ING'S
OPEN (5 ACCESS College
LONDON

King’s Research Portal

DOI:
10.1038/s41586-019-1111-9

Document Version
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):

Grill, G., Lehner, B., Thieme, M., Geenen, B., Tickner, D., Antonelli, F., Babu, S., Borrelli, P., Cheng, L.,
Crochetiere, H., Ehalt Macedo, H., Filgueiras, R., Goichot, M., Higgins, J., Hogan, Z., Lip, B., McClain, M. E.,
Meng, J., Mulligan, M., ... Zarfl, C. (2019). Mapping the world’s free-flowing rivers. Nature, 569(0), 215-221.
https://doi.org/10.1038/s41586-019-1111-9

Citing this paper

Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volumel/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

*Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
*You may not further distribute the material or use it for any profit-making activity or commercial gain
*You may freely distribute the URL identifying the publication in the Research Portal

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 23. Oct. 2024


https://doi.org/10.1038/s41586-019-1111-9
https://kclpure.kcl.ac.uk/portal/en/publications/5d17220a-6858-4a3a-aadd-d976aef3757a
https://doi.org/10.1038/s41586-019-1111-9

W

[o BN o) NV S

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

43
44

AYAAAS

Title: Assessing global river connectivity
to map the world’s remaining free-flowing rivers

Authors: G. Grill"", B. Lehner!, M. Thieme?, B. Geenen?, D. Tickner*, F. Antonelli’, S. Babu®,
L. Cheng’, H. Crochetiere®, R. Filgueiras’, M. Goichot!?, J. Higgins!!, Z. Hogan'?, B. Lip"?, M.
McClain'4, J-H. Meng'®, M. Mulligan'®, C. Nilsson'”, J.D. Olden'®, J. Opperman?, P. Petry'!, C.
Reidy Liermann'®, L. Saenz?°, S. Salinas-Rodriguez?', P. Schelle??, J. Snider®, K. Tockner?, P.H.
Valdujo®*, A. van Soesbergen'¢, C. Zarfl*®

Affiliations:

! McGill University, Department of Geography, 805 Sherbrooke Street W., Montreal, QC, H3A 0B9, Canada

2WWF-US, 1250 24" Street, NW, Washington, DC 20037, USA

3WWF-NL, Postbus 7 3700 AA Zeist, Netherlands

*WWF-UK, The Living Planet Centre, Rufford House, Brewery Road, Woking, Surrey, UK GU21 4LL

S WWE-Mediterranean, Via Po 25/c 00198 Rome, Italy

® WWF-India, Pirojsha Godrej Building, 172 B Lodhi Estate, New Delhi 110 003, India

"WWE-Living Yangtze Programme, 22 Bai Wan Zhuang Street (Baiwanzhuang Da Jie) Building 2, 3rd Floor,
Section B, Xicheng District, Beijing 100037, People's Republic of China

$ WWF-Canada, 245 Eglinton Ave. East Suite 410 Toronto, ON M4P 3J1, Canada

*WWF-Zambia, P.O. Box 50551 Lusaka, Zambia

10 WWF-Greater Mekong, 18 Tu Xuong, District 3, Og Chi Minh City, Vietnam

! The Nature Conservancy (TNC), 4245 North Fairfax Drive, Suite 100, Arlington, VA 22203, USA.

12 University of Nevada, 1664 N Virginia St, Reno, NV 89557, USA.

13 WWF-Malaysia, 1 Jalan PJS 5/28A, Petaling Jaya Commerrcial Centre (PJCC), 46150 Petaling Jaya, Selangor,
Malaysia

14 THE Delft, Department of Water Science and Engineering; and Delft University of Technology, Department of
Water Management, Kanaalweg 3A 8, 2628 EB, Delft, Netherlands

'S WWF Germany and HTWG Konstanz, Alfred-Wachtel-Strasse 8, 78462 Konstanz, Germany

16 King’s College London, Earth and Environmental Dynamics Research Group, Department of Geography, Strand,
London, WC2R 2LS, UK

17 Ume4 University, Landscape Ecology Group, Department of Ecology and Environmental Science, SE-901 87
Umed, Sweden

18 University of Washington, School of Aquatic and Fishery Sciences, Seattle, 98105, USA

19 University of Wisconsin-Madison, UW Center for Limnology, 680 North Park Street, Madison W1 53706, USA.

20 Conservation International (CI), 2011 Crystal Drive, Suite 500, Arlington, VA 22202, USA.

2 WWF-Mexico, Av. México 51 Col. Hipoédromo Condesa 06100 Mexico City, Mexico

22 WWF International, Av. du Mont-Blanc 27, 1196 Gland, Switzerland

23 Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB), Mueggelseedamm 310, 12587 Berlin; and
Institute of Biology, Takustraf3e 3, Freie Universitdt Berlin, Germany

24 WWF-Brazil, Edificio Jade Office - SGCV Lote 15, S/N Salas 319 e 420 Zona Industrial Guara - Brasilia DF
CEP: 71215-650, Brazil

25 Eberhard Karls Universitét Tiibingen, Center for Applied Geoscience, Holderlinstr. 12, 72074 Tiibingen,
Germany.

*Correspondence to: Giinther Grill, McGill University, Department of Geography, 805 Sherbrooke Street West,
Montreal, QC, H3A 0B9, Canada; guenther.grill@mail.mcgill.ca.



45

46
47
48
49
50
51
52
53
54
55
56
57

58

59
60

61

62
63
64
65
66
67
68
69
70

71
72
73
74
75
76
77
78
79
80
81
82
83
84
&5
86

Abstract:

Rivers are the ‘arteries of the Earth’, critical to sustaining aquatic ecosystems and many societal
and economic services. However, many benefits, like sediment supply to deltas, fisheries and
biodiversity, require free-flowing river networks, while others, like water supply and
hydropower, require technical infrastructure and dams that disrupt river connectivity and impede
associated ecosystem processes. Safeguarding and restoring free-flowing rivers is a grand
management challenge, made more urgent by accelerated hydropower development and an
unprecedented decline in freshwater biodiversity. Here, we define free-flowing rivers in terms of
connectivity, assess the status of 12 million km of rivers globally, and identify those that remain
free-flowing along their full length. Our results show that very long (>1,000 km) rivers are the
most threatened with only 36% remaining free-flowing and only 23% free-flowing and
connected to the ocean. These results reinforce the urgent imperative for concerted global and
national strategies to maintain and restore free-flowing rivers around the world.

One Sentence Summary:

Built infrastructure has reduced global river connectivity to alarming levels, mandating better
basin management and planning to maintain and restore free-flowing rivers.

Main Text:

Rivers are one of humanity’s great sources of environmental health and economic wealth. For
millennia, rivers have served as centers for civilization and, in modern economies, they provide
water to people, industry and agriculture, sustain transportation corridors, and drive electricity
generation (/). These services generally require built infrastructure, and society has addressed
this demand by constructing an estimated 2.8 Mio dams (with reservoir areas >0.1 ha; 2) and
regulating over 500,000 km of rivers for navigation and transport (3, 4). However, this vast
infrastructure has impacted the health of freshwater ecosystems, their biodiversity and the
associated ecosystem services (J), caused primarily by the loss of natural connectivity that
sustains many of the fundamental processes and functions of rivers (6).

Built infrastructure can affect riverine connectivity either directly through the impeding
effect of the structure itself, or indirectly through alterations to the hydrological, thermal and
sediment regimes. The biophysical vitality of rivers depends largely on the natural flow regime
(7), regulating connectivity by providing the aquatic medium through which organic and
inorganic matter and species move along the river and access adjacent habitats. Changes in
connectivity can manifest across four dimensions, where the movement of organisms, sediments,
organic matter and nutrients can be altered longitudinally (upstream to downstream), laterally
(main channel to floodplains), vertically (between surface and ground water), and through time
(8). These changes affect riparian and aquatic biota, ecosystem processes and related services (9,
10). Indeed, floodplains are among the most productive and diverse riverine ecosystems globally,
and their disconnection from the river channel alters aquatic and terrestrial biodiversity and
ecosystem services such as natural flood retention, nutrient removal, and flood-recession
agriculture (/7). Built river infrastructure has also been linked to declines in terrestrial species
(12, 13), and sediment capture by dams is a primary cause of widespread geomorphic change and
the shrinking of river deltas worldwide (/4, 15). While advances in the socio-economic valuation
of river connectivity have begun — e.g., inland fisheries provide the equivalent of all dietary



87
88

89
90
91
92
93
94
95
96
97
98
99
100
101
102

103
104
105
106
107
108
109
110
111

112
113
114
115
116
117
118
119
120

121
122
123
124
125
126
127
128
129
130
131

animal protein for 158 Mio people globally (/6) — more comprehensive and detailed studies are
needed (77).

Acknowledging the importance of river connectivity, a decade ago the Brisbane
Declaration (/8) called for the identification and conservation of “a global network of free-
flowing rivers”, and in 2015 the world’s governments committed to “protect and restore water-
related ecosystems” under the United Nations’ Sustainable Development Goals (Target 6.6). Yet
the continued and increasing declines in river connectivity and associated ecosystem services
remain a global challenge facing nations and affecting those who depend on healthy rivers. The
rising demands for energy, water supply and flood management are increasingly calling for
engineering solutions such as the construction of dams and other built infrastructure to be
constructed at a rapid pace. Indeed, more than 3700 hydropower dams (>1 MW) are currently
planned or under construction worldwide (/9). Asia is a hot spot for dam construction with over
15 GW capacity added in 2016; and the Balkans and Amazon are also facing major booms in
hydropower construction (20, 217). Furthermore, several countries are either planning or building
enormous inland water transfer and navigation schemes (e.g., India, China, Brazil), which
require massive dredging, channelization and levee construction (22).

Paramount to the conservation of free-flowing rivers is the availability of a
comprehensive global information system that allows monitoring the actual state and future
trends of riverine connectivity. Previously, fragmentation and flow regulation by dams were
quantified worldwide at nested spatial scales (23, 24), providing snapshot assessments of
connectivity. Recent improvements in the accessibility and resolution of global hydrologic data
have allowed for more spatially detailed and comprehensive assessments of rivers, including the
development of advanced metrics of fragmentation at the river reach scale (25). Building on
these advancements, we provide a high-resolution and replicable global assessment of the
location and extent of remaining free-flowing rivers (FFRs).

We define FFRs as rivers where natural aquatic ecosystem functions and services are
largely unaffected by changes to fluvial connectivity allowing an unobstructed exchange of
material, species and energy within the river system and surrounding landscapes. We further
specify that the longitudinal (river channel), lateral (floodplain), vertical (groundwater and
atmosphere) and temporal components of fluvial connectivity can be compromised by (a)
infrastructure or impoundments in the river channel, along riparian zones, or in adjacent
floodplains; (b) by hydrological alterations of river flow due to water abstractions or regulation;
and (c) by changes to water quality that lead to ecological barrier effects caused by pollution or
alterations in water temperature.

Following this definition, we identified five main pressure factors that affect different
components of river connectivity and for which global data were available: (a) river
fragmentation; (b) flow regulation; (c) water consumption; (d) road construction; and (e)
urbanization. For each pressure factor, we compiled and constructed proxy indicators using
global data and numerical model outputs. The analysis was conducted using a high-resolution
(500 m) river network model that comprises about 8.5 Mio individual river reaches, with an
average length of 4.2 km (26). In this paper, we define a river reach as a line segment between
two confluences; a river stretch as two or more contiguous reaches but not the entire river; and a
river as the aggregation of river reaches that form a single-threaded, contiguous flow path from
headwater source to river outlet (i.e., the river’s mouth at the ocean; an inland depression; or a
confluence with a larger river). Guided by published literature and expert judgement, we applied
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a set of weights within a multi-criteria model to derive a novel, integrated Connectivity Status
Index (CSI) that quantifies connectivity ranging from 0% to 100% for every individual river
reach. Finally, we defined free-flowing rivers as those with a CSI above 95% over their entire
length from source to river outlet, and then quantified their extent and mapped their distribution.

Global river connectivity at the reach scale: About half of all river reaches globally show
diminished connectivity to some degree (CSI <100%; Fig. 1) with almost 10% of global river
reaches (more than 1.1 Mio km) having a CSI value below 95%, indicating major losses of
connectivity. Large contiguous river networks with intact natural connectivity (CSI = 100%)
only remain in remote regions of the far North, within the Amazon Basin, and to a lesser degree
in the Congo Basin.

Dams and reservoirs and their up- and downstream propagation of fragmentation and
flow regulation are the leading contributors to major connectivity loss in global river reaches
(Fig. 2). The fragmentation effect of dams is the dominant pressure factor in almost half of river
reaches below the 95% threshold, followed by flow regulation effects. Water use, roads, and
urbanization are strong correlates of CSI in rivers where dams are less widespread, such as
consumptive water use in highly irrigated regions of India and China and dense urbanization in
western Europe.

Remaining free-flowing rivers: By number, 64% of the world’s longest rivers (>1,000 km) are
no longer free-flowing (Table 1), representing 41% of global river volume (sensu 23). Long
FFRs (>500km) are largely absent from the mainland United States, Mexico, Europe and the
Middle East, as well as parts of India, southern Africa, southern South America, China and much
of Southeast Asia and southern Australia (Fig. 3). The remaining long FFRs are restricted to the
northern parts of North America and Eurasia, the Amazon and Orinoco Basins in South America,
the Congo Basin in Africa, and to only a few areas in Southeast Asia, including the Irrawaddy
and Salween Basins. For example, nine of the ten longest FFRs in South America are located
within the Amazon Basin (External Databases S1).

Free-flowing rivers still connected to the ocean exhibit similar patterns; those that remain
are found predominantly in the Arctic, in a few basins in Southeast Asia, and in the neo- and
Afro-tropics. Source to sea connections have been severed in 77% of very long rivers (>1,000
km), and in 56% of long rivers (500—1,000 km).

Although many rivers are not free-flowing due to one or more impacted reaches (CSI
<95%) along their course, some of them contain significant stretches that maintain high levels of
connectivity. Among non-FFRs worldwide, a total of 622,000 km of river reaches can be
classified as having a “good connectivity status” (CSI >95%), with 84 contiguous river stretches
longer than 500 km, including substantial parts of the Brahmaputra (India/Bangladesh), Orinoco
(Venezuela and Colombia), and Amur (Russia) Rivers (Fig. 3 and Table S1).

Validation, limitations, and scalability: Our global results suggest that river connectivity
increases with decreasing river length. A total of 51%, 77% and 96% of rivers with lengths of
500-1000 km, 100-500 km, and 10-100 km, respectively, are identified as free-flowing (Table
1). This pattern can partially be attributed to the biased global distribution of small rivers which
occur preferentially in the remote, water-rich, and relatively unaffected regions of the Amazon
and Congo Basins. However, it is also important to carefully interpret the status of short rivers
recognizing the limitations of underlying global datasets of pressure factors, particularly the lack
of georeferenced smaller dams and diversions. Our study considered only large and medium
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sized dams, while countless smaller dams exist worldwide (2). Therefore, we expect that
numerous short rivers are false positives and are classified as free-flowing despite impeding
infrastructure projects which are not currently included in global datasets, such as the case in
highly developed regions of Europe or North America. This fundamental data limitation
underscores the need for governments and global institutions to fund the acquisition of high-
resolution geographic water infrastructure data.

To develop and test our global approach, we conducted three case studies for large,
medium, and small river basins (Tapajos, Brazil; Luangwa, Zambia; and headwaters of Ganges,
India) where we piloted the methodology with additional local information. Empirical
application of the methods in these regions helped to improve the identification of FFRs
worldwide, in particular for short rivers. The results from these case studies indicate that our
global methodology is robust for long rivers and is scalable to be replicated in regional and local
studies if additional data are available.

The CSI and the FFR methodology presented here provide metrics for evaluating river
connectivity as one of the fundamental components of ecosystem health (27-29). However, a
comprehensive evaluation of river health would include other components such as water quality,
land use, and an assessment of biological and ecological conditions that also shape ecosystem
integrity (30). Thus, the river connectivity metrics provided here could be included as one
component in comprehensive investigations of river health.

A global conservation challenge: With their numbers reduced to 36%, long FFRs (>1000 km)
have become increasingly rare and remain prevalent only in remote areas of the world that are
difficult to be exploited economically (e.g., Arctic), too large to be developed by current
technology (although this is changing), or in less developed regions (e.g., Congo). Of special
concern is the loss of connectivity of long rivers to the sea as they play a critical role in the
exchange of water, nutrients, sediments and species with deltas, estuaries, and the ocean. Long
FFRs deliver disproportionately high levels of ecosystem services, most notably inland and
floodplain fisheries, sediment transport, and biodiversity (15, 16, 21, 31). For example, the last
two remaining long FFRs in Southeast Asia—the Irrawaddy and Salween Rivers—are known as
a critical source of protein from inland fisheries, providing more than 1.2 Mio tons of catch
annually (32), and their flow regimes maintain extensive floodplain agriculture in a region
inhabited by more than 30 Mio people.

Given the importance of FFRs, plans to rapidly develop new infrastructure in basins
around the world should be accompanied by comprehensive strategic and transboundary impact
assessments and should consider alternative development pathways to minimize harmful
consequences (33, 34). In a world of accelerating hydropower development (35) and a shift to
low carbon economies (36), forward-looking system-scale approaches to energy and hydropower
planning, including multi-objective trade-off analyses, are required to minimize loss of river
functions while meeting energy targets (37, 38). Our results, data and methods can play a critical
role in such efforts, prioritizing rivers with high conservation value for protection, and
optimizing decision making for infrastructure development.

In addition, our framework could be applied to target restoration interventions towards
locations or methods that improve connectivity most effectively (39). New and existing
algorithms could assist in restoring or retrofitting affected river systems, such as by minimizing
flow regulation, the strategic removal of dams or levees, or designing and constructing effective
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fish passages that would deliver the greatest return in terms of increasing CSI (40) as well as
offering some assurance of effectiveness (417).

The Connectivity Status Index (CSI) by itself is a novel metric that provides a range of
opportunities for future application. It is applicable to any river reach, unlike previous efforts that
focused primarily on the exclusive assessment of dam impacts or provided metrics only at the
large basin scale. Although the role of dams in river fragmentation and flow regulation has
shown to be prevalent (Fig. 2), the CSI also accounts for other factors that disrupt the
longitudinal, lateral, vertical and temporal aspects of connectivity. Based on the CSI, the
presented new and integrated method for quantifying connectivity allows assessing the status of
rivers across multiple scales, from individual river reaches to aggregated rivers, with discharges
spanning more than seven orders of magnitude.

Global environmental change, including climate and land use change (42), will further
increase the pressure on rivers and their connectivity through alterations in flow patterns and
intermittency, modifications in the frequency, magnitude and timing of droughts or floods, and
changes to water quality and biological communities. FFRs may serve to increase the resiliency
of aquatic and riparian ecosystems under these added stresses, as they provide open pathways for
species movement to suitable habitats in other parts of the basin in response to rising
temperatures or other changing conditions (43). To maintain this resilience, infrastructure
planning and decision making should include scenarios of future environmental change in
development plans.

The international community has committed to the protection and restoration of rivers
under Agenda 2030 for Sustainable Development, which calls on all countries to track, at a
national scale, the spatial extent and condition of water-related ecosystems (44). This study
delivers methods and data necessary for defining the baseline and for tracking changes in the
connectivity status of rivers. It has, for the first time, comprehensively identified the extent and
distribution of remaining FFRs globally, highlighting that action is needed to protect or restore
these threatened systems.



247

248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

References and Notes:

N —

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.
23.

24,

25.

26.

27.

28.

W. Ripl, Water: the bloodstream of the biosphere. Philos. T. Roy. Soc. B. 358, 1921-1934 (2003).

B. Lehner et al., High-resolution mapping of the world's reservoirs and dams for sustainable river-flow
management. Front. Ecol. Environ. 9,494-502 (2011).

C. Nilsson et al., Forecasting environmental responses to restoration of rivers used as log floatways: an
interdisciplinary challenge. Ecosystems 8, 779-800 (2005).

C. Revenga, J. Brunner, N. Henninger, K. Kassem, R. Payne, "Freshwater Systems" Pilot Analysis of
Global Ecosystems (World Resources Institute Washington, DC, 2000).

B. J. Cardinale et al., Biodiversity loss and its impact on humanity. Nature 486, 59 (2012).

D. Dudgeon et al., Freshwater biodiversity: importance, threats, status and conservation challenges. Biol.
Rev. 81, 163-182 (2006).

N. L. Poff et al., The natural flow regime: a paradigm for river conservation and restoration. Bioscience 47,
769-784 (1997).

C. M. Pringle, What is hydrologic connectivity and why is it ecologically important? Hydrol. Proces. 17,
2685-2689 (2003).

C. Nilsson, K. Berggren, Alterations of riparian ecosystems caused by river regulation. Bioscience 50, 783-
792 (2000).

J. D. Olden, in Conservation of Freshwater Fishes, G. P. Closs, M. Krkosek, J. D. Olden, Eds. (Cambridge
University Press: Cambridge, 2016), pp. 107-148.

J. J. Opperman, P. B. Moyle, E. W. Larsen, J. L. Florsheim, A. D. Manfree, Floodplains: Processes and
Management for Ecosystem Services. (University of California Press, Oakland, California, 2017).

M. Benchimol, C. Peres, Widespread forest vertebrate extinctions induced by a mega hydroelectric dam in
lowland Amazonia. PLoS ONE 10, ¢0129818 (2015).

A. C. Lees, C. A. Peres, P. M. Fearnside, M. Schneider, J. A. S. Zuanon, Hydropower and the future of
Amazonian biodiversity. Biodivers. Conserv. 25, 451-466 (2016).

C. J. Vorosmarty et al., Anthropogenic sediment retention: major global impact from registered river
impoundments. Glob. Planet. Change 39, 169-190 (2003).

J. P. M. Syvitski et al., Sinking deltas due to human activities. Nature Geosci. 2, 681-686 (2009).

P. B. MclIntyre, C. A. Reidy Liermann, C. Revenga, Linking freshwater fishery management to global food
security and biodiversity conservation. Proc. Natl. Acad. Sci. U.S.A. 113, 12880-12885 (2016).

D. A. Auerbach, D. B. Deisenroth, R. R. McShane, K. E. McCluney, N. L. Poff, Beyond the concrete:
accounting for ecosystem services from free-flowing rivers. Ecosyst. Serv. 10, 1-5 (2014).

Brisbane Declaration, in /0th International River Symposium, Brisbane, Australia. (Brisbane, Australia,
2007), pp. 3-6.

C. Zarfl, A. E. Lumsdon, J. Berlekamp, L. Tydecks, K. Tockner, A global boom in hydropower dam
construction. Aquat. Sci. 77, 161-170 (2015).

IHA, "Hydropower Status Report. Available at http://www.hydropower.org" (International Hydropower
Association, London, UK, 2017).

K. O. Winemiller et al., Balancing hydropower and biodiversity in the Amazon, Congo, and Mekong.
Science 351, 128-129 (2016).

K. Tockner, E. S. Bernhardt, A. Koska, C. Zarfl, in Society-Water-Technology. (Springer, 2016), pp. 47-64.
G. Grill ef al., An index-based framework for assessing patterns and trends in river fragmentation and flow
regulation by global dams at multiple scales. Environ. Res. Lett. 10, 015001 (2015).

C. Nilsson, C. A. Reidy, M. Dynesius, C. Revenga, Fragmentation and flow regulation of the world's large
river systems. Science 308, 405-408 (2005).

B. Lehner, G. Grill, Global river hydrography and network routing: baseline data and new approaches to
study the world's large river systems. Hydrol. Proces. 27,2171-2186 (2013).

B. Lehner, K. Verdin, A. Jarvis, New global hydrography derived from spaceborne elevation data. EOS,
Trans. Am. Geophys. Union 89, 93 (2008).

J. Karr, Biological integrity: a long neglected aspect of water resource management Ecol. Appl. 1, 66-84
(1991).

N. L. Poff, Landscape filters and species traits: towards mechanistic understanding and prediction in stream
ecology. J. N. Am. Benthol. Soc. 16, 391-409 (1997).



301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.
56.

M. L. Thieme, J. Rudulph, J. Higgins, J. A. Takats, Protected areas and freshwater conservation: a survey
of protected area managers in the Tennessee and Cumberland River Basins, USA. J. Environ. Manage. 109,
189-199 (2012).

L. M. Kuehne, J. D. Olden, A. L. Strecker, J. J. Lawler, D. M. Theobald, Past, present, and future of
ecological integrity assessment for fresh waters. Front. Ecol. Environ. 15, 197-205 (2017).

R. Abell et al., Concordance of freshwater and terrestrial biodiversity. Conserv. Lett. 4, 127-136 (2011).
D. Bartley, G. De Graaf, J. Valbo-Jergensen, G. Marmulla, Inland capture fisheries: status and data issues.
Fish. Manage. Ecol. 22, 71-77 (2015).

G. Ziv, E. Baran, S. Nam, I. Rodriguez-Iturbe, S. A. Levin, Trading-off fish biodiversity, food security, and
hydropower in the Mekong River Basin. Proc. Natl. Acad. Sci. U.S.A4. 109, 5609-5614 (2012).

G. R. Brakenridge et al., Design with nature: causation and avoidance of catastrophic flooding, Myanmar.
Earth-Sci. Rev. 165, 81-109 (2017).

EIA, "International energy outlook" (U.S. Energy Information Administration (EIA), Washington, D. C.,
2016).

NEB, "Canada's energy future 2016 update. Energy supply and demand projections to 2040" (National
Energy Board of Canada, Ottawa, Canada, 2016).

J. Opperman, G. Grill, J. Hartmann, "The power of rivers - finding balance between energy and
conservation in hydropower development" (The Nature Conservancy, Washington, DC, 2015).

J. Opperman et al., "The power of rivers: a business case" (The Nature Conservancy, Washington, D.C.,
2017).

M. A. Palmer, K. L. Hondula, B. J. Koch, Ecological restoration of streams and rivers: shifting strategies
and shifting goals. Annu. Rev. Ecol. Evol. Syst. 45, 247-269 (2014).

P. S. Kemp, J. R. O'Hanley, Procedures for evaluating and prioritising the removal of fish passage barriers:
a synthesis. Fish. Manage. Ecol. 17,297-322 (2010).

M. B. Sheer, E. A. Steel, Lost watersheds: Barriers, aquatic habitat connectivity, and salmon persistence in
the Willamette and Lower Columbia River basins. Trans. Am. Fish. Soc. 135, 1654-1669 (2006).

M. A. Palmer et al., Climate change and the world's river basins: anticipating management options. Front.
Ecol. Environ. 6, 81-89 (2008).

C. R. Groves et al., Incorporating climate change into systematic conservation planning. Biodivers.
Conserv. 21, 1651-1671 (2012).

UN Water, Integrated Monitoring Guide for SDG 6. http://www.unwater.org/publications/integrated-
monitoring-guide-sdg-6/, accessed 12 June 2017. (2017).

J. Alcamo et al., Development and testing of the WaterGAP 2 global model of water use and availability.
Hydrolog. Sci. J. 48, 317-337 (2003).

P. Doll, F. Kaspar, B. Lehner, A global hydrological model for deriving water availability indicators: model
tuning and validation. J. Hydrol. 270, 105-134 (2003).

B. M. Pracheil, P. B. Mclntyre, J. D. Lyons, Enhancing conservation of large-river biodiversity by
accounting for tributaries. Front. Ecol. Environ. 11, 124-128 (2013).

M. Mulligan, L. Saenz-Cruz , A. van Soesbergen, V. T. Smith, L. Zurita, "Global dams database and
Geowiki. Version 1. http://www.ambiotek.com/dams" (2009).

J. Ariwi, G. Grill, B. Lehner, Development of a global waterfall database (unpublished data).

M. Dynesius, C. Nilsson, Fragmentation and flow regulation of river systems in the northern third of the
world. Science 266, 753-762 (1994).

J. Meijer, K. Klein Goldewijk, "Global roads inventory project (GRIP),
http://mapserver.mnp.nl/geonetwork." (Netherlands Environmental Assessment Agency, Bilthoven, The
Netherlands, 2009).

Z.D. Tessler, C. Vorosmarty, M. Grossberg, 1. Gladkova, H. Aizenman, A global empirical typology of
anthropogenic drivers of environmental change in deltas. Sustain. Sci. 11, 525-537 (2016).

L. Wang, J. Lyons, P. Kanehl, R. Bannerman, Impacts of urbanization on stream habitat and fish across
multiple spatial scales. Environ. Manage. 28, 255-266 (2001).

D. B. Booth, C. R. Jackson, Urbanization of aquatic systems: degradation thresholds, stormwater detection,
and the limits of mitigation. J. Am. Water Resour. Assoc. 33, 1077-1090 (1997).

N. B. Grimm et al., Global change and the ecology of cities. Science 319, 756-760 (2008).

C. N. Doll, "CIESIN thematic guide to night-time light remote sensing and its applications (Data
downloaded Nov. 2016 from http://ngdc.noaa.gov/eog/dmsp/downloadV4composites.html#AXP)" (Center
for International Earth Science Information Network of Columbia University, Palisades, NY, 2008).



357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386

387

388
389
390
391
392

57. C. Small, F. Pozzi, C. D. Elvidge, Spatial analysis of global urban extent from DMSP-OLS night lights.
Remote Sens. Environ. 96, 277-291 (2005).

58. A. Schneider, M. A. Friedl, D. Potere, A new map of global urban extent from MODIS satellite data.
Environ. Res. Lett. 4, 044003 (2009).

59. E. Fluet-Chouinard, B. Lehner, L. M. Rebelo, F. Papa, S. K. Hamilton, Development of a global inundation
map at high spatial resolution from topographic downscaling of coarse-scale remote sensing data. Remote
Sens. Environ. 158, 348-361 (2015).

60. M. Falkenmark, J. Lundqvist, C. Widstrand, Macro-scale water scarcity requires micro-scale approaches.
Aspects of vulnerability in semi-arid development. Nat. Resour. Forum 13, 258-267 (1989).

61. V. Smakhtin et al., Taking into account environmental water requirements in global-scale water resources
assessments. Comprehensive Assessment Report 2. IWMI, Colombo, Sri Lanka: Comprehensive
Assessment Secretariat, 2004).

62. J. Alcamo, T. Henrichs, T. Rosch, "Global modeling and scenario analysis for the World Commission on
Water for the 21st Century" Kassel World Water Series (University of Kassel, 2000).

63. WWE, "Free-flowing rivers: economic luxury or ecological necessity?" (WWF, Gland, Switzerland, 2006).

64. M. L. Messager, B. Lehner, G. Grill, I. Nedeva, O. Schmitt, Estimating the volume and age of water stored
in global lakes using a geo-statistical approach. Nat Commun 7, 13603 (2016).

65. B. D. Richter ef al., Lost in development's shadow: the downstream human consequences of dams. Water
Altern. 3, 14-42 (2010).

66. C. Nilsson, R. Jansson, Floristic differences between riparian corridors of regulated and free-flowing boreal
rivers. Regul. River 11, 55-66 (1995).

67. K. A. Brauman, B. D. Richter, S. Postel, M. Malsy, M. Florke, Water depletion: an improved metric for
incorporating seasonal and dry-year water scarcity into water risk assessments. Elementa: Science of the
Anthropocene 4, 000083 (2016).

68. P. Blanton, W. A. Marcus, Railroads, roads and lateral disconnection in the river landscapes of the
continental United States. Geomorphology 112, 212-227 (2009).

69. W. D. Shuster, J. Bonta, H. Thurston, E. Warnemuende, D. R. Smith, Impacts of impervious surface on
watershed hydrology: a review. Urban Water J. 2, 263-275 (2005).

70. T. R. Schueler, L. Fraley-McNeal, K. Cappiella, Is impervious cover still important? Review of recent
research. J. Hydrol. Eng. 14, 309-315 (2009).

Acknowledgments:

Funding for this study was provided in part by WWF; the Natural Sciences and Engineering
Research Council of Canada (NSERC Discovery Grant RGPIN/341992-2013); and McGill
University, Montreal, Quebec, Canada.



393
394

395

396
397
398

Figures and Tables:

ey

Connectivity
Status Index
(Cs1)

1 1
100% 995 99 98 97 95 90 70 50 20 O Noflow
blue shades

Fig. 1. Global Connectivity Status Index (CSI) of the world’s rivers. Of all river reaches in the

database, 48.5% (by number) are impaired by diminished river connectivity to various degrees
(CSI <100%).
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Fig. 2. Dominant pressure indicator for global river reaches below the CSI threshold of 95%. The
dominant pressure indicator is the factor that contributed most to the final CSI index value after
applying the weighting scheme. Lower-left inset shows the number and proportion of river
reaches per dominant pressure indicator. Pressure indicators include DOF = ‘Degree of
Fragmentation’; DOR = ‘Degree of Regulation’; USE = ’Consumptive water use’, RDD = ‘Road
density’; and URB = ‘Nightlight intensity in urban areas’.
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Fig. 3. Global distribution of free-flowing rivers (FFRs), contiguous river stretches with ‘good
connectivity status’, and impacted rivers with reduced connectivity. Rivers that are not free-
flowing over their entire length (i.e., partially below the CSI threshold) are divided in stretches
with ‘good connectivity status’ (i.e., connectivity status remains above the threshold throughout
stretch; green colors) and stretches where the connectivity status is below the CSI threshold (red
colors). A list of FFRs longer than 500 km is given in ‘External Database S1°.
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Table 1: Number (a) and accumulated length (b) of free-flowing rivers and rivers connected to
the ocean (c) by length category and continent.

(a) Number of free-flowing (FF) and non-free-flowing (NFF) rivers by length category and continent

10-100 km 100-500 km 500-1000 km >1000 km

Continent FF NFF FF NFF FF NFF FF NFF Total
Africa 34,314 599 2,616 357 120 49 26 31 38,112
Asia 67,775 5,469 3,040 1,075 97 100 21 48 77,625
Australia 26,737 442 1,005 143 33 24 3 2 28,389
Europe 25,068 2,519 1,132 845 22 76 3 22 29,687
N. America 46,174 2,076 2,237 745 43 82 11 30 51,398
S. America 78,295 1,544 2,339 438 89 54 22 23 82,804
Total 278,363 12,649 12,369 3,603 404 385 86 156 308,015
% of category 96% 4% 77% 23% 51% 49% 36% 64%

(b) Accumulated length (thousand km) of free-flowing (FF) and non-free-flowing (NFF) rivers by length
category and continent

10-100 km 100-500 km 500-1000 km >1000 km

Continent FF NFF FF NFF FF NFF FF NFF Total
Africa 1,024.0 27.1 458.1 80.0 78.0 328 41.0 51.8 1,792.8
Asia 1,874.3 182.0 517.2 209.8 64.0 684 384 103.0 3,057.2
Australia 624.0 16.8 168.7 29.5 23.7 16.7 4.9 4.1 888.3
Europe 773.7 102.8 181.3 166.9 13.8 53.0 4.4 374 1,333.3
N. America 1,351.9 81.3 362.3 146.8 28.8 55.5 143 57.4 2,098.3
S. America 1,827.6 53.9 401.1 90.6 57.1 375 388 44.2 2550.8
Total 7,475.4 463.8 2,088.7 723.5 265.5 263.9 1420 297.9 11,720.6
% of Category 94% 6% 74% 26% 50% 50% 32% 68%

(c) Number of free-flowing (FF) and non-free-flowing (NFF) rivers connected to the ocean by length
category and continent

10-100 km 100-500 km 500-1000 km >1000 km

Continent FF NFF FF NFF FF NFF FF NFF Total
Africa 832 64 237 60 15 19 3 14 1,244
Asia 3,126 713 256 190 17 17 8 18 4,345
Australia 5,374 150 335 61 24 10 1 1 5,956
Europe 2,698 594 164 218 5 31 2 14 3,726
N. America 5,045 167 455 60 20 28 6 12 5,793
S. America 2,404 224 245 143 15 19 1 11 3,062
Total 19,479 1,912 1,692 732 96 124 21 70 24,126
% of category 91% 9% 70% 30% 44% 56% 23% 77%
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Materials and Methods

Overview

The main methodological steps of our assessment are detailed below and depicted in Figure S1.
We first developed an integrated definition of free-flowing rivers (FFR) (step 1; see
Supplementary Text) according to multiple aspects of connectivity. Next, we identified five
major pressure factors (step 2) that influence river connectivity according to an extensive
literature review, and collated data for each factor. These pressure factors include: (a) river
fragmentation; (b) flow regulation; (b) water consumption; (d) road construction; and (e)
urbanization. We calculated proxy indicators (Table S2) for each factor using data from available
global remote sensing products, other data compilations, or numerical model outputs such as
discharge simulations. We specifically chose indicators that we expect to have substantial
influence on connectivity and can be generated using robust global data sets of sufficient quality
and consistency between countries and regions. All indicators were calculated for every river
reach of the global river network (step 3).

Guided by literature reviews and expert judgement, we iteratively adjusted the weighting of
each pressure indicator in a set of scenarios and tested different thresholds to yield a best match
between the resulting FFRs and a benchmarking dataset of reported FFRs compiled from
literature resources and expert input.

The final selection of weights was applied to a multi-criteria average calculation (step 4) to
derive the Connectivity Status Index (CSI) for every river reach (step 5). The CSI ranges from
0% to 100%, the latter indicating full connectivity. Only river reaches with a CSI of >95% were
considered as having ‘good connectivity status’ while river reaches below 95% were classified as
impacted (step 6). Finally, river reaches were aggregated into rivers, i.e., contiguous flow paths
from the source to the river outlet. If a river is above the CSI threshold of 95% over its entire
length it is declared to be a FFR. Otherwise, the river as a whole is declared not free-flowing, yet
it can maintain a mix of stretches with ‘good connectivity status’ and stretches that are impacted.

Hydrographic framework

We integrated all indicator datasets in our modeling framework using the spatial units of the
HydroSHEDS database. HydroSHEDS is a hydrographic mapping product that provides river
and catchment information for regional and global-scale applications in a consistent format (26),
including catchment areas and discharge estimates. For this study, we extracted a global river
network from the provided drainage direction grid at 500 m pixel resolution by defining streams
as all pixels that exceed a long-term average natural discharge of 100 liters per second or an
upstream catchment area of 10 km?. We refrained from including streams below these thresholds
as they are increasingly unreliable in their representation through global datasets. These selection
criteria resulted in 8,477,883 individual river reaches (i.e., line segments between confluences)
with an average length of 4.2 km (SD = 4.8 km), totaling 35.9 Mio km of river network. Each
river reach is linked to a polygon of its contributing hydrological sub-catchment, with an average
area of ~12 km?.

In this paper, we define a river reach as a line segment between two confluences; a river
stretch as two or more contiguous reaches but not a full river; and a river as an aggregation of
river reaches that form a single-threaded, contiguous flowpath from headwater source to river
outlet. The river outlet can represent either the river mouth at the ocean; a terminal inland
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depression; or the confluence with a larger river (Fig. S2). It should be noted that while we used
the full river network for conducting the initial calculations, we removed all rivers from the
statistical analyses and reported results that were shorter than 10 km, showed an average annual
river flow of less than 1 m¥/s, or were in hot or cold deserts according to existing physiographic
maps to exclude increasingly uncertain results of smaller rivers (see discussion in main text).
These selection criteria resulted in 308,015 distinct rivers with a total length of 11.7 Mio km
globally.

For each river reach, estimates of long-term (1971-2000) discharge averages have been
derived through a geospatial downscaling procedure (25) from the 0.5° resolution runoff and
discharge layers of the global WaterGAP model (45, 46; v2.2 as of 2014). WaterGAP is a well-
documented and validated integrated water balance model that simulates both natural discharge
(i.e., without human modifications) and anthropogenic discharge; for the latter, consumptive
water use, i.e., total water abstractions minus return flows are calculated for agricultural (mostly
irrigation), industrial and municipal sectors.

For all network calculations, we applied the global river routing model HydroROUT (23)
which is built upon the HydroSHEDS database and features a nested, multi-scale model
approach; advanced implementation of connectivity; and uses a novel object-oriented vector data
structure in a graph-theoretical framework. HydroROUT was implemented in this study to
calculate river reach level indicators, such as the Degree of Fragmentation (DOF), the Degree of
Regulation (DOR), and the Connectivity Status Index (CSI) as described below.

Pressure indicators
Degree of Fragmentation (DOF)

River fragmentation indices typically measure the degree to which river networks are fragmented
longitudinally by infrastructure, such as hydropower and irrigation dams. Fragmentation prevents
effective ecological processes that depend on longitudinal river connectivity, including transport
of organic and inorganic matter and upstream and downstream movements of aquatic and
riparian species. Because fragmentation usually obstructs the natural flow regime, it also affects
lateral connectivity, including species movement and exchange of materials and energy to and
from floodplains.

The Degree of Fragmentation (DOF) is a new fragmentation index at the river reach scale
intended to characterize the degree and spatial extent of reduced longitudinal connectivity in the
river system. It identifies river reaches up- and downstream of a dam or impoundment as being
fragmented, and it assigns levels of fragmentation based on “distance” from the impact location
which we determine by measuring the dissimilarity of river sizes in terms of flow quantities.

We suggest that: (1) river discharge can serve as a coarse proxy for the occurrence of
species assemblages that utilize a certain range of river flow (47); (2) that discharge can also
serve as a proxy for ‘distance’ in the traditional (spatial) sense (i.e., the further away from a
given location, the more difference in discharge is expected), and increasing distance allows for
amelioration effects of the fragmentation impact (e.g., through continued water and sediment
influx from new tributaries and local contributing areas); and (3) that discharge changes can
serve as proxies of environmental disparity and natural discontinuities because river stretches
with highly dissimilar discharges, such as the confluence of a small tributary into a major river,
are assumed to be less representative of continuous environmental conditions. We thus based the
conceptual approach of calculating DOF on the similarity of river sizes determined by their
discharges. The DOF assumes that the fragmentation effect diminishes as river sizes become
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increasingly dissimilar from the river size at the barrier location in both upstream and
downstream directions (Fig. S3).

Guided by the involved expert group and the explicit examination of case studies from the
Tapajos, Luangwa, and Ganges Rivers, we tested several different options (Fig. S4), and finally
applied a 10-fold (i.e., one order of magnitude) increase or decrease in discharge as the
maximum discharge range in which impacts of DOF would appear (dr = 10, see below). A
logarithmic decay function was used to calculate the DOF values, which leads to a faster decline
than a linear function. DOF has been scaled to values between 0 and 100 and is calculated in up-
and downstream direction as:

|log10 dproc — 10g10 djl * 100

DOF; = 100 — g dr (1)

where DOF; is the DOF at river reach j; d; is the natural average annual discharge of river reach

Js dpioc 18 the natural average annual discharge at the location of the barrier; and dr is the
maximum discharge range.

For the DOF analysis we included 6,850 large dams as compiled in the Global Reservoir
and Dam (GRanD) database (2) after removing a small number of dams with undefined status.
We also added 13,196 medium to smaller dams from the GlObal geOreferenced Database
of Dams (GOOD?) compiled at King’s College London (48).

The natural fragmentation effect of waterfalls has also been taken into account by
incorporating a global database of 4,054 waterfalls (49). After removing records that were
flagged as uncertain, 2,435 waterfalls were geo-located to our river reaches. The underlying
premise is that waterfalls act as natural discontinuities, hence the fragmentation effect of
artificial dams should not extend beyond the already existing barrier; e.g., a dam just
downstream of a waterfall should not be considered to affect the river upstream of the fall. Since
the barrier effect from waterfalls accounts primarily in the upstream direction, the DOF
algorithm was modified to stop extending upstream if encountering the location of a waterfall,
while no waterfall effect is assumed in downstream direction.

Degree of Regulation (DOR)

The Degree of Regulation (DOR) provides an index to measure how strongly a dam or set of
dams can affect the natural flow regime of downstream river reaches (2, 50). The concept of the
index is based on the relationship between the storage volume of a reservoir and the total annual
river flow volume at the dam’s location, and is expressed as the percentage of that flow volume
that can be withheld in the dam’s reservoir, represented by:
Liz1 svol;
T d @)
vol
where DOR; is the DOR at river reach j; svol; is the storage volume of reservoirs i upstream of
river reach j; n is the total number of reservoirs upstream of river reach j,; and d,,,; is the natural
average discharge volume accumulated over a year at river reach j. The underlying assumption is
that a large reservoir on a river with low annual discharge will generally have a larger regulatory
effect on the natural flow regime than a small reservoir on a river with higher flow rates. In this
study, we capped the DOR at 100%, which limits all multi-year reservoirs to the same maximum
DOR. We also set DOR values below 0.1% to 0% to avoid inclusion of rivers with minimal
impacts (mostly large downstream rivers affected by small and far-away headwater dams).

DOR; = 100 =
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Consumptive water use (USE)

Water consumption for irrigation, industry, municipal uses and water transfer to other river
systems may affect lateral as well as longitudinal connectivity and has implications for
groundwater recharge and evaporation (vertical connectivity). Using downscaled outputs from
the WaterGAP model (for details see section on ‘Hydrographic framework’ above), we extracted
water consumptive loss for our high-resolution river network. The results provide river reach-
level data on the long-term average reduction of river discharge due to anthropogenic water
consumption as a percentage of natural flow:

USE; = 100 * M 3)

nat

where USE; is the consumptive water use at river reach j; dq, represents the natural average
annual discharge without human influences, and d,,,; represents the average annual discharge
with human abstractions and use.

Road density (RDD)

Road density is a proxy for lateral disconnection of floodplains and longitudinal loss of
connectivity at intersections with streams, in particular culverts. We used the dataset produced
by the “Global Road Inventory Project” (GRIP; 57). The classified road categories ‘Freeways’,
‘Primary’, ‘Secondary’, and ‘Tertiary’ were treated equally important in our density calculations,
while the category ‘local, residential and urban roads’ was excluded to avoid collinearity effects
with the urban areas (see “Nightlight intensity in urban areas (URB)” below). We summarized
the road density within a 1 km buffer around each river reach to produce an estimate of average
road density (in percent of surface area covered, assuming an average road width of 50 meters)
per river reach.

To eliminate isolated outlier effects on short river reaches (which in some instances can
show disproportionally high road density values due to geometric artifacts rather than real
situations), we applied a customized geospatial filter for all river reaches <3 km in length: we
compared every river reach value with its direct upstream and downstream neighboring river
reach; if the center river reach showed a value that was significantly (>15%) different from the
(Iength-weighted) average of the two neighboring values, the center value was replaced with that
average. We applied these adjustments to the road density and nightlight intensity layers (see
“Nightlight intensity in urban areas (URB)” below), resulting in corrections of 0.0003% and
0.006% of affected river reaches, respectively.

Nightlight intensity in urban areas (URB)

Urban areas and cities affect lateral connectivity by confining the river bed and affecting river
meandering (52). Several studies on urbanization and rivers show consistently that about 10% of
contiguous impervious area within a catchment typically causes an observable and probably
irreversible river degradation and loss of ecosystem functions (53-55). As a proxy for
channelization of rivers and alterations of floodplains due to paving and urban infrastructure, we
used the global dataset of nightlight intensity data from Doll (56; DMSP-OLS v4) and accounted
for the “light-bleeding” effect into adjacent areas (57) by clipping the nightlights dataset using
the MODIS-based urban extent layer by Schneider et al. (58). We summarized the data within
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the contributing sub-catchment of each river reach to produce an average night light intensity for
each river reach and applied the outlier correction as described in “Road density (RDD)” above.

Determination of Connectivity Status Index (CSI)

The five individual pressure indicators were scaled to the range of 0-100 prior to the calculation
of CSI. The conceptual approach to calculate the CSI for an individual river reach is then to
produce a weighted average of the five pressure indicators, and to subtract it from the maximum
of 100%, as described by the equation:

i1 Xi * Wi

[, =100 — 2=t ¢t
CSI; = 100 " 4

where CS1; is the Connectivity Status Index at river reach j; xi is the value of pressure indicator i;
wi is the weight applied to the pressure indicator 7; and # is the number of pressure indicators (in
our case 5). The resulting CSI represents values from 0% (not connected) to 100% (fully
connected).

For the pressure indicators RDD and URB, we modified the weighting factors by
multiplying the weights with a factor that is proportional to the extent of floodplains around the
river, assuming that roads and urban development within floodplains are particularly likely to
affect latitudinal connectivity. We used the long-term maximum inundation extent as provided in
the global inundation map GIEMS-D15 (59) and allowed a maximum increase of the weight by a
factor of 1.5 if all roads or urban areas were inside floodplains:

x =%+ (1+5) )
where x; is the value of the pressure indicator i (RDD or URB) after floodplain weighting; X; is
the value of the pressure indicator i (RDD or URB) without floodplain weighting; and f; is the
fraction of floodplain extent within the contributing sub-catchment of river reach ;.

This approach of calculating CSI poses the challenge of finding appropriate weights for
each pressure indicator. To achieve this, we followed a two-part approach: first, we defined
plausible ranges of weights based on a literature review and expert judgement (see ’Plausible
weighting ranges” below). We then created 10 scenarios where we manipulated the individual
weights within the plausible ranges and compared the results of each scenario to a set of
benchmark rivers reported to be free-flowing (see "Benchmarking and sensitivity analysis”
below). For the final CSI application, we selected the weights of the scenario that best
reproduced the FFR status of the benchmark rivers (scenario 5).

Plausible weighting ranges

The definition of plausible weighting ranges was the result of a process that combined (1) expert
knowledge and judgement and (2) known responses of river systems based on literature (see
Table S3). As there is no direct quantification available in literature to describe the relative
importance of our five individual pressure indicators, we used an indirect method of setting the
weighting ranges: We first chose a combined CSI threshold beyond which an individual river
reach should no longer be considered to have a ‘good connectivity status’—after several
iterations in the benchmarking exercise this threshold was set to be 95%. We then identified
limits for each individual pressure indicator beyond which it should cause a river reach to fall
below this CSI threshold and be declared impacted; we termed this limit the ‘Single Pressure
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Limit’ (SPL). For example, a road density of 5-30% has been linked to negative effects on
aquatic ecosystems due to fragmentation issues (Table S3) and can thus serve as the SPL range.
Once both the CSI threshold and a plausible SPL range are known, Eq. 4 can be transformed to
calculate the minimum weight wmin that is required to assure that a given SPL will cause a river
reach to fall below the CSI threshold:
100 — CSI threshold
Winin = SPL (6)

For example, a minimum weighting of 20% will cause the CSI value to fall below the
threshold of 95% for all river reaches with an RDD indicator of 25% or higher (i.e., a value in
the plausible SPL range). Using this method, we defined plausible weighting ranges that reflect
the SPL ranges we found in literature (Table S3).

Benchmarking and sensitivity analysis

The purpose of benchmarking was to fine-tune the pressure indicator weights as well as the CSI
threshold so that rivers which are well-known for their unaffected connectivity (as determined by
expert opinion or existing assessments) achieve free-flowing status in our results. For this
purpose we created a reference database of reported FFRs using sources from Nilsson et al. (24),
and from expert knowledge. The reported 159 rivers were distributed across the world, and
ranged between 20 km and 3,300 km in length (for a complete list see ‘External Database S2°).

To compare different weight settings, as well as to test the sensitivity of the results to those
settings, we explored ten different weighting scenarios (see Table S4). We assigned varying
weights to the individual pressure indicators representing different SPL ranges and produced
statistics and maps for visual inspection. To determine the level of agreement between scenario
results and benchmarking rivers, we calculated the percentage of rivers which we correctly
classified as free-flowing.

In general, the benchmarking analysis showed high levels of agreement of the free-flowing
status of rivers between its results and the reference rivers (Table S5). The range of agreement
among scenarios was relatively narrow, between 87.4% and 93.1%, making selection of a clearly
optimal scenario difficult. We ultimately selected scenario 5, which had the highest correct
classification rate for the reference rivers.

Scenario 5 set the SPL value of the Degree of Fragmentation (DOF) at 40% (weighting of
10.3%); i.e., any river reaches with a DOF value larger than 40% will be determined as impacted
(Table S6). The relatively high SPL value corresponds with a low weight for this indicator,
which reflects a conservative approach given the novelty of the DOF approach and the lack of
comparable studies that measure fragmentation in a similar way. Nevertheless, due to the high
number of dams and their wide-ranging fragmentation effects, approximately 246,000 river
reaches were declared impacted (CSI <95%) due to DOF alone, representing 86% of all 285,000
impacted river reaches.

The SPL value of the Degree of Regulation (DOR) was set at 15% (weighting at 27.6%),
which is on the high end of the plausible SPL range for this indicator, again representing a
cautious approach. Other studies have determined effects from river regulation as low as 2%
(50). Nevertheless, almost 133,000 river reaches (46% of impacted river reaches) are impacted
due to DOR alone, making flow regulation the second most common pressure factor.

Consumptive water use (USE) is known to have a direct effect on river functions according
to our literature review. The SPL value for USE in scenario 5 was set at 10% (weighting at
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706 41.4%), which is below the often-cited threshold of 20% for consumptive water use as an

707  indicator of ‘severe’ water stress (60-62). Nevertheless, given that water consumption is an

708  important factor only in relatively dry areas of the world, and that only about 20% of the river
709  reaches affected by water consumption showed a value larger than 10%, the overall importance
710  of this factor is relatively low, with roughly 133,000 river reaches (46% of impacted river

711  reaches) being impacted due to USE alone.

712 The RDD pressure indicator received a relatively high SPL value of 30% (weighting of
713 13.8%), which agrees with a lower level of confidence regarding the effect of roads near a river
714 on its FFR status. With this SPL threshold, only river reaches with road densities above 30%
715 (after floodplain adjustment) are declared as being impacted. Even though roads are widespread
716  and penetrate even remote areas, we identified only 194 reaches (<0.1% of impacted river

717  reaches) where RDD alone was causing a river reach to become not free-flowing.

718 Given the similarly low confidence of accurately representing the effect of nightlight

719  intensity in urban areas on connectivity, we set the URB indicator to a high SPL value of 60%
720  (weighting of 6.9%). Areas with increased nightlight intensity are much more extensive than
721  areas with high road density, so URB alone marked almost 21,000 river reaches as impacted,
722 representing 7% of all impacted river reaches.

723 As in the final CSI calculations the individual pressure indicators can overlap or

724 complement each other to reduce the CSI below the 95% threshold, the total number of impacted
725  river reaches is not the sum of the individual values stated above, but all factors together impact
726  atotal of 285,000 river reaches. Given the cautious selection of CSI threshold and weights, we
727  believe that overall our conservative settings tend more towards under- than overestimations of
728  the extent of impacted river reaches.

729  Identification of free-flowing rivers

730 Using the backbone concept as described in the ‘Hydrographic framework’ section above, and
731  considering a CSI threshold of 95%, we classified the river network into (Fig. S5):

732 1) ‘Free-flowing rivers’: Rivers that are above the CSI threshold from their source to the
733 river outlet.

734 2) “‘Good connectivity status’: A river reach or a stretch of river above the CSI threshold,
735 but other river reaches or stretches of the same river are below the CSI threshold.

736 3) ‘Impacted’: Any river reach, stretch, or entire river that is below the CSI threshold.

737  In some cases, a major river may have a few river reaches or short stretches below the CSI

738 threshold, e.g., due to a small fragmentation in a remote headwater location, which according to
739 our definitions would render the entire river as not free-flowing. To limit these minor artifacts,
740  we excluded impacts of small reaches or stretches that affect less than 0.1% of the total flow of
741  the river (in terms of average natural discharge). Globally, this filter only affects 316 river

742 reaches or stretches with a total length of 1,709 km.
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Supplementary Text
Definition of free-flowing rivers

Over the course of 2.5 years, a group of over 30 scientists, conservation practitioners, and
industry representatives collaboratively contributed to updating an earlier global assessment of
free-flowing rivers (63). We identified several definitions and methodologies for free-flowing
rivers from a literature review and summarized key indicators and datasets used. The following
definition of a free-flowing river was agreed upon to comprehensively include all components of
fluvial connectivity:

“A free-flowing river is a river where natural aquatic ecosystem
functions and services are largely unaffected by changes to the fluvial
connectivity allowing an unobstructed exchange of material, species and
energy within the river system and surrounding landscapes. Fluvial
connectivity encompasses longitudinal (river channel), lateral (floodplains),
vertical (groundwater and atmosphere) and temporal (intermittency)
components and can be compromised by (a) physical infrastructure in the
river channel, along riparian zones, or in adjacent floodplains; (b) by
hydrological alterations of river flow due to water abstractions or regulation;
and (c) by changes to water quality that lead to ecological barrier effects
caused by pollution or alterations in water temperature.”
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764  Supplementary Figures and Tables
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766 Fig. S1: Workflow to map free-flowing rivers.
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Fig. S2: Schematic overview of river-related concepts used in this study. The baseline river
network consists of individual river reaches (1-31 in panel a), defined as line segments separated
by confluences (black dots). River reaches can be aggregated into rivers based on a ‘backbone’
ordering system which classifies river reaches as the mainstem or a tributary of various higher
orders (b). Following this system, the river network can be distinguished into distinct rivers (1-15
in panel c¢), defined as a contiguous stretch of river reaches from source to outlet on the
mainstem, or from source to confluence with the next order river.
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776  Fig. S3: Conceptual approach of the DOF calculation (a) and visualization for a river example
777 (b). The DOF index ranges from 0% (no fragmentation impact) to 100% (completely

778  fragmented) as shown in the legend (b). It is calculated for all river reaches connected to the

779  barrier location in the upstream and downstream direction (yet tributaries to the mainstem

780  downstream of the barrier are not considered affected). The impact is largest in connected river
781  reaches that are similar in discharge to the barrier site, and diminishes as rivers become

782  increasingly dissimilar in size, i.e., larger in the downstream or smaller in the upstream direction.
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786  Fig. S5: CSI values for each individual river reach as calculated with our model (a). If a value is
787  above the CSI threshold (95%), the river reach is declared to have a ‘good connectivity status’; if
788 it is below the threshold, it is declared to be impacted. If an entire river (as defined in Fig. S2c,
789  replicated here in panel b) has ‘good connectivity status’, it is defined to be a free-flowing river
790  (blue rivers in panel c¢). A river can partly be above the CSI threshold, and thus contiguous

791  stretches can have ‘good connectivity status’, shown in green.
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Table S1: Number (a) and length (b) of river stretches in ‘good connectivity status’ (CSI > 95%)
by river length class and continent.

a) ‘Good Connectivity Status’ (number of rivers)

10-100 km  100-500 km  500-1000 km >1000 km Total
Africa 417 181 13 3 614
Asia 2,802 370 21 8 3,201
Australia 355 68 7 430
Europe 2,058 316 12 2,386
North America 1,637 236 1 1 1,875
South America 996 213 11 7 1,227
Total 8,265 1,384 65 19 9,733
b) ‘Good Connectivity Status’ (thousand km)

10-100 km  100-500 km  500-1000 km >1000 km Total
Africa 17.5 40.5 8.8 3.8 70.6
Asia 88.2 69.2 14.0 15.5 187.0
Australia 11.4 13.1 4.2 28.6
Europe 78.7 54.2 7.4 140.4
North America 58.8 39.3 0.6 1.0 99.7
South America 35.6 41.0 7.1 12.1 95.8
Total 290.2 257.4 42.0 32.5 622.2
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Table S2: Pressure indicators used in this study and their data sources
Indicator Description Connectivity aspect Source data
affected
DOF Degree of Longitudinal HydroSHEDS; Lehner et al. (26);
Fragmentation GRanD v1.1; Lehner et al. (2);
GOO0D2 v1; Mulligan et al. (48)
DOR Degree of Longitudinal, lateral, HydroSHEDS; Lehner et al. (26);
Regulation vertical, temporal GRanD v1.1; Lehner et al. (2);
GOOD2 v1; Mulligan et al. (48);
HydroLAKES, v1.0; Messager et al. (64)
RDD Road density Lateral GRIP v3; Meijer and Klein Goldewijk (51)
URB Nightlight intensity Lateral DMSP-OLS v4; Doll (56);
in urban areas Modis-derived urban areas Schneider et al. (58)
USE Consumptive water Longitudinal, lateral, WaterGAP v2.2 as of 2014; Alcamo et al. (45), Doll et

use (abstracted vertical, temporal
from rivers)

al. (46)

Table S3: Overview of literature used for determining plausible ‘Single Pressure Limit’ (SPL)

ranges.

Pressure Range of SPL Relevant literature and case studies

indicator values reported

DOF 10-50 Pracheil et al. (47); Expert review; Case studies in Tapajos, Luangwa and
Upper Ganges River

DOR 2-15 Lehner et al. (2), Nilsson and Berggren (9), Richter et al. (65), Nilsson
and Jansson (66)

USE 10-40 Falkenmark et al. (60), Smakhtin et al. (61), Alcamo et al. (62), Brauman
etal. (67)

RDD 5-30 Blanton and Marcus (68), Shuster et al. (69)

URB > 80 (for representing Booth and Jackson (54), Blanton and Marcus (68), Shuster et al. (69),

urban effects; scaled) Schueler et al. (70)
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Table S4: Weights and ‘Single Pressure Limit’ (SPL) of the applied set of 10 scenarios.

Pressure indicator

Scenario DOF DOR NLI RDD CON
1

SPL (5%) 50.0 15.0 70.0 50.0 25.0
Weights (%) 12.4 414 8.9 12.4 24.9
2

SPL (5%) 40.0 25.0 70.0 50.0 30.0
Weights (%) 18.9 30.2 10.8 15.1 25.1
3

SPL (5%) 40.0 10.0 70.0 50.0 30.0
Weights (%) 13.0 51.9 7.4 10.4 17.3
4

SPL (5%) 50.0 15.0 80.0 40.0 20.0
Weights (%) 11.5 38.3 7.2 14.4 28.7
5

SPL (5%) 40.0 15.0 60.0 30.0 10.0
Weights (%) 10.3 27.6 6.9 13.8 41.4
6

SPL (5%) 30.0 10.0 70.0 30.0 40.0
Weights (%) 16.2 48.6 6.9 16.2 12.1
7

SPL (5%) 20.0 10.0 60.0 40.0 30.0
Weights (%) 22.2 44.4 7.4 11.1 14.8
8

SPL (5%) 25.0 15.0 50.0 50.0 25.0
Weights (%) 21.4 35.7 10.7 10.7 21.4
9

SPL (5%) 50.0 15.0 90.0 50.0 30.0
Weights (%) 13.2 441 7.4 13.2 22.1
10

SPL (5%) 70.0 25.0 70.0 70.0 15.0
Weights (%) 9.6 26.8 9.6 9.6 44.6
Min 9.6 26.8 6.9 9.6 12.1
Average 14.9 38.9 8.3 12.7 25.2
Max 22.2 51.9 10.8 16.2 44.6
Range 12.7 25.2 3.9 6.6 324

31



800
801

802
803

804
805

806

807

Table S5: Results of the benchmarking by category showing rivers that were nominated by
experts during workshop, as well as rivers from Nilsson et al. (2005).

Scenario S01 S02 SO3 S04 SO5 S06 SO07 SO08 SO09 S10
Expert nominated

Mismatch 7 10 6 7 5 6 8 10 7 5
32 29 33 32 34 33 31 29 32 34

Match

Correct classification % 82.1 744 84.6 821 87.2 84.6 795 744 821 87.2

Nilsson et al. (2005)

Mismatch 8 10 7 7 6 8 8 9 7 7

Match 112 110 113 113 114 112 112 111 113 113

Correct classification % 93.3 91.7 942 94.2 950 93.3 933 925 94.2 94.2

Total benchmark rivers 159 159 159 159 159 159 159 159 159 159

Overall correct classification% 90.6 87.4 91.8 91.2 93.1 91.2 899 881 91.2 925

Table S6: Selected weighting scenario (scenario 5) based on benchmarking results, its ‘Single
Pressure Limit’ (SPL), as well as corresponding weighting values.

Pressure indicator DOF DOR USE RDD URB Sum
SPE (95%) 40.0 15.0 10.0 30.0 60.0 n.a.
Weights (%) 10.3 27.6 41.4 13.8 6.9 100
Number of river reaches

predominantly affected by 138,630 96,790 42,103 308 7,243 285,074
pressure indicator!

Number of river reaches

affected by pressure indicator 246,355 133,120 132,791 194 20,678 n.a.

alone?

! This row summarizes the number of times a pressure indicator had the highest weight on the CSI index

taking into account multiple pressure indicators.

2 This row indicates how many times a pressure indicator decreases the CSI below the threshold by itself.
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808  Additional Data table S1 (separate EXCEL file: DB_S1_Major_FFRs.xls)
809  List of free-flowing rivers longer than 500 km by continent.

810  Additional Data table S2 (separate EXCEL file: DB_S2 Ref Rivers.xls)

811  List of reference rivers evaluated for benchmarking. Sources: ‘Expert nominated’ (BENCH_SCR
812 = ‘EXP’) and Nilsson ef al. (24) (BENCH_SCR = ‘NLS’).
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