). 

Forced by climatic time series, the hydrology model of WaterGAP3 computes the macro-scale behavior of the terrestrial 

water cycle.  The daily water balances for each grid cell take into account distributed physiographic characteristics from high 

spatial resolution maps describing slope, soil type, land cover, aquifer type, permafrost and glaciers, as well as extent and 40 
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location of lakes and wetlands. The total runoff in each grid cell, derived from the water balances of land and freshwater 

areas, is routed along a predefined drainage direction map (DDM5; Lehner et al., 2008) to the catchment outlet. 

Simulated river flows are calibrated against observed annual discharge data from the Global Runoff Data Centre (GRDC, 

2004) at about 1600 gauging stations globally. The calibration process adjusts only one model parameter, (i.e., runoff 

coefficient γ), which has an effect on cell surface runoff generation at gauging stations (Eisner, 2016). TheIn recent studies 5 

the model’s ability to represent specific flow events has been proven for different maximum flow magnitudes (Schneider et 

al., 2011a; Schneider, 2015; Eisner, 2016).  

In order to assess quantitative changes in floodplain inundation, we conducted different model experiments and. Single steps 

of the entire approach are illustrated in Figure 1 and described in detail in the following subchapters. In brief, we proceeded 

as follows:  First, we simulated modified river flow regimes under current water resource management (tier 1; section 2.1.1) 10 

and climate change (tier 2; section 2.1.2). As assessment of river ecosystem health implies comparison of modified flows to 

referencenatural flow conditions (Norris and Thoms, 1999), we simulated the reference flow regimes in tier 3 (section 2.1.3) 

by not accounting for anthropogenic impacts (i.e., dam management and water use) except current climate and land-cover 

conditions. Bankfull flow existing in the 2000’s. In tier 4 (section 2.1.4), we estimated bankfull flow which constitutes an 

important parameter in our analysis. It describes the starting point flow where flow enterswater just begins to enter the active 15 

floodplain and was estimated for each grid cell in tier 4thus, marks the starting point of inundation. As floodplain inundation 

requires overtopping of the banks, each daily flow above bankfull was a critical flow to investigate in tier 5. (section 2.1.5). 

Here we compared modified (tier 1 and 2) to reference flow regimes (tier 3) and determinedquantified the changechanges in 

overbank flows (flood volume. Single steps of the approach are illustrated) as a proxy for changes in Figure 1 and described 

in more detail in the following subchapters.wetland inundation.  20 

2.1.1 Simulation of modified flow regimes under current water resource management 

For the simulation of flow regimes under current water resource management (i.e., 1981-2010), we took anthropogenic flow 

alterations due to water use and dam operation into account (tier 1, Figure 1). Regarding water use, river discharge is 

reduced in each grid cell by water consumption as calculated by the global water use models of WaterGAP3. These models 

simulate spatially distributed water uses for the five most important water use sectors (Aus der Beek et al., 2010; Flörke et 25 

al., 2013).  

Net irrigation requirements are simulated for each grid cell based on climatic conditions, dominant crop type and irrigated 

area around the year 2005 (GMIAv5; Siebert et al., 2013) assuming an optimal water supply to irrigated crops. Livestock 

water demands are determined by multiplying the number of animals per grid cell by the livestock-specific water use 

intensity (Alcamo et al., 2003). For the electricity production sector, the amount of cooling water consumed is calculated by 30 

multiplying the water use intensity of each power station with the equivalent annual thermal electricity production. The 

water use intensity is affected by the cooling system (once-through flow cooling, tower cooling, or ponds) and the type of 

fuel (coal and petroleum, natural gas and oil, nuclear, or biomass and waste) used at each power station (Flörke et al., 2012). 

Power station characteristics such as type, size and location are derived from the World Electric Power Plants Data Set (UDI, 

2004).  35 

Consumptive water uses of the manufacturing and domestic sectors are computed on a country scale following data from 

national statistics and reports, which are subsequently allocated to the grid cells of the associated country by means of urban 

population and population density maps, respectively (Flörke et al., 2013). For the domestic sector, WaterGAP3 also 

considers water transfers of 480 larger cities including their 1642 withdrawal points (City Water Map; McDonald et al., 

2014). 40 
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In order to assess flow alterations due to dam operation, the number of dams implemented in the model has been further 

increased based on information provided by the Global Reservoir and Dam (GRanD) database (Lehner et al., 2011). From 

this dataset, WaterGAP3 now considers now all large dams (i.e., dams with a height of ≥15 meters) plus smaller dams 

exceeding a reservoir storage volume of 0.5 km³. 6025 dams are currently allocated to the global WaterGAP3 stream net 

accounting for a total accumulative storage volume of 6200 km3. This is state-of-the-art in comparison to other global 5 

models (Haddeland et al., 2013). 

The operation of dams is performed in WaterGAP3 as a function of dam type. Dams with the main purpose for irrigation are 

operated according to the algorithm of Hanasaki et al. (2006) with minor modifications by Döll et al. (2009). The annual 

reservoir release is a function of long-term average annual reservoir inflow, the relative reservoir storage at the beginning of 

the operational year, and the difference between precipitation and evaporation over the reservoir surface. Subsequently, 10 

monthly reservoir releases are calculated depending on the downstream consumptive water use in each month.  

Other dam types are operated based on an optimization scheme provided by Van Beek et al. (2011). Depending on the dam 

type, an objective function is applied that maximizes electricity production by maximizing the hydrostatic pressure head to 

the turbines (hydropower dams), minimizes flood damages by minimizing overbank flows (flood control dams), and aims for 

a constant outflow by minimizing deviations from the annual mean (water supply and navigation dams). Furthermore, we 15 

considered different constraints that reserve sufficient storage capacity to accommodate larger floods for seven days (flood 

protection) and to keep sufficient water in the reservoir to safeguard a minimum flow for at least thirty days (minimum flow 

provisions).  

Given current reservoir storage and monthly inflow data of the upcoming year, the overall modelling strategy is to find the 

monthly target storages (and corresponding monthly reservoir releases) that ensure optimal functioning of the dam. This 20 

strategy was realized in WaterGAP3 by evaluating objective functions and constraints through deterministic dynamic 

optimization (Bellman, 1957) and discretizing reservoir storage by the Savarenskiy's scheme (Savarenskiy, 1940) 

considering a discretization width of 2%. At the beginning of each month, the accumulated objective function value is 

computed for the upcoming twelve months taking into account every possible combination of the discrete reservoir storage 

classes. The combination, which provides the most suitable value for the objective function without harming any constraint, 25 

determines the monthly target storages. As inflow data, forecasted monthly values are used derived from average simulated 

flows of the last five years (rather than simulated values for the future year). This prospective scheme reflects more 

realistically the hydrological situation, where water managers have to deal with uncertain forecast as well (van Beek et al., 

2011). The monthly target storages together with the actual incoming flow are subsequently used to calculate the daily 

reservoir releases.  30 

In this modelling study we used the WATCH-Forcing-Data-ERA-Interim (WFDEI; Weedon et al., 2014) for climate input 

representing current conditions. The time series consists of a set of daily, 30 x 30 arc minutes (~50 x 50 km at the Equator) 

gridded meteorological forcing data, which were simply disaggregated to the 5 arc minute resolution as required by the 

model.  

2.1.2 Simulation of modified flow regimes under climate change 35 

To simulate future flow regimes modified only by climate change, additional model runs were conducted (tier 2, Figure 1) 

for the 2050s (represented by the time period 2041-2070). Here, WaterGAP3 was driven with bias-corrected, daily climate 

data from five different general circulation models (GCMs), namely GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, 

MIROC-ESM-CHEM, and NorESM1-M, provided by ISI-MIP (Hempel et al., 2013). We assumed climate drivers to follow 

the Representative Concentration Pathway leading to a radiative forcing (cumulative measure of human emissions of GHGs 40 
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from all sources) of 6.0 W/m² (RCP6.0). Current CO2 emissions are close to the upper end of the scenario range and RCP6.0 

is a medium-high emission scenario with a global mean temperature increase of 2.2°C until the end of the century compared 

to 1986-2005 (Riahi et al., 2011). Within the future time frame the differences between the emission scenarios (as 

represented by the radiative forcing) are smaller than between scenarios based on different GCMs. Thus we considered 

climate forcing of five different GCMs but only one emission scenario in order to address the uncertainty of projected 5 

climatic conditions. Although model outcomes of tier 2 will not reflect future conditions because of not taking into account 

future water management, this model experiment supports identifying the solely effect of climate change on riparian wetland 

inundation. Therefore, we disabled dam operation and water use in these model runs.  

2.1.3 Simulation of reference flow regimes 

The aim of tier 3 was to simulate daily reference flow regimes reflecting near-natural conditions (Figure 1). Hence, 10 

anthropogenic impacts such as dam operation and water use were disabled in these model runs. In order to be able to make 

comparisons with modified conditions, we conducted six different model runs for the reference period 1981-2010. We forced 

WaterGAP3 with WFDEI climate data to simulate reference flow regimes for the comparison with modified flows of tier 1 

and with GCM data for the comparison with flow regimes of tier 2. Land cover data were derived from the Global Land 

Cover Characterization map (GLCC; USGS, 2008) and for EU countries from the CORINE Land Cover map (CLC2000; 15 

EEA, 2004) and kept constant over the entire model simulations. 

2.1.4 Estimation of bankfull flow 

Bankfull flow was estimated in our approach for each grid cell by flood frequency analysis (tier 4, Figure 1). We applied the 

partial duration series (PDS) approach taking into account 30-year time series of daily discharge data modelled by 

WaterGAP3, an increasing threshold censoring procedure, a declustering scheme and the generalized Pareto distribution. In 20 

the PDS, bankfull flow is determined by a return period of 0.92 years. The approach including a validation of bankfull flow 

estimates against observed conditions is described in detail by Schneider et al. (2011a). Results of this study show that 

bankfull flow can be reasonably simulated by WaterGAP3 with a high model efficiency (E1 = 0.71) and weighted correlation 

(ωr2 = 0.90) as well as a systematic overestimation of 22.8%. 

2.1.5 Assessment of overbank flow modifications 25 

We used the flood volume (i.e. the cumulative amount of daily discharge above bankfull) as a measure for the extent of 

flooding in tier 5 (Figure 1) which was determined as the long-term annual mean over the 30-year time period. The 

percentage change in flood volume between the modified and reference flow regimes describes the anthropogenic impact on 

floodplain inundation. Climate change impacts on flow regimes are presented as ensemble median, which reflects the 

direction of change of at least three out of the five selected GCMs. The entire approach was carried out for each single grid 30 

cell of the global 5 arc minute raster but only grid cells associated to riparian wetlands were further examined.  

In order to evaluate the ecological consequences of flood volume alterations, thresholds needed to be defined. So far no 

generalizable relationships between flow alteration and ecological impact are available for large-scale assessments. 

Therefore we applied ‘thresholds for potential concern’ (Hoekstra et al., 2011) for the deviation (Δ) in flood volume between 

the modified and the reference flow regimes in order to distinguish distinct levels of modification (Table 1). These 35 

thresholds are based on the ‘presumptive standard’ suggested by Richter et al. (2012) for daily flow alterations and likely 

indicating moderate to major changes in ecosystem structure and functions as well as initial thoughts from some water 

resources experts to set a global standard on eFlow requirements. Though it has to be considered in our assessment that 

already small reductions in flood volume can result in large decreases in the extent of area flooded (Taylor et al., 1996; 

Kingsford, 2000; Tockner and Stanford, 2002). 40 
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In general it can be expected that the greater the deviation from natural conditions, the greater the expected ecological impact 

(Poff and Hart, 2002; Magilligan and Nislow, 2005). Quantitative relationships between peak flows and ecosystems are 

provided, e.g. by Wilding and Poff (2008) for rivers in the U.S. state Colorado. In their study, riparian vegetation responds 

by a maximum change of 12% in community composition for each 10% reduction in peak flows. Consequently, a reduction 

of 40% in flood volume, which indicates a serious modification in our analysis, could lead to a 48% change in riparian 5 

vegetation. Stream invertebrates, in turn, respond exponentially. A 40% change in peak flow may cause a maximum 

response of 54% change in invertebrates.  

2.2  The qualitative assessment of threats 

In order to evaluate further impairments on riparian wetland flooding in the coming decades, we conducted a qualitative 

assessment considering. The qualitative assessment addresses (i) future dam construction and (ii) the capacity to act which is 10 

required respondingto respond to ecological threats caused by flow regime alterations.  

2.2.1 Future dam construction 

Besides climate change, the construction of new dams will further modify flood pulses and thus, put additional pressure on 

riparian wetlands. Therefore, for each selected site we determined the number of all upstream dam projects which are over 

10 megawatts in capacity and were planned, proposed or under construction as of July 2014 (Petersen-Perlman, 2014). A 15 

number of sources were used to build this dataset: the United Nations Framework Convention on Climate Change’s Clean 

Development Mechanisms (http://cdm.unfccc.int), International Rivers, and other organizations’ websites known to fund 

dam construction (e.g., World Bank). If no dam initiatives were found in the upstream area, we assigned a lowno impact. 

The remaining sites were divided into two almost equally sized groups to define a medium (1-12 dam initiatives) and high 

(28-276 dam initiatives) impact (Table 2). The cutoff threshold between medium and high impact was chosen with the 20 

intention to get two almost equally sized groups of affected wetlands and to respect the large gap between 12 and 28 

upstream dams. 

2.2.2 Capacity to act 

The implementation of counteractive measures is a complex task and depends on the local capacity to act. In order to assess 

that capacity for each site, we calculated two sub-indicators.  25 

The first sub-indicator addresses the availability of water for ecological allocations. Especially flood pulse provisions require 

a relatively large amount of water at a specific time of the year. However, in some regions, water use alone can have a strong 

impact on the river flow regime. For example, the outflow of the Colorado and Murray Darling Rivers is reduced by water 

use to <1% and 36%, respectively, of its natural flow (Jolly, 1996; Cushing and Allan, 2001). A high level of water scarcity 

in the upstream area indicates a high water resources competition between different water use sectors and reduces the 30 

potential to allocate adequate amounts of water for ecological requirements. Water scarcity was defined following the 

approach of Hoekstra et al. (2012) who suggested that no more than 20% of monthly river discharge should be depleted by 

consumptive water use to maintain river ecosystem integrity. Depending on the average number of months per year with 

water scarcity (i.e., a consumption-to-availability ratio >0.2) in the upstream area, water availability for ecological purposes 

was determined (Table 3). The cutoff thresholds for low (6-12 months), medium (2-5 months) and high (0-1 month) water 35 

availability were arbitrarily chosen.  

The second sub-indicator addresses the legal and institutional framework in place, and distinguishes between transboundary 

and non-transboundary upstream areas. For the latter, the sub-indicator depicts whether the country where the riparian 

wetland is located has legal provisions or official recommendations for the establishment of eFlows (=yes) or not (=no). 
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Having a legal provision is an important first step for setting strategic goals, advocating ecological water requirements with 

stakeholders, securing planning resources, and promoting eFlow implementation (Le Quesne et al., 2010). However, it is no 

guarantee that eFlows are actually established in practice, enforced or adequate. As most of this information on legal eFlow 

provisions was available in qualitative terms we introduce a simple yes-no query to our capacity to act indicator. In particular 

no quantitative information on eFlow provisions was found for the management of dams. The main sources of information 5 

for this sub-indicator were OECD (2015), Benítez Sanz and Schmidt (2012), Le Quesne et al. (2010), and the FAO Water 

Lex Legal Database (FAO, no date).  

In transboundary upstream areas the sub-indicator takes into account five parameters as the complexity of water management 

increases. Here, we measured formal institutional capacity by (i) the presence of river basin organizations (RBOs,), (ii) at 

least one relevant treaty, and specific treaty provisions such as (iii) water allocation mechanism, (iv) conflict resolution 10 

mechanism, and (v) flow variability management. Formal arrangements governing transboundary river basins, in the form of 

international water treaties and river basin organizations (RBOs),, can be particularly instrumental in managing disputes 

among different stakeholders involved in water resources management. The greater institutional capacity is, the higher is the 

potential for eFlow allocations. Institutional frameworks can determine targets, responsible authorities, reoperation 

strategies, reallocation of water shares, monitoring efforts and consequences of assessment outcomes (Le Quesne et al., 15 

2010; Pahl-Wostl et al., 2013). For the calculation of this sub-indicator, we divided the upstream areas in basin-country units 

(BCUs; i.e. the portion of a country within a river basin shared by two or more countries). For each of the five parameters 

present at BCU level, one point was given, allowing for a score ranging from zero to five. In order to assign a score to each 

wetland reflecting upstream transboundary institutional capacity, we aggregated and weighted the scores of all upstream 

BCUs based on the contribution of each BCU to the runoff of the total upstream area. We gave an additional point in case 20 

the country where the wetland is located has legal provisions or official recommendations for the establishment of eFlows. 

The scores were then grouped into three classes describing a low, mid, and high institutional capacity (Table 4). All 

underlying data were obtained from De Stefano et al. (2012) and complemented with data embedded in international RBOs 

(Schmeier, no date). 

3  Results 25 

3.1  Quantitative analysis 

3.1.1 Overbank flow alterations caused by current water resource management 

Figure 2 shows the degree of alteration in flood volume at the 93 wetland study sites caused by current (1981-2010) water 

management practices. When comparing modified to reference flow regimes, every second site (51%) is impaired by at least 

moderately reduced flood volumes in our simulations. Almost every third site (29%) is seriously and further 8% are 30 

significantly affected by the flow regime modifications. Seriously affected sites occur on all continents but particularly in 

Australia, China, North America, and the Iberian Peninsula as well as at rivers that drain into the Black Sea (e.g. Dnieper and 

Dniester rivers) or the Persian Gulf (e.g. Tigris and Karun rivers). We found that dams for hydropower generation are the 

most frequent dam type in almost one third of the selected upstream areas, followed by irrigation dams in one quarter of the 

upstream areas. However, irrigation dams are the most frequent dam type in almost half of the cases (48%), when only 35 

wetlands with seriously modified inundation patterns are regarded. 

In Australia, five (#89-93) of six vulnerable sites are located in the Murray-Darling basin. In their upstream areas more than 

100% of the annual flow can be stored in reservoirs indicating a high impact on flow regulation, which was also found by 

Grill et al. (2015). Intense agricultural irrigation is responsible for the highest water withdrawals and irrigation dams are the 



14 

 

most frequent dam type in almost all upstream areas. This is underlined by Kingsford (2000) who reported that many 

floodplains in the Murray-Darling basin have turned into terrestrial ecosystems. 

At the Volga River, the construction of dams for hydropower and navigation during the Soviet Union-era has substantially 

altered the flow regime, which seriously influences the dynamics of the Volga Delta (#74) in our analysis. This finding is in 

line with other studies. Khublaryan (2000) reported that mean high water flow decreased from 67 to 42% of the annual flow 5 

in the Lower Volga River due to river regulation. Middelkoop et al. (2015) found that dam operation caused a decrease in 

magnitude and duration of spring peak flow in the Lower Volga.  

Nine of the analyzed sites are located along the Danube River for which we identified slightly (#31), moderately (#44, #48, 

#50, #51, #52) and significantly (#35, #37, #46) reduced flood volumes. Despite numerous dams, the lower storage 

capacities cause the Danube River to be more affected by fragmentation than flow regulation as also shown by Grill et al. 10 

(2015). 

We found the lowest number of vulnerable wetlands in South America and Africa. In South America many riparian wetlands 

possess only slightly modified inundation patterns. Only a few large dams are located in upstream areas and many river 

reaches, especially in the Amazon basin, are still in pristine conditions (see also Tockner and Stanford, 2002). Nevertheless, 

seriously modified inundation patterns exist as well at three (#5, #12 and #13) of nine selected study sites located in Ecuador 15 

and Argentina. In Africa, about half of the sites are not or only slightly affected under current conditions. However, one third 

of the African sites are impaired by seriously or significantly altered overbank flow events. These sites are located in 

Morocco, Tunisia, Mozambique, and Nigeria. The threat to Nigeria’s wetlands is also reported by Uluocha and Okeke 

(2004) inter alia due to population pressure and dam construction.  

3.1.2 Overbank flow alteration due to climate change 20 

In the future climate change is likely to further modify river flow regimes as indicated by the model results driven by five 

GCM-projections. According to the ensemble median, the average flood volume is expected to decrease at 41% of the sites 

in the 2050s due to the exclusive effect of climate change (Figure 3). At 16% of the sites, reductions are significant or even 

serious (i.e. >30%). Overall two spatial hotspots could be identified in Eastern Europe/ Western Asia as well as in South 

America below the Amazon River where flood pulses are likely to be reduced under climate change. These WaterGAP3 25 

results are in line with Dankers et al. (2013) who modelled changes in peak flows at the end of this century by nine global 

hydrology models.    

In Europe, most sites of concern are located in Eastern Europe, i.e. in the Ukraine (#24, #26, #43), Hungary (#32, #36), 

Slovakia (#34), Moldova (#42) and Romania (#45), but also in Spain (#56) and Germany (#29). Climate change will induce 

an additional threat for three of the sites (#42, #43, #56) which already experience seriously or significantly reduced flood 30 

volumes under current water management practices. In Asia, wetlands affected by reduced flooding under climate change are 

located in Russia (#73, #74) and Iraq (#77). Flood pulses are already seriously reduced under current water management at 

two of them (#74, #77). The expected reduction in wetland inundation in Eastern Europe and Western Asia in the future can 

be explained by changes in snowmelt. In these two regions characterized by continental climate, global warming is likely to 

cause a reduction in snow cover resulting in lower and earlier snowmelt-induced flood peaks in spring as found by Schneider 35 

et al. (2011b; 2013). Moreover, analyses of stream flow trends in European Russia indicate that spring flows have been 

decreasing since the mid-1970s (Georgiyevsky et al., 1995; 1996; 1997). 

Increasing flood volumes, in contrast, can be found at 51% of the selected riparian wetlands under climate change 

conditions. The rise in flood volume is expected to be higher than 30% in the 2050s at almost every third (30%) site. Those 

wetlands tend to be located closer to the coast and especially in Southeast Asia, Southeast Europe, Scotland, West Africa, 40 
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Tanzania and Kenya. In the analysis of Dankers et al. (2013), increases in flood hazard were projected consistently for 

Southeast Asia. 

3.2  Qualitative analysis 

3.2.1 Future dam construction 

New dam initiatives have the potential to further impair riparian wetland flooding. New dams are currently planned or under 5 

construction in the upstream areas of one third of the selected riparian wetlands (Figure 4). In agreement with results of Zarfl 

et al. (2014), extensive dam construction is on the way, particularly in areas upstream of South American (67%) and Asian 

(60%) wetlands. We found that a large impact is likely in the upstream areas of wetlands located in the basins of Amazon, 

Parana and Paraguay as well as Yangtze, Yellow, Mekong, and Ganges-Brahmaputra. Riparian wetlands in China (#75, #79) 

and Argentina (#12, #13) are already characterized by seriously reduced flood volumes under current water management 10 

conditions. Dams are also planned or under construction upstream at about half (47%) of the selected African sites, although 

the number of dams is relatively small in most upstream areas. Analyzing future trends for riverine floodplains, also Tockner 

and Stanford (2002) concluded in their assessment that in South America, Asia and Africa many floodplains will become 

reduced in size or even disappear in the future. 

While a high number of dams have been constructed in North America and Australia in the last century, no further dams are 15 

planned or under construction upstream of the selected Ramsar sites. This is also the case for most parts of Europe, but a 

high number of new dams could be constructed upstream of riparian wetlands located in the Balkan Peninsula (i.e. in 

Croatia, Serbia, Bulgaria and Romania) further threatening riparian wetlands in the lower Danube basin.  

3.2.2 Capacity to act 

Implementing counteractive measures requires that (i) sufficient water is available to satisfy water demands of different 20 

water use sectors and (ii) institutional arrangements are in place enabling the establishment of eFlows. Considering these two 

factors, Figure 5 displays the capacity to act in the upstream area for each riparian wetland. 

Our analysis shows that the highest competition for water exists in the upstream area of the Lake Chad Wetlands (Nigeria) 

followed by wetlands of the Murray-Darling (Australia), Schatt al-Arab (Persian Gulf), Tana (Kenya), Moulouya (Morocco), 

and Yellow (China) River basins, where water scarcity occurs upstream in six to ten months of the year on average. Lake 25 

Chad lost one-tenth of its size in the last 40 years (Uluocha and Okeke, 2004) and the United Nations Environment 

Programme stated that human water use is responsible for about half of the decrease (UNEP, 2008) which supports our 

finding. EFlow applications might be also challenging in the Iberian Peninsula as water availability for ecological purposes 

is rated medium with water scarcity occurring on average in five months of the year due to high water requirements for 

agricultural irrigation. 30 

Globally, normative eFlow provisions are considered in the national or state Water Act at about 50% of the selected Ramsar 

sites. The highest percentage of sites without normative eFlow provisions occurs in Asia (87%) and Africa (80%). The 

lowest values for formal institutional capacity became obvious in the transboundary upstream areas of wetlands located in 

the Ukraine (#24, #41), Belarus (#25) and Russia (#72). In this study, Eastern Europe and Western Asia were identified as 

hotspot regions where climate change is likely to reduce flood pulses in the future. Thus, a high formal institutional capacity 35 

would be of importance here to conserve riparian wetlands and allocate water to different water users. 

Considering both sub-indicators, the lowest values for capacity to act were found for riparian wetlands located in North 

Africa (#57, #58), Northeast Nigeria (#60, #61), as well as at the Dnipro River Delta (#41) and the Persian Gulf (#77,#78). 

Detailed results for all indicators and wetlands are listed in Annex B in the Supplementary Material. 
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4  Discussion 

Currently, the concept of eFlows is transitioning from an era of ecosystem integrity and conservation at single river reaches 

to a period of globalization, where regional studies are complemented by global water assessments that cover large-scale 

developments. The main reasons are increasing threats onat global scalescales (e.g. global warming) and the associated pace 

of ecosystem destruction, but also more sophisticated global hydrology models are available now (Poff and Matthews, 5 

2013). In this study, we applied the global modeling framework WaterGAP3, which has been further improved in recent 

years to model specific flow events such as floods. WaterGAP3 is a state-of-the-art global water model that performs well 

compared to other global and regional models (Beck et al., 2016; Eisner et al., 2017).  

Despite the high number of dams (>6000) operated in WaterGAP3, our results for the impacts related to water resources 

management should be regarded as an underestimation as only larger dams from a global dataset (GRanD, Lehner et al. 10 

2011) are taken into account. The aggregated effect of remaining smaller dams has an impact on floodplain inundation as 

well (Rosenberg et al., 2000), so it can be assumed that the impacts are even higher for some wetlands.  

Our analysis is based on dam operation rather than reservoir capacity and river fragmentation. WaterGAP3 operates dams by 

dynamic optimization schemes taking into account various objective functions and constraints. Since no global dataset exists 

that describes specific operation rules or management strategies of individual dams, the dam operation module as part of 15 

WaterGAP3 considers generic operation schemes reflecting the main purpose of each dam. Thus, the performance of our 

dam module can be regarded as lower compared to detailed reservoir models using site-specific information. Accordingly, 

eFlow provisions that are already enforced in reality are also not acknowledged in the model. Therefore our screening tool 

could flag vulnerable wetlands that are, at least to some degree, protected by eFlow provisions in practice. For example, 

eFlow provisions are part of the Australian law and have also been defined for floodplain wetlands of the Murray-Darling 20 

basin (Poff and Matthews, 2013). Yet eFlows are defined at only a tiny fraction of rivers worldwide and in most cases 

restricted to low flows (Poff et al., 2009; Richter et al., 2012), so that most wetlands remain vulnerable to flow regime 

modifications. Our study benefits from the qualitative assessment where we collected information on legal eFlow provisions 

from the related national or state Water Act, which we combined with our quantitative model outcomes. Legal eFlow 

provisions are regarded as a first important step for promoting eFlow implementation. However, legal eFlow provisionsthey 25 

do not guarantee eFlow applicationthat eFlows are actually established in practice, enforced or adequate, and hence, could 

not be considered in the model’s operation scheme. 

We used flood volume as a proxy indicator for the extent of flooding. Further improvements of the screening tool will 

address the implementation of floodplain storages in WaterGAP3 based on an elevation model on sub-grid scale. This will 

enable a better estimation of change in extent of flooding due to flow regime alterations. In order to distinguish different 30 

wetland types, it would be useful that future global wetland datasets provide more information on the wetland’s main source 

of water as done in the European wetland geodatabase of Okruszko et al. (2011).  

We stress that global scale modeling is limited by the quality of all input data used in our calculations. In wealthier countries 

data availability and verification is often more advanced. Hence, a bias of the model performance can be expected with a 

higher uncertainty in data poor regions. However, our global scale modeling approach allows transferring knowledge to 35 

these regions by identifying hotspots of risk where further hydro-ecological research can be directed. 

The implementation of appropriate counteractive measures is likely to be most urgent for the identified hotspots of current 

and future threats. Those measures encompass adaptive integrated dam management that reconciles interests of different 

water use sectors, improved flood management plans, water use-efficiency enhancement, and sophisticated eFlow 

provisions, e.g. according to the Block Building Methodology (BBM; Tharme and King, 1998) or the Basic Flow 40 



17 

 

Methodology (BFM; Palau and Alcazar, 2012). These two methodologies take account of ecologically relevant flow 

elements such as flood pulses for riparian wetlands. Dam reoperation strategies aiming at ecosystem restoration depend on 

the dam’s main operating purpose (Watts et al., 2011). In our assessment hydropower dams were the most frequent dam type 

in the upstream areas of riparian wetlands. However, irrigation dams dominate in the upstream areas of seriously affected 

sites. Consequently, notably for irrigation and hydropower dams, innovative and integrative operating rules need to be 5 

developed maintaining global food security and economic benefits, while at the same time releasing eFlows for ecosystem 

health and biodiversity. 

Depending on the location, climate change will increase or decrease floodplain inundation in the future. In our simulations, 

two hotspots (Eastern Europe/ Western Asia as well as central South America) were identified with reduced floodplain 

wetland inundation under climate change. Especially these sites could benefit from achieving climate targets set in 10 

international agreements. Further application of the screening tool presented in this study could take into account a higher 

number of GCM projections as well as scenarios describing future socio-economic developments. Outcomes could be used 

for a comprehensive uncertainty analysis in order to make statements for each wetland about the probability and degree of 

change. Depending on the RCP, projected global mean temperature is likely to increase between 0.3°C and 4.8°C until the 

end of the 21st century relative to 1986-2005 (IPCC, 2014). For time horizons beyond 2050, it would be also advisable to 15 

select climate change projections representing more than one RCP to provide insight into a full range of possible future 

developments. As the goal of this paper is to demonstrate the screening tool, only results for the ensemble median of five 

GCMs were presented. The model results on changes in overbank flows as obtained from the five different GCMs are 

included in Annex C in the Supplementary Material.  

Regarding sites with simulated increasing flood volumes, it is uncertain from the global perspective whether the increased 20 

flood volume benefits the wetland or generates flood damages for people, which. The latter, in turn, would be an incentive to 

build more dams for flood control (Poff and Matthews, 2013). In particular it needs to be assured that high-flow pulses do 

not expose people to flood risk and damage. In general, all wetlands could benefit from improved flood management plans 

taking non-structural measures into account (Sparks, 1995). For example, restoring river floodplains and dead stream 

branches minimizes flood damages and reduces flood-control storages in reservoirs. This, measure would increase the 25 

potential to allocate more water for hydropower generation, water-supply or eFlow provisions (Watts et al., 2011). Further 

measures encompass dyke relocation, buying land from farmers, defining maximum admissible dam releases for flood 

provisions, or establishing floodways that direct floodwater around human settlements.  

Next toRiparian wetlands are threatened by human induced flow regime modifications, the threat for riparian wetlandsbut 

also dependsdepend on the society’s capacity to act required responding to changes and implementing to prevent or reduce 30 

these modifications through the implementation of counteractive measures. GlobalThese two dimensions together are not yet 

considered in global assessments of hydrological threats tofor riparian wetlands do not account for this. In order to fill this 

gap, our approach addresses both dimensions and combines qualitative resultsinformation on the capacity to act with 

quantitative hydrological model results. At sitesRiparian wetlands that are located in countries where the capacity to act is 

limited by a low institutional capacity, the acknowledgement of ecological water requirements in theits legislation could be 35 

assumed a first important step for eFlow implementation. This does not ensure that eFlows are actually established in 

practice, enforced or adequate, but showswould show that ecological water requirements are on the agenda of legislators and 

water practitioners, and hence helps advocating for acceptance of ecological water requirements. TheIn general, the more 

countries depend on the available water resources within a river basin, the more challenging is the implementation of 

eFlows. Therefore, for all transboundary upstream areas, we aimed at investigating whether RBOs, international water 40 

treaties and specific treaty provisions are already put in place to manage disputes and water resource allocation among 
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different water users. At riparian wetlands in transboundary river basins where institutional capacity is low, the 

establishment of such formal arrangements could be supportive for wetland conservation. While the institutional capacity 

indicator considers national laws, international treaties and RBO agreements, it is important to stress that the presence of 

formal arrangements is no guarantee for effective enforcement in practice. 

The proposedOur screening tool helps to identify riparian wetlands where the capacity to act is limited by, e.g., a high water 5 

resource competition. Especially at these sites with highsuffering from water scarcityshortage in the upstream area, measures 

are likely to be required that increase water use efficiency (e.g. by water recycling, technological innovations, dripping 

irrigation, changing crop mix, importing agricultural products, water metering or other incentives to save water) in order to 

reduce water abstractions and raise the amount of water that can be allocated for ecological requirements. 

We assessed the threat of future dam construction for specific riparian wetlands globally. CurrentlyBecause no large-scale 10 

dataset on comprehensive list of major dam initiatives (including planned storage capacities) is publicly available. Therefore, 

we collected the number of dams that are currently planned, proposed or under construction in the upstream areas to giveof 

riparian wetlands as a first indication, where future dam construction is likely of threat to affect riparian wetland inundation. 

As a next step, new dam initiatives could be implemented in the WaterGAP3 model to quantitatively judge changes in flood 

volumes. This would account for operation, location in the upstream area, and storage volume of future dams, and thus 15 

improve analysis of future ecological and human water stress. Furthermore, this enhancement ofIncluding the 

approachinformation on new dam initiatives in the model would enable futurebe a huge step towards a comprehensive 

scenario assessments thatassessment to quantitatively evaluate the combined effects of dam operation, water use and climate 

change on river flow regimes. Additionally, different land-use change scenarios could be considered in those WaterGAP3 

model runs. RiparianAdditionally, riparian wetland inundation is also influenced by land-use changes (e.g. deforestation, 20 

land drainage, or sealing of large urban areas) and river construction (e.g. embankment, re-aligning, widening or deepening). 

These influences interact with water resource usesresources management and climate change, but did not fall within the 

scope of this paper. 

5  Conclusions and outlook 

Freshwater demands of an exponentially growing world population, hydropower development as a new source of renewable 25 

energy, and projected climate change pose important challenges to the maintenance of riparian wetlands worldwide. Since 

riparian wetlands provide valuable ecosystem services and are disappearing at an alarming rate, assessing the alteration of 

ecologically important flood pulses addresses crucial research questions related to environmental, water and flood 

management. Therefore, this study aimed at establishing a global screening tool to systematically identify hotspots and 

patterns of hydrological change and to flag riparian wetlands vulnerable to inundation regime modifications. The information 30 

provided by this tool can be useful to direct further hydro-ecological research that takes into account local information and 

expertise of site-specific ecological, social and economic conditions. 

A multitude of applications isare possible with our proposed screening tool. The bankfull flow approach applied at grid cell 

level enables the assessment of all larger riparian wetlands worldwide and can be used to conduct a comprehensive global 

riparian wetland assessment. Considering the change in extent of flooding, the quantification of specific ecosystem services 35 

from intact riparian wetlands could be performed. Examples comprise production of important resources such as wood, reed, 

hay and fish, water purification by removing nutrients and toxins, as well as flood control and risk reduction for people, and 

how this is likely to change in the future under climate change and further dam construction. The integrated global modelling 

framework WaterGAP3 allows scenario assessment considering different drivers of global change on renewable freshwater 
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resources by allocating water resources to different water use sectors and evaluating the respective consequences under 

different management targets. Overall, the screening tool based on quantitative and qualitative indicators could support 

policy makers at international level (e.g. at forums like UNEP, OECD, European Union, Convention on Wetlands of 

International Importance, and Convention on Biological Diversity) in implementing global conservation efforts, targeting 

wetland conservation funds, planning of water infrastructure location and design, and balancing water allocations to humans 5 

and nature. 
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Table 1 : Thresholds for different levels of mean annual flood volume deviation (Δ) between modified and natural flow regimes (as 
suggested for global assessments by Hoekstra et al., 2011). 

River status Level of modification Thresholds for reduction in flood volume 

A none/ slightly    Δ ≤ 20% 

B moderately 20% < Δ ≤ 30% 

C significantly 30% < Δ ≤ 40% 

D seriously Δ > 40% 
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Table 2 : Defined impact on a riparian wetland due to new dam initiatives in the upstream area. 

Number of major 

dam initiatives 

Potential impact Number of 

affected wetlands 

 

0 

1 – 12 

28 – 276  

NONE 

MED 

HIGH 

63 

16 

14 

 

  

Eingefügte Zellen

Eingefügte Zellen
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Table 3 : Water availability for ecological allocations defined by means of the number of months with water scarcity upstream of 
the Ramsar site.  

Number of months 

with water scarcity 

Water availability for  

ecological allocation 

6 – 12 

2 – 5 

0 – 1 

LOW 

MED 

HIGH 
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Table 4 : Institutional capacity in place in transboundary upstream areas of riparian wetlands based on formal arrangements such 
as international water treaties, river basin organizations, legal eFlow provisions and specific treaty provisions.    

Score Institutional capacity 

  0 – 2 

>2 – 4 

>4 – 6 

LOW 

MED 

HIGH 
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Figure 1: Schematic illustration of the steps taken in the quantitative analysis based on WaterGAP3 modelling. 
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Figure 2: Global map of overbank flow alterations for selected riparian wetlands of international importance (#1-93) as a 
consequence of current water resource management.   
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Figure 3: Global map of overbank flow alterations for selected riparian wetlands of international importance (#1-93) as a 
consequence of the exclusive effect of climate change in the 2050s.  
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Figure 4: Potential impact of new dam initiatives taking into account dams currently planned or under construction in the 
upstream area of each riparian wetland.  
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Figure 5: Current capacity to act in regard to anthropogenic flow regime modifications for selected riparian wetlands. The left 
semicircle represents the water availability for ecological allocations, while the right semicircle characterizes the institutional 
capacity in the upstream area. For wetlands with a non-transboundary upstream area (white border), the right semicircle 
represents presence or absence of legal provisions or official recommendation to establish eFlows. 5 
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