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Abstract 24 

High-quality regional development requires coupling of socioeconomic and natural 25 

domains, but it remains unclear how to integrate effectively regional economies with 26 

river basin ecosystems. Here we establish a developmental perspective of 65 river 27 

economic belts, formed through history along the main stems of the world’s great rivers, 28 

covering initial, developing, and developed stages. We find that river economic belts 29 

characterized by basin-based regional integration can substantially upgrade their eco-30 

efficiency through the harmonization of enhanced regional economic growth and 31 

efficient utilization of basin resources, once key prerequisites (e.g., gross domestic 32 

product per capita, de-industrialization status) are met for river economic belts entering 33 

the developed stage. Importantly, primary concerns such as resource stress, 34 

environmental pollution, and biodiversity loss are also inherently addressed. Under 35 

representative scenarios of regional development planning and climate change (2015–36 

2050), the basin-based regional integration strategy would provide river economic belts 37 

with new opportunities and pathways towards sustainability in emerging regions 38 

worldwide. 39 

Keywords: river economic belt, basin-based regional integration, eco-efficiency, 40 

industrial upgrading, sustainable development41 
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Maintext 42 

Introduction 43 

Throughout history, human civilizations have flourished along the world’s great 44 

rivers1,2. Taking advantage of abundant water resource, ideal waterways, and 45 

environmental and ecological capacity, most large rivers have become the main veins 46 

of river economic belts (REBs) emerging from a background of regional integration2,3.  47 

By connecting material fluxes, cultures, and trades4–6, REBs act as important conveyors 48 

supporting intra-regional and international collaborations3,7. Moreover, REBs provide 49 

a natural setting for exploring pathways to accelerate economic growth while reducing 50 

ecological footprints. 51 

Over millenia, REBs have witnessed the evolution of human civilization, in which 52 

dynamic and complex human-nature relations are embedded8. In ancient times, our 53 

predecessors created settlements, conducted riverine agricultural activities, and 54 

developed the first river civilizations, most notably along the Yellow, Indus, Nile, Tigris, 55 

and Euphrates rivers1. During the initial stage of agricultural civilization, human beings 56 

exert very limited impact on river ecosystems. In the developing industrial stage, REBs 57 

undergo substantial development as technology advances. Settlements established 58 

along REBs grow into towns and cities, accompanied by accelerating urbanization and 59 

industrialization9. As bonds of economic development, REBs occupy a crucial position 60 

in the global supply chain, addressing transport need5,10. So far, approximately 50% of 61 

the world's large rivers serve as ‘Golden Inland Waterways’ with great carrying capacity 62 

and growth in transportation demand5. During this stage, excessive resource 63 

consumption and waste emission can be perilous through resource and energy 64 

depletion11, environmental pollution12,13, greenhouse gas emission14, and ecosystem 65 
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degradation15,16. In recent decades, modernization has been attained by several large 66 

REBs in developed regions such as Europe and North America, which exhibit the core 67 

spirit of sustainability by achieving nature-human harmonization alongside increasing 68 

resource productivity over their full life-cycles17,18. On the path from industrial to 69 

modernized stages, REBs face great challenges in the transition19 because it involves a 70 

synthesis of economic, educational, political, and other societal reforms. To date, many 71 

indicators have been proposed to quantify the degree of regional development in terms 72 

of economic achievement20, social foundation and human well-being21, natural capital22, 73 

and their combination17,18. Among them, eco-efficiency (E2E) has been regarded as a 74 

key indicator to measure resource productivity that integrates economic and ecological 75 

considerations at different scales23. Given their heterogenity during the developmental 76 

stage2,21, global REBs then have diverse choices of novel strategies (e.g. industrial 77 

structure adjustment, renewable energy investment, and transboundary 78 

cooperation)3,24,25 to support the transition towards sustainability. Due to decoupling of 79 

regional economy and basin-based ecosystems, the virtuous cycle of social economic 80 

development could hardly be realized through reasonable allocation of shared natural 81 

resources in river basins, which in turn obstruct the sustainable development of global 82 

REBs. 83 

To trace universal underlying principles that could support the sustainability of 84 

global REBs, we establish a conceptual framework for identifying development stages 85 

of 65 REBs in the world’s great rivers (each with catchment area greater than 100,000 86 

km2). We find that the co-occurrence of economic and resource gradients in river basins 87 

provides a solid foundation for basin-based regional integration along the main veins 88 

of large rivers. Once the transition from developing to developed stage is essentially 89 

completed in the REBs, the E2E would be greatly enhanced, and primary concerns on 90 
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water resource stress, energy consumption, environmental pollution, biodiversity loss, 91 

and greenhouse gas emission would be spontaneously addressed. This provides new 92 

opportunities and alternative pathways to sustainable development in emerging regions 93 

worldwide. 94 

Results and Discussion 95 

Conceptual framework for global REBs at varying development stage 96 

Figure 1 proposes a conceptual framework for describing the characteristics of 97 

REBs at different development stages, whose evolution (Fig. 1a) is closely related to 98 

industrialization process and human development. According to Chenery et al.’s 99 

theory26, REBs could be regarded as passing through six industrialization phases in 100 

terms of gross domestic product (GDP) per capita and industrial structure, i.e., pre-101 

industrialization, early industrialization, middle industrialization, late industrialization, 102 

post-industrialization, and modernized phases. This is further simplified into three 103 

stages of initial, developing, and developed, based on a human development index (HDI) 104 

with embedded human-nature relations.  105 

Driven by regional development, REBs prosper by virtue of their abundant natural 106 

resources. Due to unbalanced development, the 65 REBs (each with catchment area 107 

exceeding 100,000 km2) now correspond to different development stages (Fig. 1b). 108 

These REBs are representative because in total they occupy 45% of the world’s land 109 

area, 63% runoff to ocean, 53% bio-capacity (BC, as defined in Methods), 42% 110 

population, and > 90% navigational capacity (Supplementary Fig. 1). Noting that REBs 111 

exhibit spatial diversity in socio-economic context, cultural environment, and 112 

ecological status, we describe the characteristics of REBs at different stages by the 113 
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following key indices (Supplementary Figs. 2–4): GDP per capita, life satisfaction 114 

index (LSI, range 0–10, with 0 for least satisfied, and 10 for most satisfied), cultural 115 

realm, and ecological deficit index (EDI, measuring the balance between natural 116 

resources consumed and available throughout the REBs, where EDI > 1 for ecological 117 

deficit; more details see Methods). 118 

REBs at the initial stage are all located in Africa, and present low labor 119 

productivity with very small GDP per capita (1063–7802 US$). In such cases, human 120 

poverty and low wellbeing reduce life satisfaction (LSI =3.8–4.2). Cultural traits of 121 

these REBs primarily coincide with the cultural realm of Sub-Saharan Africa. 122 

Characterized by agricultural and handicraft industries, such REBs place lower demand 123 

on natural resources and thus display negligible ecological deficit (median EDI =1.0), 124 

suggesting a much greater bio-capacity than is needed to accommodate the ecological 125 

footprint.  126 

30 REBs at the developing stage are mainly dispersed across Asia, South America, 127 

and Eastern Europe, exhibiting vast cultural diversity. Specifically, REBs in Asia 128 

correspond to East Asia, Southeast Asia, and Indic cultural realms; REBs in South 129 

America correspond to the Latin American cultural realm; REBs in Eastern Europe 130 

correspond to the Continental European cultural realm. In the developing stage, REBs 131 

experience substantial increase in labor productivity; notably, median GDP per capital 132 

(2015) rises to 27,835 US$ in Asia, 12,191 US$ in South America, and 20,165 US$ in 133 

Eastern Europe. Rapid technological advances cause industrial contributions to national 134 

income and employment to increase substantially. Meanwhile, human well-being (LSI 135 

=4.3–7) greatly improves alongside progress in education, public health, living 136 

standards, and the labor market. Increasing human demand on natural capital for rapid 137 
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socioeconomic development leads to substantial expansion of the ecological footprint 138 

from the early to the late industrial phase for all REBs. At the developing stage, 139 

ecological deficit occurs in 63% of the 30 REBs, less so in most of South America 140 

(median EDI= 0.4), but more so in Eastern Europe (median EDI =3.1) and Asia (median 141 

EDI =1.8), due to different natural endowments and developmental modes. 142 

REBs at the developed stage (related to modernized and post-industrial periods) 143 

mainly occur in Western Europe, North America, and Oceania, corresponding to 144 

Western European, Anglo-American, and Australian cultural realms. REBs exhibit 145 

continuous improvements in economic wealth (median GDP per capita = 44,463 US$), 146 

quality of life (LSI =5.5–7.3), along with simultaneous alleviation of ecological deficit. 147 

In particular, the percentage of REBs suffering ecological deficit reduces to 46%, 148 

mainly in REBs of Western Europe (median EDI =2.3), but less so in REBs of North 149 

America (median EDI =0.8), and Oceania (median EDI =0.2). This suggests that REBs 150 

benefit considerably from the information revolution, knowledge exchange, improved 151 

social outcomes, and growth of technological industries. 152 

From the developmental perspective of 65 river economic belts under the 153 

conceptual framework, crucial prerequisites and constraints could be further identified 154 

for the transition from a developing to a developed stage, with a full connection of 155 

regional economic and ecological processes in river basins. 156 

Basin-based regional integration for resource productivity enhancement 157 

Regional integration is an inevitable tendency along with the upgrading level of 158 

socio-economic development. Given that the connotation of regional integration as 159 

efficient flow of natural assets, production factors, technology, and talent, regional 160 

integration is usually measured according to multiple dimensions such as trade and 161 
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investment, finance, regional value chains, infrastructure and connectivity, free 162 

movement of people, and institutional and social integration27. High-quality regional 163 

integration requires coupling of socioeconomic and natural domains, and so the co-164 

occurrence of economic and resource gradients in river basins provides a foundation 165 

for regional integration in large REBs (Fig. 2a). River basins often serve as naturally 166 

established carriers for cross-regional economic systems28, which facilitate optimal 167 

allocation of resources, human capital, and wealth. Here, we measure the degree of 168 

basin-based regional integration by introducing a regional integration index (RI), which 169 

is a composite quantification based on scores of natural river density, estuarine 170 

streamflow, intra-regional transport network density, trade flow strength, logistics 171 

performance index, and net migration rate (more details see Methods). RI provides a 172 

measure of the economic links both in a REB and between different REBs 173 

(Supplementary Fig. 5). Supplementary Fig. 6 illustrates the relationship between RI 174 

and GDP per capita for 65 REBs. Positive feedback between RI and increased GDP per 175 

capita is observed, which indicates increasing need for regional integration with 176 

upgrading of the developmental level. By promoting two or more regions/countries in 177 

a large basin to take over economic sovereignty, employ common economic policies, 178 

and form economic groups, basin-based regional integration enables entities to unify 179 

and provide REBs with tremendous opportunities to enhance resource productivity. 180 

On the way from initial, developing, to developed stages of global REBs, two 181 

transition points separate the three development stages. The first transition from initial 182 

to developing stage is mainly associated with substantial promotion of labor 183 

productivity, whereas the second transition from developing to developed stage implies 184 

substantial improvements in societal ideology and resource productivity. To determine 185 

the transition thresholds between development stages, we introduce a comprehensive 186 
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index E2E, defined as the ratio of GDP to ecological footprint index (EF) (see Methods), 187 

to measure the resource productivity of REBs. 188 

In general, E2E increases alongside the development path of REBs from the pre-189 

industrial phase to the modernized phase and experiences a stagnation period near the 190 

end of the developing stage (Fig. 2b). Once REBs enter into the post-industrial and 191 

modernized phases, E2E improves greatly ( > 5000 US$ per gha) in 75–87% of REBs. 192 

Alternatively, E2E variation in specific REBs could be interpreted in terms of 193 

proportions of economic output from the primary, secondary, and tertiary industries 194 

with respect to total GDP. For example, E2E decreases with increasing proportion (A) 195 

of primary industrial output but increases with increasing proportion (S) of tertiary 196 

industrial output in total GDP (Supplementary Fig. 7). 197 

E2E starts to rise when GDP per capita (2015) exceeds 2000 US$26 in REBs (Fig. 198 

2b). This could be regarded as quantifying the threshold at the first transition point 199 

(turning point T-I) between initial and developing stages. Furthermore, E2E accelerates 200 

as GDP per capita (2015) reaches 20,000 US$ and DI is about 1.6 (Fig. 2b), suggesting 201 

a paired threshold at the second transition point (turning point T-II) during the post-202 

industrial phase. Threshold values for the second transition are derived from the human 203 

development index21 (HDI, measure of development levels of economics, education, 204 

and healthcare) and ecological pressure index29 (measure of ecosystem health impacted 205 

by human activities). Here, we determine the critical values based on 15 REBs that have 206 

a very high degree of human development (HDI > 0.8) but low-to-moderate threat 207 

exposure to the river ecosystem (ecological pressure index < 0.75) (Supplementary Fig. 208 

8), which suggests a status decoupled from negative environmental consequences that 209 

raises eco-technological efficiency, reduces poverty, and increases social inclusion. 210 
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Throughout the initial stage, REBs present very low E2E because of restricted 211 

economic growth (Fig. 2b). During the early to late industrial phases of the developing 212 

stage, REBs exhibit a wide range of E2E values (652–7593 US$ per gha). REBs in West 213 

Africa and Southeast Asia have E2E values below 3000 US$ per gha. REBs in Central 214 

and East Asia, South America, Africa, and occasionally in Europe have medium E2E 215 

values in the range 3000–5000 US$ per gha. Higher E2E values (> 4500 US$ per gha) 216 

are more common in South Asia (Fig. 2b). Within a given REB, greater GDP per capita 217 

and E2E usually occur in delta regions due to local advantages regarding water 218 

resources, transportation, and trade9. At the developed stage, all 28 REBs exhibit higher 219 

resource productivity with E2E values in the range of 4500–12,153 US$ per gha. The 220 

enhancement of E2E in REBs at the developed stage implies an advanced 221 

socioeconomic development level with substantial increase in GDP per capita 222 

characterized by successful upgrading of industrial structures. As a transformation 223 

process with the sequential replacement and growth of primary, secondary, and tertiary 224 

industries, the upgrading of industrial structures promotes production factors that flow 225 

from low-productivity sectors to high-productivity sectors and facilitate rapid economic 226 

growth. The resulting ‘structural dividend’ can enhance the whole social productivity 227 

level30. During the process of upgrading industrial structures, new financial investment, 228 

new markets, new technology, and new talents are required to establish new industrial 229 

chains.  Basin-based regional integration is one the most cost-effective pathways to 230 

optimize the layout of the new industrial chains, and to materialize sustainable 231 

economic benefits. As illustrated in Fig. 2b, E2E also exhibits a significant positive 232 

correlation with RI, which fairly reveals that basin-based regional integration is 233 

effective at promoting resource productivity in REBs. 234 
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REBs entering the developed stage may exhibit different modes of industrial 235 

structures (de-industrialization index DI, Methods) which are closely related to regional 236 

economy status, population density, and ecological environment (Fig. 2c, 237 

Supplementary Fig. 9). Mode I involves industry convergence driven by technological 238 

innovation31, and REBs corresponding to very high DI (3.6–4.1) are mostly distributed 239 

in populated regions usually associated with ecological deficit in their developmental 240 

processes such as in the US and Western Europe (Fig. 2c, Supplementary Fig. 9) except 241 

the Rhine flowing through the Ruhr Industrial Base. Mode I is associated with the 242 

majority of economic output (about 80% of total GDP) from tertiary industry dominated 243 

by knowledge services and the remainder (about 20%) from secondary industry. 244 

Technological innovation enhances the industrial structure and promotes emerging 245 

industries (e.g., artificial intelligence, biomedicine, and advanced materials). Labor-246 

intensive industry and its environmental pollution cost are increasingly outsourced. 247 

Economic outputs from traditional industries such as agriculture, mining, and 248 

construction tend to stabilize. Progress in bio- and information technology improves 249 

agricultural production. Benefiting considerably from the information revolution, 250 

knowledge exchange, improved social outcomes, and growth of technological 251 

industries, REBs exhibit higher levels of economic wealth, transport infrastructure, and 252 

trade flow. Meanwhile, REBs under Mode I experience greater EF per capita in the US 253 

than in Western Europe (Fig. 2c) due to their different energy consumption patterns. 254 

With abundant indigenous energy resources, the US has high material and energy 255 

consumption levels. European countries depend on the international market for material 256 

and energy supply, and tend to rely on resource saving, material cycle, and renewable 257 

energy strategies. 258 

Mode II presents an industrial structure (DI of about 2.4–2.5) characterized by 259 
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abundant natural resources and lower population, and the corresponding REBs are more 260 

common in Canada and Australia32,33 where agriculture provides 1.5 % and 2.1% of 261 

total GDP. Secondary industry contributes about 28% to total GDP, dominated by the 262 

manufacturing, mining, hydrocarbon exploitation, and construction sectors. Tertiary 263 

industry accounts for 69–70% of total GDP. In Canada, natural resources and related 264 

industries contribute about 40% to total exports and 20% to total GDP. In Australia, 265 

export-related economic output mainly comprises mineral products (62.4% in 2019). 266 

Under Mode II, REBs in Canada and Australia all present higher EF per capita given 267 

their reliance on natural resources (Fig. 2c). However, due to rich natural capital, most 268 

REBs still exhibit ecological surplus rather than deficit (Supplementary Fig. 9).  269 

Mode III presents an industrial structure (DI in the range 1.7–1.8) characterized 270 

by tourism, agriculture, advanced manufacturing, pharmaceutical industries, and 271 

relatively low GDP per capita, with many industrial headquarters located in REBs of 272 

Central Europe34 (Fig. 2c, Supplementary Fig. 9). REBs under Mode III present lower 273 

EF per capita, with priority given to ecological conservation and imported resources as 274 

shown in Fig. 2c. 275 

These representative modes could also provide references for REBs in Asia and 276 

Africa currently still at initial and developing stages. For the foreseeable future, REBs 277 

in Asia are likely to follow Mode I given their resource and population pressures, REBs 278 

in South America and Africa might be more appropriate for Mode II given their rich 279 

natural resource endowment and sparse population. However, other modes could be 280 

derived as different countries develop due to their varying social and cultural contexts. 281 

Within a globalized, collaborative industrial world, the economic links and trade 282 

between REBs would also have an impact on different industrial modes. As is illustrated 283 
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in Fig. 2c, REBs of Mode I exhibit greater level of RI compared to REBs of Mode II 284 

and Mode III. No matter which of the three modes are chosen after completion of 285 

transition from developing to developed stage, the upgradation of industrial structures 286 

will provide a pathway towards increased resource and energy productivity. 287 

Resource, environmental, and ecological consequences 288 

Human demand on biophysical resources often exceeds the earth’s biological rate 289 

of regeneration, thus accelerating resource and energy consumption, environmental 290 

pollution, ecological deterioration, and greenhouse gas emission. Noting commonly 291 

used approaches17,18,35–37, we estimate human pressure on the environment by means of 292 

a modified planetary boundary framework, which incorporates 12 indicators (more 293 

details see Methods). These indicators are further categorized into three major issues 294 

(resource stress, environmental pollution, and biodiversity loss), which are subject to 295 

change with increasing GDP per capita in 65 REBs under different developmental 296 

stages. As a result, our study strongly suggests that promotion of E2E as REBs attain 297 

developed stage would ultimately address the foregoing concerns. 298 

In Fig. 3, almost all indicators except fish biodiversity display inverted U-shaped 299 

curves with increased GDP per capita, known as Environmental Kuznets Curves 300 

(EKC)38. During the initial and developing stages, REBs are mostly located along the 301 

rising EKCs, whereas REBs in the developed stage appear near the falling EKCs. From 302 

a global perspective, the turning point from intensive to relieved resource stress, 303 

environment pollution, and ecological deterioration occurs at GDP per capita of 8000–304 

13,000 US$ during the late industrial period, whilst shifts in different REBs may occur 305 

under varying natural, social, and political conditions (Supplementary Fig. 10). Among 306 

the key indicators, fish biodiversity shows a pattern (Fig. 3c(i)) that differs from the 307 
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EKCs because damaged freshwater species are unable to recover sufficiently quickly39. 308 

REBs in Europe, United States, Canada, and Australia continue to suffer severe 309 

biodiversity threats, despite huge mitigation efforts29. 310 

At different development stages, REBs can experience variations in geo-311 

compositions of resource and energy consumption, and pollution emission40. REBs 312 

close to the developed stage mostly rely on outsourcing resources, materials, and energy 313 

use through intra-regional and international trade40. Strict regulations in developed 314 

economies tend to displace pollution-intensive industries to developing countries that 315 

have lax environmental standards, low-cost resources, and cheap labor16. This leads to 316 

virtual resource flows (water, land, energy, and materials) embedded in trade 317 

commodities20,41 bringing additional benefits to richer REBs42, and creates a new 318 

problem of inequity among REBs whose solution will require long-term effort by all 319 

stakeholders. 320 

Path choice for eco-efficiency upgradation of REBs 321 

REBs are strongly coupled economic-ecological systems controlled by 322 

interactions between biophysical and social processes, stepping forward with human 323 

socio-economic development under varying regional development planning and 324 

climate change scenarios. To forecast the development degree and the potential for eco-325 

efficiency enhancement of the world’s large REBs from 2015 to 2050, we consider three 326 

scenarios (A, B, C) based on a combination of regional development planning and 327 

climate change hypotheses (expressed by shared socioeconomic pathways (SSPs) and 328 

representative concentration pathways (RCPs)). Typical scenarios (A: SSP1-RCP2.6; 329 

B: SSP4-RCP6.0; and C: SSP5-RCP8.5) are generated to represent sustainable, unequal, 330 

and highly fossil-fueled global situations, corresponding to low, moderate, and high 331 
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levels of climate change (more details see Methods). 332 

Compared with the development degree of global REBs in 2015 (Fig. 4a), a greater 333 

number of REBs (54 and 42) would enter the developed stage under Scenarios A and B 334 

by 2050, whereas a smaller number (13) of REBs would enter the developed stage under 335 

Scenario C (Figs. 4b–d), based on predicted GDP per capita, DI, and HDI. Meanwhile, 336 

more REBs associated with an increase in E2E > 50% would occur under Scenario A 337 

(57) than under Scenarios B (39) and C (9).  338 

Scenario A (Fig. 4b) is expected to provide an ideal opportunity for E2E increase 339 

in REBs in Africa (Congo, Volta, Senegal, Zambezi, Niger, and Nile), Southern Asia 340 

(Godavari, Krishna, Mahanadi, Ganges, Indus) that could benefit greatly from rapid 341 

economic growth, and also in REBs in Central Europe (Dnieper, Don, Wisla) due to 342 

significant decline in EF (Supplementary Fig. 11). For REBs in South America and 343 

Oceania, the enhancement in E2E results from a combination of GDP growth and EF 344 

decrease (Supplementary Fig. 11). The foregoing would benefit considerably from 345 

continuous upgradation of industrial structures and deep transformation as global 346 

integration progresses.  347 

Under Scenario B (Fig. 4c), significant improvement of E2E is observed for REBs 348 

in Western and Central Europe (Loire, Oder, Wisla, Dnieper, and Don), Oceania 349 

(Burdekin, Fitzroy, Flinders, and Murray-Darling), and North America (Mississippi, 350 

Brazos, Fraser, and Mackenzie), primarily induced by EF reduction (Supplementary 351 

Fig. 12). The E2E enhancement for REBs associated with lower income regions such 352 

as Africa and South Asia is slowed down (Supplementary Fig. 13), implying negative 353 

consequences from inequalities in economic opportunity, political power, and 354 

investment in human capital.  355 
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Despite conditions of rapid economic growth, E2E would be much lower under 356 

Scenario C (Fig. 4d, Supplementary Fig. 14), characterized by high-level climate 357 

change and energy-intensive development pathways, particularly for REBs whose 358 

natural asset base is more sensitive to extreme hydrological events. Examples include 359 

REBs in Eastern Asia (Amur), South-Eastern Asia (Salween, Irrawaddy, Mekong), and 360 

South America (Orinoco, Parnaiba, and Sao Francisco). 361 

Implications for management 362 

The framework for global REBs proposed by this study can identify the economic 363 

growth, industrial structure, integration degree, environment and ecological status, and 364 

resource productivity of REBs in socio-economic and cultural contexts at different 365 

stages of development, and so is helpful for policy makers concerned with promoting 366 

high-quality development within and across basins. 367 

As focal lines of riverine civilization, large REBs can take advantage of key 368 

strategic resources such as water, energy, and food in riparian regions or countries7. Full 369 

integration of multiple sub-regions within a large river basin would also benefit from 370 

strong river connectivity and watershed integrity. Regional development drives 371 

productivity growth by accelerating active collaboration and mutual assistance in the 372 

economic, social, cultural, technological, and administrative spheres, while integrated 373 

watershed management facilitates efficient resource utilization through reasonable 374 

allocation of shared natural resources in river basins. In fact, certain European and 375 

North American REBs (e.g. Rhine, Danube, and Mississippi)43,44 have achieved 376 

concerted development throughout the whole river basin by effective coordination 377 

among riparian countries/regions of an integrated regional development policy. 378 

Nonetheless, economic integration in Asia seems more challenging because of 379 
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administrative and socio-cultural differences within each basin, varying landscape, 380 

water-use competition, and difficulty in law enforcement45. For example, there is a 381 

pressing need for regional integration in the Mekong river basin because of its booming 382 

population, hydro-energy exploitation, increasing industrial demand, and transportation 383 

need46. To enhance sustainable development throughout the basin, the Mekong River 384 

Commission and the Greater Mekong Sub-region Program have been established to 385 

harmonize the intersected interests of different stakeholders46. Similar trends in regional 386 

integration are emerging along other large rivers3, demonstrating that socioeconomic 387 

development depends heavily on tailor-made water management strategies for 388 

transboundary rivers. In China, the REB along the Yangtze47 also encounters problems 389 

arising from uneven regional development. To achieve enhanced natural resource 390 

productivity in this REB, stakeholder provinces and cities from upstream to 391 

downstream should strengthen cooperation, and effective coordination mechanisms be 392 

implemented at national level. 393 

Nowadays, cooperation between REBs on economic and ecological dimensions is 394 

also necessary to optimize resource allocation, which further facilitates smooth 395 

economic circulation and promotes coordinated regional development20. For instance, 396 

international trade provides a vital link connecting REB with different levels of 397 

development, whereby commodities are often traded and consumed outside the regions 398 

they are produced48 . In this regard, the accounting and management of virtual resources 399 

embedded in trade are essential for achieving and balancing sustainable development 400 

for all REBs20. Another example concerns inter-basin water transfer projects, which 401 

offer an easy remedy for the imbalance between supply and demand of water resources 402 

among different REBs, but can have large consequences for water supplies, hydrologic, 403 

environment and ecological conditions in both donor and receiving basins49. Herein, 404 
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the interconnections among REBs primarily focus on transportation, trade, and human 405 

migration. In the future, new dimensions of shared interests and common values among 406 

global REBs need to be explored following the perspective of 'community with a shared 407 

future for mankind'. For regions and countries that possess multiple REBs, a 408 

comprehensive regional framework based on the natural endowment and socio-409 

economic development stage of each REB is required. More specifically, it is essential 410 

to formulate basin-specific sustainable development strategies and design high-level 411 

pathways to facilitate the systematic advancement of major REBs and their tributaries.  412 

The foregoing trends could be disrupted by unexpected events such as natural 413 

disasters, pandemics, and regional conflicts50. However, there is a general move 414 

towards regional and international integration across large REBs as human civilization 415 

evolves. Although different socio-economic and historical backgrounds, resource 416 

utilization levels, and cultural and political institutions lead to the spatial diversity of 417 

REBs, those REBs characterized by basin-based regional integration should provide 418 

promising pathways to accelerate economic growth while reducing ecological footprint. 419 

With successful completion of the transition from developing to developed stage in 420 

REBs, E2E should be substantially enhanced through improved resource and energy 421 

efficiencies, and by spontaneously addressing primary concerns such as water resource 422 

stress, energy consumption, environmental pollution, biodiversity loss, and greenhouse 423 

gas emission. In the long run, large REBs would then act as ideal conveyors that realize 424 

the virtuous cycle of social economic development leading towards sustainability. 425 

Methods 426 

Extraction of global REBs 427 

Basin boundaries and mainstreams of 65 REBs each of catchment area ≥100,000 km2 428 
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were extracted from the HYDROSHEDS (http://www.hydrosheds.org/) and PKU river 429 

network databases. 430 

Preliminary division of development stages of REBs 431 

The human development path of REBs was initially divided into three stages based on 432 

six industrialization phases and a human development index (HDI). The stages 433 

comprise an initial stage corresponding to the pre-industrialization phase with HDI < 434 

0.55; a developing stage corresponding to early, middle, and late industrialization 435 

phases with HDI ≥ 0.55; and a developed stage corresponding approximately to post-436 

industrialization and modernization phases with HDI ≥ 0.8. Transition from the 437 

developing to the developed stage likely occurs at some point during the post-438 

industrialization phase. The six industrialization phases were identified in terms of GDP 439 

per capita and industrial structure based on Chenery et al.’s theory26. HDI is a composite 440 

index measuring average achievement in dimensions of human health, education, and 441 

standard of living, assessed according to life expectancy at birth, years of schooling for 442 

adults aged 25+ years and expected years of schooling for children of school entry age, 443 

and gross national income per capita21. HDI > 0.8, 0.55–0.8, and < 0.55 correspond to 444 

high, medium, and low degrees of human development. Gross Domestic Product (GDP) 445 

per capita (US$) was determined from the ratio of GDP to population. Data on basin-446 

scale GDP per capita (US$) and population (persons) in 2015 were extracted from the 447 

following global gridded datasets, 448 

https://datadryad.org/stash/dataset/doi:10.5061/dryad.dk1j0, and 449 

https://sedac.ciesin.columbia.edu/data/set/gpw-v4-population-count-rev11. 450 

Characteristics of industrial structures were measured as proportions of primary (A, %), 451 

secondary (I, %), and tertiary (S, %) outputs in total GDP. The industrial structure 452 

http://www.hydrosheds.org/
https://datadryad.org/stash/dataset/doi:10.5061/dryad.dk1j0
https://sedac.ciesin.columbia.edu/data/set/gpw-v4-population-count-rev11
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characteristics of REBs could also be quantified by a combination of A, I, and S, e.g., 453 

the industrialization index (DI) defined as the ratio of (S−A) to I was used in the present 454 

study. Basin-scale information on A, I, and S was obtained from country-scale data 455 

(http://data.un.org/) using a partition coefficient matrix. 456 

Characterization of stage-specific distinctiveness of REBs  457 

The characteristics of REBs at different stages were quantified in terms of economic 458 

wealth, cultural characteristics, human welfare, and ecological consequences 459 

(Supplementary Figs. 2–4). Economic wealth was measured using GDP per capita. 460 

Cultural characteristics were described by the cultural realms to which REBs belong. 461 

Human welfare was measured by means of a life satisfaction index (LSI) that described 462 

the overall perception of individual well-being, ranging from 0 (least satisfied) to 10 463 

(most satisfied)21.  464 

Ecological consequence was represented by the ecological deficit index (EDI). EDI is 465 

defined as the ratio of ecological footprint (EF, in global hectares, gha) to bio-capacity 466 

(BC, in global hectares, gha), which measures the balance between the demand placed 467 

on natural resources and the resources available throughout the REBs. EF is a measure 468 

of how much area of biologically productive land and water is required for an individual, 469 

population, or activity to produce all the resources it consumes and to absorb the waste 470 

it generates, using prevailing technology and resource management practices51. Here 471 

the term biologically productive land and water area refers to the area of land and water 472 

(both marine and inland) that supports photosynthetic activity and the accumulation of 473 

biomass used by humans. As a land-based flow indicator, EF has six components based 474 

on specific land types, i.e., cropland footprint, grazing land footprint, fishing grounds 475 

footprint, forest products footprint, CO2 footprint, and built-up land footprint51. Herein, 476 

http://data.un.org/
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fishing grounds footprint represents the demands of fisheries on aquatic ecosystems as 477 

the equivalent surface marine and inland water areas required to sustainably support a 478 

country’s catch. Moreover, carbon footprint is included in the ecological footprint, and 479 

is represented by the area of forest land required to sequester anthropogenic carbon 480 

dioxide emissions amounting from domestic fossil fuel combustion and electricity use, 481 

embodied carbon in traded items and electricity, a country’s share of global 482 

international transport emissions, and non-fossil-fuel sources51. BC is the amount of 483 

biologically productive land and water area available to provide the resources 484 

consumed by the population and to absorb its waste, given present technology and 485 

management practices51. An ecological deficit occurs when EDI >1, in which case 486 

human demand on an ecosystem exceeds the ecosystem’s capacity to regenerate the 487 

resources it consumes and absorb its waste; hence, the region is either usually importing 488 

biocapacity through trade or liquidating regional ecological assets, or else emitting 489 

waste into the global commons. Conversely, an ecological reserve exists for EDI < 1. 490 

In the present work, we transformed the country-scale BC into basin-scale BC for each 491 

REB, using a partition coefficient matrix. Data on the country-scale BC and EF were 492 

derived from the Global Footprint Network (https://www.footprintnetwork.org/). 493 

Measurement of basin-based regional integration of REBs 494 

Basin-based regional integration of REBs was measured by a regional integration index 495 

(RI) which was a composite quantification based on scores of natural river density 496 

(RND, km
–1), estuarine streamflow (Q, m³·s–1), intra-regional transport network density 497 

(ITND), trade flow strength (TRAD), logistics performance index (LPI), and net 498 

migration rate (NMR), as follows: 499 

RI𝑤 = [
RND̂𝑤−min(RND̂𝑤)

max(RND̂𝑤)−min(RND̂𝑤)
+

�̂�𝑤−min(�̂�𝑤)

max(Q̂𝑤)−min(Q̂𝑤)
+

ITND̂𝑤−min(ITND̂𝑤)

max(ITND̂𝑤)−min(ITND̂𝑤)
+

TRAD̂𝑤−min(TRAD̂𝑤)

max(TRAD̂𝑤)−min(TRAD̂𝑤)
+

LPÎ 𝑤−min(LPÎ 𝑤)

max(LPÎ 𝑤)−min(LPÎ 𝑤)
+

NMR̂𝑤−min(NMR̂𝑤)

max(NMR̂𝑤)−min(NMR̂𝑤)
] 6⁄       (1) 500 

https://www.footprintnetwork.org/
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where RND̂𝑤, �̂�𝑤,  ITND̂i,𝑤, TRAD̂𝑤, LPÎ𝑤, and NMR̂𝑤 are the ascending rank orders 501 

over all waterways of the six indicators, and w refers to a certain REB.  502 

RND was estimated as the total channel length of river with channel width greater than 503 

30 m per unit area52. Mean annual Q data was derived from Li et al4, ITND was given 504 

by the mean densities of golden inland waterways, roads, and railways (Supplementary 505 

Table 1). Data on golden inland waterways were obtained from Wang et al5. Data on 506 

road and railway distributions were obtained from https://www.naturalearthdata.com/. 507 

TRAD was expressed as the percentage sum of exports and imports of goods and 508 

services in total GDP (Supplementary Table 2), which measured international trade 509 

openness and economic integration, obtained from http://www.cepii.fr/. LPI reflected 510 

the perception of a region's logistics based on efficiency of customs clearance processes, 511 

quality of trade- and transport-related infrastructure, ease of arranging competitively 512 

priced shipments, quality of logistics services, ability to track and trace consignments, 513 

and frequency with which shipments reach the consignee within the scheduled time 514 

(https://lpi.worldbank.org/). Net migration rate (NMR) was the net total of migrants 515 

during the period, i.e., the number of immigrants minus the number of emigrants, 516 

including both citizens and noncitizens, available from 517 

https://data.worldbank.org/indicator/SM.POP.NETM?view=map. 518 

Estimation of resource productivity of REBs 519 

Resource productivity was represented by Eco-efficiency (E2E, US$ per gha), 520 

determined as the ratio of GDP to EF. Greater E2E implies increased output for human 521 

consumption, along with minimized waste disposal, pollution, and natural resource 522 

depletion23.  523 

http://www.cepii.fr/
https://data.worldbank.org/indicator/SM.POP.NETM?view=map
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Evaluation of human pressure on environment 524 

Human pressure on environment was evaluated by a modified planetary boundary 525 

framework37. We downscaled four planetary boundaries (freshwater use, climate 526 

change, biogeochemical flow, land system change, and biosphere integrity) to river 527 

basin scale, and selected 8 relevant control variables (e.g. blue water footprint; 528 

greenhouse gas emissions; gray water footprint related to anthropogenic nitrogen and 529 

phosphorus loads; biodiversity loss of terrestrial species due to agricultural, forest, and 530 

pasture land use; and change in biodiversity of freshwater fish fauna impacted by 531 

human activities). In addition, we included 4 separate indicators (material footprint, 532 

energy use, mercury exports from rivers to oceans, and mismanaged plastic waste mass 533 

per river basin which are not part of the planetary boundaries framework but are widely 534 

reported measures of environmental pressure in river basins and are closely related to 535 

sustaining human well-being. These 12 indicators in our framework were further 536 

categorized into three major issues (resource stress, environmental pollution, and 537 

biodiversity loss). 538 

For each REB, resource stress was determined from the blue water footprint (Mm3 per 539 

month)53, material footprint (Mt)54, energy use (kilogram of oil equivalent, 540 

https://data.worldbank.org/indicator/EG.USE.PCAP.KG.OE), and greenhouse gas 541 

emissions (Mt, https://ourworldindata.org/greenhouse-gas-emissions). Environmental 542 

pollution of a given REB was represented by the gray water footprint related to 543 

anthropogenic nitrogen55 and phosphorus56 loads, mercury exports from rivers to 544 

oceans12, and mismanaged plastic waste mass per river basin13. The biodiversity loss of 545 

each REB was measured as the cumulative change in biodiversity of freshwater fish 546 

fauna impacted by human activities15, and biodiversity loss of terrestrial species (10
–6 547 

global species eq. lost*years)57 due to agricultural, forest, and pasture land use. 548 

https://data.worldbank.org/indicator/EG.USE.PCAP.KG.OE
https://ourworldindata.org/greenhouse-gas-emissions
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Statistical analysis 549 

Relationships between indicators were identified with Spearman correlation analysis (a 550 

value of p < 0.05 was considered significant). Dissimilarities of economic links between 551 

REBs with different industrial Modes were examined by Wilcoxon rank-sum tests 552 

(wilcox.test function in ‘stats’ package in R).  553 

Scenario analysis 554 

Projections of the development degree and resource productivity for REBs were based 555 

on established scenarios that represent possible future socio-economic and climate 556 

change conditions. Here, shared socioeconomic pathways (SSPs) provide a 557 

comprehensive framework of five scenarios58 that consider potential pathways and 558 

uncertainties of future socio-economic factors. SSP1 is a sustainable pathway that is 559 

people-oriented and follows a green approach. SSP2 is a middle pathway lying between 560 

SSP1 and SSP3. SSP3 is a regional rivalry pathway that is contrary to global 561 

cooperation. SSP4 is a divided pathway in which inequality and stratification are 562 

increasing both across and within countries. SSP5 is a fossil-fueled development 563 

pathway in which the global economy grows rapidly, but people face severe mitigation 564 

challenges. Representative Concentration Pathways (RCPs)59 describe different climate 565 

futures, depending on possible volumes of greenhouse gases emitted in the years to 566 

come. The RCPs include a mitigation scenario that leads to a very low forcing level 567 

(RCP2.6), two medium stabilization scenarios (RCP4.5, RCP6.0), and a very high 568 

baseline emission scenario (RCP8.5). In this study, we carried out scenario simulations 569 

of development stage and E2E for global REBs in 2050, based on three different SSP 570 

and RCP combinations, namely Scenario A (SSP1-RCP2.6), Scenario B (SSP4-571 

RCP6.0), and Scenario C (SSP5-RCP8.5) in order to explore the influence of climatic 572 
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and socioeconomic drivers on resource productivity enhancement of REBs. 573 

Gridded GDP and population data at 0.5 × 0.5 degree resolution for the different SSPs 574 

scenarios were derived from Huang et al60. Projected DI values for Scenario SSP4 were 575 

extracted from the International Futures (IFs) platform24 produced by the University of 576 

Denver, US (https://pardee.du.edu/). DI values in 2030 and 2050 were set to be 20% 577 

and 40% greater than the SSP4 results in SSP1, and 20% and 40% lower in Scenario 578 

SSP5. For the remaining factors HDI and EF, we undertook linear/exponential 579 

extrapolations of historical data; the results are called HDI’ and EF’. Scenario-setting 580 

was based on the extrapolated results (see Supplementary Tables 3, 4). Historical EF 581 

values were derived from https://www.footprintnetwork.org/. Historical HDI values 582 

from 1990 to 2015 were obtained from 583 

https://datadryad.org/stash/dataset/doi:10.5061/dryad.dk1j0.  584 

Data Availability  585 

Basin-scale data related to REBs reported in this paper are available here: 586 

https://doi.org/10.6084/m9.figshare.24632331.v2. 587 

Code Availability  588 

Python codes used to estimate basin-scale parameters from the datasets at country scale 589 

are available here: https://doi.org/10.6084/m9.figshare.24619095.v2.  590 
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Figure captions 773 

Fig. 1. A conceptual framework for identifying river economic belts (REBs) at 774 

varying development stages. a, Concepts and divisions of human development stages. 775 

A, I, and S are proportions of economic output value from primary, secondary, and 776 

tertiary industries. b, Present distribution of global large rivers and REBs at different 777 

development stages. 778 

Fig. 2. Basin-based regional integration and enhancement of eco-efficiency (E2E) 779 

on the path towards sustainability. a, Route designated for upgradation of E2E in 780 

REBs through basin-based regional integration. b, E2E variation trends with GDP per 781 

capita (2015 US$) for the three development stages separated by two turning points (T-782 

I and T-II). The sub-graph in Fig. 2b plots the relationship between regional integration 783 

index (RI) and E2E (** p < 0.01; Pearson correlation). c, E2E variation under 784 

representative modes of industrial structures (where DI is the de-industrialization index 785 

defined as the ratio of (S−A) to I) for REBs at the developed stage. A, I, and S are 786 

proportions of economic output values from primary, secondary, and tertiary industries 787 

to total GDP. Dots of greater size in c represent REBs with larger EF per capita. The 788 

box plots in Fig. 2c display the RI of REBs with different industrial Modes (ns p ≥ 789 

0.05; * p < 0.05; Wilcoxon rank-sum test).  790 

Fig. 3. Representative indicators for resource stress, environmental pollution, and 791 

biodiversity loss of global REBs at different development stages (2015). a, Resource 792 

stress represented by blue water footprint (i), material footprint (ii), energy use (iii), and 793 

greenhouse gas emissions (iv). b, Environment pollution represented by gray water 794 

footprint related to anthropogenic nitrogen load (i), phosphorus load (ii), mercury 795 

exports from rivers to oceans (iii), and mismanaged plastic waste mass per river basin 796 
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(iv). c, Biodiversity loss measured through cumulative change in biodiversity of 797 

freshwater fish fauna impacted by human activities (i), biodiversity loss of terrestrial 798 

species due to agricultural land-use (ii), forestation (iii), and pasture land-use (iv). The 799 

dotted lines denote schematic Environmental Kuznets Curves (EKCs) 800 

Fig. 4. Eco-efficiency (E2E) and its upgradation for global REBs at different 801 

development stages. a, E2E of global REBs in 2015. b–d represent E2E in 2050 under 802 

Scenarios A (SSP1-RCP2.6), B (SSP4-RCP6.0), and C (SSP5-RCP8.5), respectively.  803 
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Fig. 2. Basin-based regional integration and enhancement of eco-efficiency (E2E) 822 

on the path towards sustainability. a, Route designated for upgradation of E2E in 823 

REBs through basin-based regional integration. b, E2E variation trends with GDP per 824 

capita (2015 US$) for the three development stages separated by two turning points (T-825 

I and T-II). The sub-graph in Fig. 2b plots the relationship between regional integration 826 

index (RI) and E2E (** p < 0.01; Pearson correlation). c, E2E variation under 827 

representative modes of industrial structures (where DI is the de-industrialization index 828 

defined as the ratio of (S−A) to I) for REBs at the developed stage. A, I, and S are 829 

proportions of economic output values from primary, secondary, and tertiary industries 830 

to total GDP. Dots of greater size in c represent REBs with larger EF per capita. The 831 

box plots in Fig. 2c display the RI of REBs with different industrial Modes (ns p ≥ 832 

0.05; * p < 0.05; Wilcoxon rank-sum test).   833 
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 834 

Fig. 3. Representative indicators for resource stress, environmental pollution, and 835 

biodiversity loss of global REBs at different development stages (2015). a, Resource 836 

stress represented by blue water footprint (i), material footprint (ii), energy use (iii), and 837 

greenhouse gas emissions (iv). b, Environment pollution represented by gray water 838 

footprint related to anthropogenic nitrogen load (i), phosphorus load (ii), mercury 839 

exports from rivers to oceans (iii), and mismanaged plastic waste mass per river basin 840 

(iv). c, Biodiversity loss measured through cumulative change in biodiversity of 841 

freshwater fish fauna impacted by human activities (i), biodiversity loss of terrestrial 842 

species due to agricultural land-use (ii), forestation (iii), and pasture land-use (iv). The 843 

dotted lines denote schematic Environmental Kuznets Curves (EKCs) 844 
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 846 

Fig. 4. Eco-efficiency (E2E) and its upgradation for global REBs at different 847 

development stages. a, E2E of global REBs in 2015. b–d represent E2E in 2050 under 848 

Scenarios A (SSP1-RCP2.6), B (SSP4-RCP6.0), and C (SSP5-RCP8.5), respectively.  849 
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