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Abstract

:

Rivers are central to debate about the Anthropocene because many human activities from antiquity focused on channels and floodplains. A literature compilation for the onset of human modification of rivers identifies six stages that represent key innovations focused in the Near East and adjoining areas: (1) minimal effects before about 15,000 cal yr BP, with the use of fire and gathering of plants and aquatic resources; (2) minor effects from increased cultivation after about 15,000 cal yr BP, with plant and animal domestication after about 10,700 cal yr BP; (3) agricultural era after about 9800 cal yr BP, with legacy sediments, widespread fire use, the first dams and irrigation, and mud-brick manufacture; (4) irrigation era from about 6500 cal yr BP, with large-scale irrigation, major cities, the first large dam, urban water supplies, expanded groundwater use, river fleets, and alluvial mining; (5) engineering era with embankments, dams, and watermills after about 3000 cal yr BP, especially in the Chinese and Roman empires; and (6) technological era after about 1800 CE. Anthropogenic river effects were more varied and intense than commonly has been recognised, and they should be considered routinely in interpreting Late Pleistocene and Holocene fluvial archives.






Keywords:


agriculture; Anthropocene; archaeology; dams; deforestation; dikes; domestication; fire; legacy sediments; river engineering












1. Introduction


Humans exert a geomorphic force that now rivals that of the natural Earth [1,2]. The period of human dominance has been termed the Anthropocene, and several dates have been proposed for its onset. Many researchers have emphasised the dramatic changes associated with the Industrial Revolution in Europe after about 1750 CE (Common Era) and the Great Acceleration in technology at about 1950 CE [3,4,5,6]. However, a detectable human imprint on the environment extends back for thousands of years [7,8,9,10], and an emphasis on recent changes minimises the enormous landscape transformation caused by humans in antiquity [11]. Important earlier human effects with significant environmental consequences include megafaunal extinctions between 14,000 and 10,500 cal yr BP [12]; domestication of plants and animals close to the start of the Holocene at 11,700 cal yr BP; agricultural practices and deforestation at 10,000 to 5000 cal yr BP; and widespread generation of anthropogenic soils at about 2000 cal yr BP [6,13,14,15,16].



Rivers are central components of the terrestrial realm, and historically many human settlements have been located along rivers. As used here, river systems include the channels themselves, the riparian zone, floodplains and terraces, adjoining uplands dissected by lower order channels, and deltas. Anthropogenic activities are often considered as discrete elements, including the use of fire, domestication of plants and animals, soil development, cropland expansion, the establishment of settlements, and irrigation. However, they are all affected by, and contribute to, the dynamics of nearby rivers, and it is important to consider them in a holistic environmental and geomorphic context. Key evidence of anthropogenic activity is encoded in early fluvial successions [17,18], long predating anthropogenic effects that have intensified over the past centuries and led to the modern worldwide river crisis [19,20].



During the Late Pleistocene and Holocene, rivers around the world were affected by deglaciation, sea-level rise, and climatic instability on timescales from millennia to decades. Effects included damming by ice and glacial sediment, pulses of meltwater, runoff over permafrost, and major monsoonal and other climatic fluctuations as seen in alluvial-plain and terrace successions [21,22,23,24,25,26]. Geoscientists commonly interpret fluvial successions with reference to such powerful forcing factors. However, these factors may have masked early anthropogenic effects, contributing to a limited awareness of human influence on rivers through time. Assessing the balance between anthropogenic and natural processes, which vary greatly on temporal and spatial scales, is a major challenge, and cultural and geomorphic records must both be evaluated in order to assess human impacts [18,27].



The present paper is an exploratory attempt to identify and investigate some of the key processes through which humans have modified rivers from antiquity, including processes that are less obvious but potentially important [18]. Because many anthropogenic effects took place in fluvial settings, any comprehensive assessment of land-use change needs to highlight rivers explicitly [18]. Drawing on a compilation of literature from several disciplines, we set out a provisional timeline and stages for the onset and intensity of human modification of river systems worldwide, from the Late Pleistocene to the present, covering a wide geographic and climatic range but with a focus on the Near East and adjoining areas. Such an assessment of key processes and their onset is a necessary precursor for constructing realistic timelines for river modification in certain areas; timelines for some regions and quantitative approaches to assessing the intensity of modification are discussed briefly. Comparisons are drawn with available quantitative estimates of population and land use from 12,000 years cal yr BP to the modern era.




2. Major Anthropogenic Influences and Their Effects


Table 1 summarises key anthropogenic influences on modern river landscapes. Some are illustrated in Figure 1, Figure 2 and Figure 3 with reference to low-technology settings that have some application to the Late Pleistocene and Holocene. The influences may have direct or indirect effects on rivers, commonly altering the boundary conditions of processes such as sediment erosion and transport [18]. They are substantiated in the table with references that demonstrate their impact in modern and submodern settings.



A central set of influences concerns agriculture. Fire is used for hunting and deforestation (Figure 1A) and, along with other anthropogenic vegetation changes, converts forests and other undisturbed ecosystems to cropland and grazing land, commonly with terrace construction (Figure 1B–D). Cropland is the sum of land under permanent crops, with the addition of arable land for temporary crops, meadows for mowing or pasture, market and kitchen gardens, and temporarily fallow land [8,9]; it covers rain-fed and irrigated crops. Grazing land includes pasture (permanent meadows and pastures and land used for growing cultivated or wild crops for forage) and wider rangelands. Animal husbandry involves grazing, with additional use of animals for ploughing and transport (Figure 1E,F). Collectively, these influences reduce regolith strength and enhance erosion, increasing sediment supply to rivers.



Anthropogenic effects mediated through a change in vegetation, however, are unlikely to have resulted in a simple linear change from forest to open terrain. Prior to anthropogenic modification, postglacial lowland Europe and other areas may have been a park-like landscape of forests, grasslands and shrublands, where keystone species that included large herbivorous mammals and birds influenced the vegetation succession [58,59].



More direct effects on rivers involve the modification of channels and changes to the connectivity of channels and floodplains, including the transfer of large volumes of water to floodplains for irrigation and other human uses. Irrigation is defined as applying water, in addition to natural rainfall, to the soil to enhance crop yield [60]. Irrigation systems are commonly linked to dams and barrages, with the use of specialised irrigation technology (Figure 2A,B). Settlements and agricultural land are protected by embankments along channel margins (Figure 2C). The transport of materials by boats, rafts, and barges (here termed navigation) requires infrastructure that includes wharves and access roads along river banks (Figure 2D), as well as dredging of channels and the removal from the channel of snags such as fallen trees and large logs. Linked with these activities are riverside settlements and cities, which require large-scale water supplies. Bridges and river crossings are a common focus for human activity (Figure 2E). The deliberate breaching of embankments during warfare has been responsible for catastrophic avulsions and widespread floodplain aggradation.



A third set of influences involves resource extraction from floodplains and channels, commonly yielding technofossils [61]. The influences include placer mining in channels for alluvial gold and other minerals, and the extraction of floodplain clay for bricks, tiles, pottery, and ochre (Figure 2F). In some regions, terraces are capped by indurated regolith that includes laterite, extracted on a large-scale for city construction. The removal of aquatic plants such as reeds and papyrus potentially alters river dynamics, and fisheries (Figure 2G) may involve considerable traffic and bank infrastructure.



Major cultural events take place at rivers around the world. For example, tens of millions of people attend the festival of Khumba Mela, held every twelve years at the confluence of the Ganges and Yamuna rivers in India (Figure 2H).



Subdivided in a different way, the processes identified above form two inter-related groups that have varied in intensity in space and time: (1) a group linked to the development of agriculture in association with fire, irrigation systems, and dams; and (2) a group associated with cities and strings of settlements that are concentrated along rivers, with effects from urban water use, boat use and navigation infrastructure, fish and vegetation use, bridges, brick and pottery manufacture on floodplains, and water-related cultural events. The first group of processes has received considerable attention in the fluvial literature, affecting extensive areas of river plains, adjoining uplands, and channel reaches. The second group of processes has received much less attention, but it is the contention of the author that these processes had a considerable and underestimated effect on rivers.



Alluvial mining and the effects of warfare have been locally important.




3. Methods


Fluvial scientists have drawn largely on sedimentological evidence to assess anthropogenic influence on rivers, linked especially to developments in agriculture. However, this approach yields only a partial view of river modification: humans have interacted with rivers over the past millennia in ways that are enormously varied, culturally and climatically influenced, and in ways that are often obscure to modern technological societies. To make a realistic evaluation of anthropogenic effects, it was necessary to consider information from a wide range of disciplines that included archaeology, anthropology, genetics, ancient history, engineering, geomorphology, palaeoclimatology, and material science (Table 2, Table 3, Table 4 and Table 5). Each discipline has its own approach to age assessment. The literature examples cited here are selections, and they represent only a small sample of a voluminous literature. They variously include the oldest known instances of certain processes, times when certain processes became prominent, and good examples from later times, where distinguishable from natural climatogenic and autogenic processes.



The evaluation required a careful analysis of each cited age assessment. Radiocarbon dates were mainly reported in the cited literature as calibrated years BP, with a few as radiocarbon years BP (uncalibrated), linked to a 1950 datum. Calibrated dates variously represented age models that were updated periodically over more than two decades. A few studies used optically stimulated luminescence (OSL), thermoluminescence (TL), and U-Th dates, reported in years BP. The ages and uncertainties were commonly reported without indication of confidence limits, which could be either 2 or 1 sigma, even for the same chronometric technique. In some studies, calibrated radiocarbon dates and OSL, TL, or U-Th dates were used collectively to provide a general assessment. Some studies provided a detailed account of methods, including supplementary data files, whereas other studies gave only brief information. Studies of plant and animal domestication report dates linked to a genetic assessment of selected characters, some of which are controversial as indicators of human influence.



The selected studies include dates from individual sites as well as summaries of dates for numerous sites, some of which reported a range of methods applied over several decades. Direct dates from pottery and parts of domesticated plants and animals were provided in some studies. In other studies, indirect dates on charcoal, wood, and other materials constrained the timing of key events, from the stratum in question or from adjoining strata. These dates are commonly subject to some uncertainty due to reworking and mixing of materials.



Archaeological studies commonly provided dates based on regional comparisons. These include widely accepted designations such as Pre-Pottery Neolithic B (not necessarily dated at the site in question), the duration of a dynasty in Egypt or China, or the reign of a ruler for which historical information is available. Some assessments were constrained only to part of a millennium BCE (Before Common Era), and some studies provided dates in BCE without any indication of the data sources.



A usable compilation requires a representation of all age dates in a comparable manner. In view of the wide variation in type of information, methods used, and the reliability of sites and materials, no attempt was made to apply a uniform calibration to the dates. Many publications did not provide the measured uncalibrated radiocarbon dates and uncertainty, and it was not possible to recalibrate with a single more current calibration. The great majority of age assessments used here is based on calibrated radiocarbon dates, and in these cases the dates are given as calibrated years BP (cal yr BP). A few dates, noted in the tables, were provided as uncalibrated (uncal) years BP. A minority of studies used OSL, TL, and U-Th dates along with radiocarbon dates; although these dates are in years BP, they are considered as supporting the radiocarbon dates in cal yr BP. Dates within the past two thousand years are reported with respect to CE. A broad archaeological assessment such as “in the fifth millennium BCE” was converted to “greater than 6000 years ago”, taking the duration of the Common Era as 2000 years. The variable datums of 1950, 2000, and years BP for different sources yield a slight discrepancy, but error ranges are unavailable for most dates and the effects of this discrepancy are modest. Formal subdivisions for the Holocene have recently been ratified, with the Early, Middle, and Late Holocene termed the Greenlandian, Northgrippian, and Meghalayan with basal dates of 11,700 yr b2k (years before 2000 CE), 8326 yr b2k, and 4250 yr b2k, respectively [62].



Table 2, Table 3, Table 4 and Table 5 document the basis of age assessment for each study cited, and dates in the text note the units recorded in the original studies. The author acknowledges the limitations of this approach to a complex problem of age assessment. However, the purpose of the study is to provide a general overview of human effects on rivers and their approximate timing, rather than to reconcile dates for specific sites. The reader is referred to the original references if precise age assessment is required.




4. Early Hominins and Fire


The earliest hominins date to >7 Ma in Chad [63], and early hominins used stone tools along Ethiopian rivers by at least 2.6 Ma [64]. The use of stone tools was widespread along European rivers after the introduction of handaxe technology at about 600 ka [65], and continued through the Neolithic (Figure 4A,B). However, there is little evidence that early hominins modified rivers.



In contrast, nonhuman animals greatly influenced rivers worldwide prior to European settlement, and they continue to do so intensively in some regions. In North America, some 60 to 400 million beaver ponds trapped hundreds of billions of cubic metres of sediment; huge bison herds widened stream channels at crossings and increased the streambed silt fraction; and colonies of black-tailed prairie dogs moved large volumes of earth [68,69]. In Africa, hippo trails across levees promote avulsion and the formation of new channel systems [70]. Other examples include earth movement by worms [71] and disturbance of river gravel by fish and crayfish [72].



The use of fire may be the first detectable anthropogenic influence on river landscapes, perhaps as early as 1.6 Ma in Africa [73]. Fire was used for warmth, cooking, and hafting of stone artefacts after about 300 to 400 ka in Europe and the Near East [74,75,76]. Indigenous populations had entered Australia by 65,000 years ago [77], and they may have altered vegetation through controlled burns to manipulate resources, although charcoal records also reflect climatic fluctuations [78,79,80]. Human use of fire was identified in New Guinea at 28,000 cal yr BP based on charcoal in slopewash deposits at a site with artefacts [81]. As noted below, human use of fire intensified as agriculture developed. However, a close linkage exists between climate and fire on a global scale [82], and the attribution of charcoal to human activity requires careful analysis.




5. Domestication of Plants


The Neolithic rise of agriculture [50,83] had a major impact on river systems around the world. Floodplains, terraces, and uplands were deforested, and croplands were irrigated from rivers and springs. Crops are commonly grown on modern river bars during seasonal low-stage flow (Figure 1D), a tradition probably inherited from antiquity. Many major crops were domesticated and came under production from about 10,700 to 7000 cal yr BP at localities around the world (Table 2).



Food procurement initially involved gathering wild plants, with progressive cultivation that required local clearance of vegetation and modest tillage, although wild plants remained the predominant food source [84]. Subsequent domestication involved genetic changes through selection pressures imposed by cultivation, with increased labour to maintain the crops, and cultivation continued to accompany domestication [85]. Plant resources on river plains were increasingly managed by manipulating growth conditions and the environment to increase their relative abundance and predictability [86].



As demonstrated from starch grains on grinding tools, hunter-gatherers processed cereals and probably produced flour by 32,000 cal yr BP in Europe [113,114]. Food processing also took place along the Tigris, Euphrates and Jordan rivers and adjoining uplands in the Near East, with dates from 23,000 cal yr BP [115,116]. The emergence of the Natufian culture in the Near East approximately 14,500 years ago involved cultural innovations that made later agricultural developments possible, although there is no evidence that plants were domesticated at that time [115,117]. By 11,700 to 10,700 cal yr BP and prior to domestication, cultivation of wild cereal species, legumes, goatgrass, fruits, and nuts was widespread across the Near East [88].



From 10,700 to 10,200 cal yr BP, some Near East sites show increased proportions of domesticated cereal chaff that includes barley, emmer and einkorn wheat (Table 2). Agriculture, “a provisioning system based primarily on the production and consumption of domesticated resources” [86], was in evidence by about 9800 cal yr BP [88]. Domesticated traits gradually emerged through to about 8500 cal yr BP, and over the next few thousand years most Near East villagers were farmers with key crops playing a crucial role in establishing the region’s civilisations [50,87,118]. By approximately 7000 years ago, cereal production had spread across most of Europe, with migration of some farmers from the Near East [119], and wheat and barley reached northern China by 3000 to 4000 cal yr BP [120].



In Asia, millet was cultivated in northern China 7000 to 8000 years ago. Rice was gathered by 11,000 to 12,000 cal yr BP in the Yangtze area, with a mixture of collection and cultivation by 8000 to 10,000 cal yr BP [92]. Genome analysis of wild and cultivated rice suggests that domestication took place between 8000 and 9000 years ago along the Pearl river in southern China, probably with a single domestication event [93,121]. Domesticated rice spread to the Yellow River area by 7500 cal yr BP and to Southeast Asia, Korea, Japan, and the Philippines over the next few thousand years, reaching the Indus Valley and other parts of the Indian Subcontinent by 4000 years ago and Mesopotamia by 2000 years ago [84,122,123,124]. Grape and fruit cultivation for wine dates to 9000 cal yr BP in China.



In Central and South America, squash was domesticated before 10,000 cal yr BP in Peru and maize by about 9000 cal yr BP in Mexico (Table 2). Sustainable agriculture has been practised along the Amazon for at least 2500 years, as indicated by widespread dark anthropogenic soils [125]. In eastern North America, maize-based agriculture increased valley sedimentation from about 1000 to 1300 CE, some 500 years prior to major European settlement [126]. In the Pacific region, the banana was domesticated nearly 7000 years ago in New Guinea, and anthropogenic soils in Australia may date to 3500 years ago [127]. Crops widely used for textiles, including cotton and flax, were domesticated early in several parts of the world.



Agricultural terraces are a major modifier of alluvial landscapes, serving to retain water and soil, reduce erosion, improve ploughing, and promote irrigation [128]. However, abandoned terraces may increase gully erosion and ultimately fail, liberating sediment [128,129]. Terracing is believed to have originated in Asia, and terraces date to about 6000 years ago (ca. 3500–4000 cal yr BCE) in Yemen and to about 5000 years ago (ca. 3000 cal yr BCE) in the Mediterranean and NW Europe during the Bronze and Iron Ages [18,130].




6. Domestication of Animals


The domestication of many animals took place between about 11,000 and 3000 years ago (Table 2). Products included meat, wool and milk, the latter used before 8000 years ago (by the seventh millennium BCE) in the Near East [131]. Nomadic herdsmen exploited extensive pasturelands from early in the Holocene [8]. Grazing and watering of cattle, sheep, goats, pigs, yaks, llamas, and alpacas would have caused land degradation, sediment runoff, and trampling of river banks and sediments (Table 1), especially near settlements, although such effects may have been limited largely to parts of the Near East and Asia [40]. Cattle and water buffalo would have aided ploughing of floodplain soils, enhancing erosion. The earliest known image of a plough dates to ca. 5000 years ago (3000 BCE) in Mesopotamia [129].



Domestication of the horse, dromedary, camel, and yak revolutionised transport and communication, aiding the establishment of trading routes such as the Silk Roads across Asia, many of them along river systems. The early domestication of the donkey promoted food transport and distribution early in the development of the Egyptian state [108].



Sites in Europe dating from 7900 to 4400 years ago (ca. 5900 to 2400 cal yr BCE) show that Neolithic farmers used livestock manure and water management to enhance crop yields, linking plant cultivation and animal herding through a strong investment in the land [132]. The production of fodder plants such as goatgrass and legumes may have been linked to caprine management in parts of the Near East [88].




7. River and Floodplain Modification for Surface Water and Groundwater


Croplands are largely rain-fed, but agriculture in many seasonal settings requires irrigation (Table 3). The earliest archaeological evidence for irrigated farming comes from the Near East and Egypt approximately 8000 years ago, developing across the Near East and Mediterranean over the following millennia and emerging independently in the Indian Subcontinent and China [9,60,129]. Irrigation led to the development of hydraulic technology [133,134] and may be the most important environmental modification practised intentionally by humans [60]. In the geological record, identification of irrigation channels requires analysis of conduit form, sediments, and artefacts [134,135,136,137].



A settlement existed by 10,000 years ago at Jericho [67] (Figure 4C), where early farmers probably practised irrigation at least 8000 years ago [129] from springs along the margin of the Jordan Valley [138]. On the northeastern margin of Mesopotamia in Iraq and Iran, indirect evidence supports irrigation on alluvial fans approximately 7000 to 8000 years ago (during the sixth millennium BCE), mainly following natural water courses that yield ceramic fragments [135]. By 7000 years ago (5000 BCE) in parts of this area, wide lateral canals followed hillside contours, and river flows were manipulated for agriculture.



On the southern plains of Mesopotamia, agriculture was underway by about 8000 to 7500 years ago (6000 to 5500 BCE) [135]. Although evidence for irrigation is indirect, farmers probably took advantage of levee breaks and crevasse splay formation to grow irrigated crops, under a seasonal climate with unstable westerlies [139]. By 7000 years ago, croplands of barley and wheat supported tens of thousands of city dwellers [140]. After about 6500 years ago (in the second half of the fifth millennium BCE), many irrigation canals traversed the Tigris and Euphrates plains, with a progressively increased scale of canals and the construction of thousands of brick sluice gates along the main water courses over the following millennia [135,141]. Irrigation progressively raised the water table on the plains and, as early as 4400 to 3700 years ago (2400 to 1700 BCE), salt precipitation in the soils led to a major decline in productivity, causing farmers to replace salt-sensitive wheat with barley [129,141,142].



In the Nile Valley, long irrigation canals were impracticable, and farmers used artificial levees and short canals to trap floodwaters [129,143]. The falling water table following flooding allowed recession agriculture and leached salt back into the river. A ceremonial macehead from approximately 5100 years ago shows irrigated fields and the Scorpion King cutting an irrigation ditch [129,142].



Technical innovations aided irrigation across the Near East [129,133,142]. By about 4300 years ago, the well sweep or shaduf allowed a bucket to be swung round to irrigate the fields (Figure 1C). Later inventions included the waterwheel or saqia with an animal-powered treadmill, typically raising water from a well or standing water; the noria or water-powered wheel to draw river water (Figure 2B), operative in Egypt in the first millennium BCE; and the Archimedes screw, an inclined tube with a spiral fin. In the Negev Desert, the Nabateans directed rare torrential rains down cleared hill slopes into underground cisterns, and fed runoff into dry river beds for cultivation, supporting tens of thousands of people in the early centuries CE [129,158].



Irrigation channels were used in Peru by about 7000 years ago (Table 3), with sophisticated pre-Columbian dryland terrace systems and water-control structures [159,160]. From approximately 700 to 1130 CE, the Hohokam culture of Arizona built hundreds of kilometres of canals with a carefully engineered gradient, with large areas under irrigation as early as 3000 years ago. Drainage ditches were excavated in New Guinea prior to 4000 cal yr BP. In China, major dike and canal systems for water supply and flood control date back at least 3000 years, with large public irrigation projects along the Yellow River over the past 2000 years. Over the past thousand years up to 1855, Chinese emperors organized large-scale dike and channel management on the Yellow River, employing hundreds of thousands of workers and in some years using ten percent of the imperial budget [41,161].



The earliest dams to supply irrigation canals were probably constructed about 8000 years ago in the Zagros uplands bordering Mesopotamia (Table 3). Rock and earth dams some four metres high and 80 m long supplied water in Jordan about 5000 years ago [149], and the Nimrud Dam in Mesopotamia diverted the Tigris River before 4000 years ago. In Egypt, the large Sadd-el-Kafara Dam was constructed more than 4600 years ago, faced with cut stone blocks and designed to store water for quarrying [133].



Using Egyptian and Mesopotamian infrastructure, the Romans built dams in many parts of the Mediterranean and Near East from about 2700 years ago to 400 CE, including 45 large dams on rivers in the Near East, with irrigation canals, waterwheels, and aqueducts. Some Roman dams in Spain are more than 400 m long and 20 m high. The earliest known dam in China dates to approximately 2600 years ago (600 BCE), and the Mogollon culture built a large earth dam in Arizona at about 1000 CE [147].



Groundwater was widely used for agriculture from wells dug under alluvial plains (Figure 4D), and by 3000 years ago farmers in the Near East had a good understanding of the water table [133]. The qanat systems of Iran used a gently sloping tunnel from the water table or springs at a high elevation to fields as much as 70 km downflow, with many vertical shafts to provide ventilation. At Jerusalem and Hazor in Israel, engineers exploited chambers and tunnels at the water table to provide water from 2700–2800 years ago (700 to 800 BCE).




8. Riverine Cities and Water Supplies


Most early settlements were built along rivers [135,162], and some were large enough for a considerable environmental footprint (Table 4). Hunter-gatherers built monumental structures at Göbekli Tepe in Turkey before 11,000 years ago (second half of the tenth and ninth millennia cal BCE) [163], and structures at Jericho date to at least 10,000 years ago [67]. Çatalhöyük in Anatolia may have been the world’s first major settlement, occupied between about 9400 and 7600 years ago (ca. 7400 to 5600 BCE) [164]. In the Fertile Crescent, settlement density increased dramatically after about 6500 years ago, with high points at about 4400 BCE and 400 CE [165]. Settlements large enough to be considered “cities” date back to the Uruk period in Mesopotamia some 6000 years ago, with urban areas as large as 400 hectares (4 km2) by about 4700 years ago. Early Dynastic cities in Egypt date to about 5000 years ago. By about 2000 years ago, organised societies had generated anthropogenic soils over large areas [14].



Climate change influenced settlements across the Near East and North Africa, leading to the migration of irrigation-based farmers and periods of societal collapse during droughts, especially during major events at 8200, 5200, and 4200 cal yr BP [101]. By about 5000 years ago, declining precipitation rendered large areas of North Africa uninhabitable and settlement focused along the Nile [188,189]. In Mesopotamia over the past 7000 years, a dynamic interaction between climate, anthropogenic effects (including settlement, irrigation, and warfare), and river dynamics makes it difficult to ascribe avulsions to natural causes alone [162].



Settlements in the mature stage of the Indus Civilisation were present across 1 million km2 of the river plains, with thousands of individual sites along rivers and an early urban phase from about 4800 years ago. Five cities with populations of tens of thousands were each more than 100 hectares (1 km2) in area. In China, precincts with earthen walls date back to Longshan times at about 4600 years ago (2600 to 2000 BCE), and the city of Anyang extended widely along the Yellow River by about 3200 years ago. Large urban centres were present in Mexico nearly 3000 years ago (by 900 BCE). Spanish adventurers in the sixteenth century CE encountered a continuous line of large settlements along the Amazon river bluffs [190].



Several cultures developed innovative urban water systems (Table 4). Mohenjodaro in the Indus Civilisation had many wells, large public baths, street drains and sewage pits, and houses with bathrooms and terracotta conduits for waste water—the most sophisticated drainage system of any city of the time. The Minoan culture of Crete tapped rivers and springs for extensive public water systems prior to 5000 years ago.



Roman cities used river and spring water intensively [133,191,192], with aqueducts nearly 100 km long from springs along rivers to supply Rome. By the end of the first century CE, the city’s population may have numbered half a million, using nearly one million m3 of water daily, and waste water was flushed into a major sewage system, the Cloaca Maxima, with an outlet to the Tiber. Public baths across the empire (Figure 4E) used hot springs and water heated by wood-fired furnaces, requiring considerable woodland resources [193]. By the fourth century CE, Rome boasted 11 large baths, 856 public baths, 15 monumental fountains, and 1352 other fountains and basins [191].




9. Navigation and Trade Routes


Navigation would have required riverbank structure such as wharves and boatyards, as well as channel maintenance through dredging of sediment and clearance of woody debris (Table 1). In Egypt, preserved models of reed and log rafts date back about 7500 years, with large Nile barges capable of transporting heavy obelisks in the ensuing millennia (Table 3). In Mesopotamia, large fleets carried grain and other commodities on rivers and canals about 4000 years ago. In China, an especially remarkable construction was the Grand Canal, almost 1800 km long and completed in 609 CE, with incorporation of earlier waterways to link agricultural plains in the northern and southern parts of the empire.



Trade routes have followed river banks for thousands of years. Trade in obsidian from Turkey dates back about 12,000 years at sites on the Euphrates [164]. During the Uruk period and Early Bronze Age in Mesopotamia (after about 6000 years ago), many overland trade routes followed the Tigris and Euphrates and their tributaries, using ox- and donkey-wagons and pack donkeys to connect with river transport [194]. Wagons came into use in the Near East after the wheel appeared during the Uruk period before about 5000 years ago [194].



Before 6000 years ago (late fifth millennium BCE), boats transported flint along the Vistula and Oder rivers in Europe [195]. A wide range of goods was transported along the Silk Roads from China to the Mediterranean as early as 4000 years ago [196].



Transport routes would have required bridges and seasonal causeways across rivers. Ancient bridges of wood or stone are rarely preserved, but stone piers indicate that a bridge crossed the Euphrates at Babylon [178]. Wooden bridge pilings from the Bronze and Iron Ages, the earliest dating back more than 3000 years (1530 to 1210 cal yr BCE), are preserved in the Thames Valley, UK at a long-term crossing point where the bridge structures influenced local sedimentation and fluvial competency [197]. River beds would have served as routes at low stage in dry seasons, as in many parts of the world today. Coastal reaches were dredged to improve navigation on the Tiber river near Rome in the second century CE [198].




10. Resources of Channels and Floodplains


Utilisation of channel and floodplain sediments and vegetation has a direct impact on rivers. Modern examples indicate that these activities cause intense local disturbance (Table 1), although the cited examples are commonly on a larger scale than those of the earlier Quaternary.



Bedrock mining for copper and other commodities was underway by 7000 years ago and probably much earlier in the Near East and elsewhere [199,200,201], requiring local water supplies for ore separation and settlements. In China, lake records indicate increased copper concentrations approximately 4000 years ago, with widespread sediment pollution related to the intensity of smelting activities [202]. Placer mining for alluvial gold was active by 4100 years ago (Table 4), and improved methods of dredging and hydraulic extraction were developed in the first millennium BCE [170].



Construction of early settlements and later cities required excavation of floodplain mud to generate large volumes of sun-dried mud bricks, baked bricks, and tiles (Table 4). The first use of mud bricks worldwide was at Jericho about 9500 years ago (7500 BCE). In the Indus cultural tradition, mud bricks date to about 9000 years ago and early mud-brick villages to 8500 years ago, with larger mud-brick settlements by 5500 years ago [168]. Baked bricks first appear at about 4800 years ago (2800 BCE) and were widely used for baths, drainage systems, and flood-protection structures that required water-resistant materials. Baking of bricks required sufficient firewood for heating to >500 °C for several hours, although 200 hectares of riverine forest may have sufficed to supply Mohenjodaro with a century of baked bricks [168]. Mud-brick structures from about 5000 years ago are preserved in Egypt. Brick pits at Uruk in Mesopotamia must have covered a considerable area, perhaps >2.5 km2, but they would be difficult to identify when filled with water- or wind-blown sediment and garbage [135].



City populations used large amounts of pottery, commonly made from floodplain clay. Currently the earliest known pottery dates to about 20,000 cal yr BP in China, and many sites in the Near East exhibit a continuous pottery record after about 9000 years ago [174]. In the Americas, pottery dates to before 7000 cal yr BP. Pottery kilns in southern Poland constituted Europe’s largest production area during Roman times (second to fifth centuries CE), using river clays and Miocene clays exposed in river banks, and enough firewood to prevent regeneration of oak forests [176].



Ochre obtained from floodplains and bedrock was used as far back as 100,000 years ago for colouring many materials and for cave art [203]. At Rydno in Poland, ochre mining by 15,500 years ago took out red floodplain clay and hematite-rich gravel over 25 acres and down to more than 1 m depth [176,177].



Other river products widely used in antiquity include reeds, papyrus, hay, and (among many nutritional resources) fish (Table 4). The use of papyrus for writing dates back at least 5000 years in Egypt, with large-scale production under state control, and large reed buildings were constructed in Mesopotamia more than 5000 years ago. In the Thames Valley, the use of coppiced oak for bridge structures indicates Bronze and Iron Age woodland management along the river, and hay was grown on floodplains in Roman times [197]. Brushwood for fires and hedges would have been widely gathered along rivers in antiquity, as today.



Fishing was a major livelihood on rivers around the world. On the Nile, fish are preserved at Middle Palaeolithic sites [186], with examples of large-scale fishing by 14,000 years ago (Table 4). Palaeolithic fishers initially caught Nile fish that spawned in shallow water, but after about 10,000 years ago, fishers also used deeper water species, implying improved technology and probably more stable vessels [187]. In the Sudan at about 9000 cal yr BP, fish were salted and stored in pottery containers [185]. Fish are prominent at archaeological sites along rivers in China and the Americas, along with molluscs, turtles, and amphibians at Amazon sites.



Communities have used water for many other purposes historically. Modern cultural festivals may bring together millions of people along river banks (Figure 2H).




11. Early Legacy Sediments and Geomorphic Change (Middle to Early Late Holocene)


Anthropogenic changes in land use, especially agricultural development and deforestation, commonly result in legacy sediments [17,204] (Table 5). Direct evidence for anthropogenic influence in these deposits comes from sediment type, aggradation rate, charcoal, plant materials and pollen, artefacts, and associated paleosols that were anthropogenically overprinted and eroded [205,206,207,208]. Sediments dating to 7350 to 2450 cal yr BP in Iran yield charcoal, bones, burned byproducts of brick and ceramic making, collapsed plinth masonry, plaster fragments, possible slag, and phosphatic coprolites that may have been used as fuel [209]. Domestic animal tracks have been identified in some floodplain deposits [210,211]. Some floodplain events, especially episodes of aggradation and incision, may reflect climate effects with an anthropogenic overprint [205,208].



Legacy sediments may be best documented from Quaternary successions in small river valleys and tributaries [17,18,96,208] where shifts in the equilibrium profile of the channels promoted substantial aggradation and incision. The identification of anthropogenic signatures is more problematic for large rivers where regional climatic effects influence sediment flux in large catchments [21], earthquakes liberate large sediment volumes [212], and catastrophic glacial floods sweep river reaches [26]. However, large river systems may capture evidence for both human activities and climatic and other environmental effects [165].



Early legacy sediments are found in New Guinea (Table 5), where human impacts at 7800 cal yr BP include valley alluviation, a more open herbaceous cover, and increased charcoal. Banana cultivation and managed planting commenced shortly after 7000 cal yr BP, and within about 500 years crops were growing in a largely anthropogenic landscape. Drainage ditches were excavated by 4000 cal yr BP.



In the Yellow River area of China, alluvium dating to about 7700 cal yr BP indicates the onset of slash-and-burn methods [213], and successions predating 7000 years ago contain evidence for rice-paddy farming in the form of phytoliths, charcoal, and pottery [122]. As valleys filled with sediment, wet floodplains suitable for rice cultivation increased in area until, approximately 4000 years ago, incision narrowed the floodplains and reduced wetland areas. After 3000 cal yr BP, the sediment load of the Yellow River increased steadily, linked to progressive cultivation and deforestation on the Loess Plateau. Changes in stream regime through this period largely represent human impacts rather than climatic forcing, and human and climatic effects are so intertwined on the Loess Plateau as to be inseparable by about 2000 years ago [214], with such drylands especially prone to both climatic and anthropogenic effects [18]. In southwest China [215], changing pollen spectra mark the expansion of irrigated rice cultivation after 2200 cal yr BP, with gully erosion by about 1400 cal yr BP and 54,000 hectares (540 km2) of land under irrigation during the Tang Dynasty (618–907 CE).



In the Ebro basin of Spain, human occupation has been intense since the Neolithic about 10,000 to 8000 years ago. Rapid sedimentation was attributed to anthropogenic influence after about 8000 years ago, intensifying during the Bronze and Iron Ages and Roman times [205]. For sites across central Europe, no major anthropogenic impact was noted prior to 7500 cal yr BP, with a changing pollen spectrum but little effect on sedimentation from 7500 to 6300 cal yr BP [225]. After 6300 cal yr BP, an increased thickness of colluvium and flood sediments, increased charcoal, and strongly altered pollen spectra suggest vigorous human activity, which may have amplified drought effects. For the Frome River in UK, accelerated silt buildup prior to 4000 cal yr BP was accompanied by a decline in oak-elm pollen and a rise in scrub and hedge taxa and cereal pollen, testifying to deforestation and agricultural development.



In Italy, the central Po Plain had lost its original vegetation cover by 3300 cal yr BP (Table 5), but deforestation and soil erosion had intensified by 2100 years ago under the Roman Empire, with control of embanked rivers and irrigation channels, reclamation of swamps, and the establishment of agricultural plots for veterans. Some creeks aggraded whereas others were dredged. As the empire declined, fields were abandoned and fluvial aggradation set in under cooler and wetter conditions, with a rapid advance of the Po Delta by 400 CE related to anthropogenic activity. By late Roman times, deforestation had been sufficiently intense to promote climatic alteration around the Mediterranean [226]. Intensive agricultural development is evident elsewhere in the Roman Empire [197,217].



In Mexico, deforestation linked in part to maize cultivation triggered landscape erosion by 3450 cal yr BP, although terracing reduced soil loss [219]. Key effects included increased sediment load, a shift from meandering to braided rivers, and coastal geomorphic changes.



Fire played an important role in generating legacy sediments. For southern Europe, anthropogenic fire effects have been important since 8000 to 7000 cal yr BP in Neolithic times, with increased frequency during the Bronze Age (ca. 3800–3600 cal yr BP) and significant vegetational change as shrublands replaced forests [28,29]. In China, biomass burning for land reclamation intensified after 3100 years ago, based on OSL and radiocarbon dates [227].




12. Pre-Industrial and Industrial Changes (Past Millennium)


Anthropogenic influences have changed rivers enormously within the past centuries. A few effects are highlighted here (Table 5).



From the Early Middle Ages (about 450–900 CE) to Early Modern Times (about 1600 CE), the construction of weirs and millponds on European rivers blocked fish migration routes and covered river gravel with fine sediment and mill wastes, leading to a steep decline in fish populations [220]. In England, the 1086 Domesday Book listed 5624 watermills along rivers, one for every two hundred and fifty people [149], and by the early eighteenth century a river in France had twenty mills per linear kilometre [220]. In the sixteenth century, debris from mining was pouring into the rivers of southwestern UK, silting up Plymouth Harbour [17].



Over the past centuries, many multiple-channel reaches were converted to single channels as anabranches were taken over for agriculture, mill channels, and canals [228,229]. By 1840 more than 65,000 watermills with dams a few meters high were operating in the northeastern United States alone, each ponding the river for some kilometres upstream and converting multichannel wetlands into single channels with aggradational floodplains [204]. More than 1000 snags per kilometre, in the form of drifted trees and logs, were removed from rivers in the central United States over a few decades in the late 1800s [48], and many rivers were extensively dredged [230]. Blasted out in the 1830s to improve navigation, the Great Raft of Louisiana was a log jam 250 km long that had formed over hundreds of years [231].



Rapid alluviation affected many rivers in recent centuries through agriculture and mining (Table 5). In southwest China, the wholesale collapse of upland slopes as agriculture intensified caused extreme aggradation and channel blockage. Hydraulic mining of gold in the Sacramento River system of California following the 1849 gold rush choked valleys with 60 m of gravel, agricultural land was flooded with tailings, and a debris wave reached San Francisco Bay. After legislation ended hydraulic mining in 1884, the channels readjusted and cut through the gravel, leaving flights of young terraces. Overall, more than a cubic kilometre of tailings (1.3 billion m3) was released [53]. In the Fraser River of Canada, 58 million m3 of gold tailings were dumped in the channel, with a debris wave 500 km long that is advancing at a few kilometres a year, and tin mining in Tasmania added 40 million m3 of mine waste to a local creek [232,233].



The construction of tens of thousands of large dams has seriously affected most large rivers worldwide, as have failures of mining dams and pipelines that released waves of toxic waste (Table 5). Sand and gravel mining in many river channels is now a serious issue [234]. Large water transfers between river systems include the South-North Diversion Project in China. Many of the world’s largest rivers are at risk through pollution, dams, water overextraction, navigation, climate change, invasive species, and overfishing [19], and wilderness is effectively gone [235].



Deliberate diversion of rivers and breaching of dikes during warfare goes back to ancient times. Herodotus records that, in 539 BCE, the Persian king Cyrus diverted the Euphrates upstream of Babylon into a canal, allowing his troops to storm the city along the river bed (sections 1.190–191 in [236]). A recent example is the 1938 breaking of dikes on the Yellow River by Chinese Nationalist forces to impede the Japanese advance, inundating an enormous area and causing a huge loss of life (Table 1).




13. Stages in River Modification


Figure 5 contains some of the evidence set out above for the timing of key processes by which humans influenced rivers. The analysis emphasises many kinds of events (Figure 3) along numerous large rivers, including the Nile, Tigris, Euphrates, Jordan, and Orontes (Near East and North Africa), the Indus and Ganges (Northwestern Indian Subcontinent), the Yellow, Yangtze, and Pearl (China), the Amazon and Gila (Americas), and rivers in parts of Europe. This broad compilation suggests that humans had the capability to influence rivers by the latest Pleistocene in many parts of the world, with a progressively strong influence in places from the Early Holocene onwards.



Six provisional stages highlight the onset of key innovations, which represent important changes in the ways that humans viewed and used river systems. The durations of the stages are typically a few thousand years and their boundaries are generalised, denoting broad developments rather than historical events. These developments were strongly diachronous globally, depending principally on the trajectory of agricultural development in different regions and continents [8,16,17,18], and the stages apply most closely to the Near East and adjoining areas. However, once innovations appeared, they tended to spread through human migration and the transmission of ideas, especially along trade routes. Examples include the spread of rice, wheat, and barley across Asia [84,120] and the spread of irrigation and groundwater technology across North Africa and the Near East [133].



Stage 1 (Minimal River Effects) covers the appearance of the earliest hominins to about 15,000 years ago in the Late Pleistocene. Activities late in the stage include fishing along the Nile in the Middle Palaeolithic, cereal processing in Europe (32,000 cal yr BP) and the Near East (23,000 cal yr BP), and the use of fire in New Guinea (28,000 cal yr BP). Although hunter-gatherers left traces along many rivers, the evidence for effects on rivers is largely circumstantial and the cumulative effect was probably minimal.



Stage 2 (Minor River Effects) extends from about 15,000 to 9800 years ago. The stage spans a period of widespread gathering and cultivation of plants, especially by the Natufian culture and early settlements in the Near East, and it includes the initial domestication of plants and animals after about 10,700 cal yr BP through to the emergence of formal agricultural organisation. Human activity along rivers included fisheries, ochre mining, and construction of early settlements.



Stage 3 (Agricultural Era) extends from about 9800 to 6500 years ago. The stage covers the onset of organised agriculture, domestication of additional crops and animals, widespread use of fire for land clearance, and more extensive settlements with mud-bricks and pottery made from floodplain clay. Early dams and irrigation features appear, with spring-fed irrigation at Jericho (Figure 4C) by about 8000 years ago. The first well-documented legacy sediments appear in several regions during this stage.



Stage 4 (Irrigation Era) extends from about 6500 to 3000 years ago. The stage covers the rise of organised irrigation systems in Mesopotamia, Egypt, and the Indus region, the first large dam in Egypt, and urban water supplies. Rulers and administrators deployed large labour forces and utilised resources for construction projects. Other activities included the use of fleets of boats with implications for riverside construction, the harvesting of aquatic resources such as reeds and papyrus, alluvial mining, and the increased use of groundwater on floodplains.



Stage 5 (Engineering Era) extends from about 3000 years ago to about 1750 CE. The stage marks the onset of large-scale river engineering under Chinese and Roman emperors, with management of extensive embankments, canals, dams, and urban water supplies. Agriculture and sediment flux intensified in both empires, with effects on river deltas. From the Early Middle Ages onwards in Europe, watermills partitioned many rivers and freshwater fish stocks were decimated. Navigation became increasingly important on many rivers.



Stage 6 (Industrial Era) extends from about 1750 CE at the start of the Industrial Revolution to the present, marking the widespread use of rivers for waterpower, factories, and transport. The modern Big Dam Era from 1882 onwards ushered in technological river modification and regulation such that most rivers on Earth now experience major anthropogenic influence.



Stages 2–6 encompass less than 10,000 years of river history. The human river footprint has expanded with great rapidity: such a duration is commonly represented in the geological record by a few metres of sediment on an alluvial plain, a few avulsions of a trunk channel, or part of a rhythm of sea-level rise.



Key anthropogenic events that influenced rivers differ markedly in time and in space over short distances. River modification commenced relatively recently in some regions, stages were bypassed entirely in places, and events such as periods of soil erosion [237] influenced a region’s subsequent history, irrespective of the passage of time. In parts of the polar regions, river modification has yet to commence. The brief regional analysis below covers areas for which considerable information is available in the current compilation (Figure 5, Table 2, Table 3, Table 4 and Table 5), drawing also on surveys of land use changes and lake records over the past few thousand years [8,9,238]. A full analysis for these regions is beyond the scope of the present paper and would require consideration of local cultural factors, climatic, hydrological and sea-level history, as well as a full resolution of available age data [27]. However, such an analysis would need to take into account the many processes of anthropogenic modification set out here. The technological era of Stage 6 affected all areas sometime after about 1750 CE.



The six stages of Figure 5 accord most closely with the Near East, for which abundant archaeological evidence is available from Mesopotamia and adjoining areas through Anatolia and the Fertile Crescent to Egypt and adjoining parts of North Africa. Within this area, Stage 2 featured intensified cultivation and the early domestication of many plants and animals. Stage 3 features the early onset of agriculture, as well as the rise of irrigation and dams, the first cities, and brick manufacture. By the end of Stage 3, most villagers in the region were farmers. Extensive irrigation systems in Mesopotamia mark the onset of Stage 4, with the progressive use of irrigation technology and groundwater, as well as the deployment of shipping on the Nile, Tigris, and Euphrates. River engineering in Stage 5 was prominent under local rulers, culminating in large-scale engineering under the Roman Empire.



In Europe, cereal production spread across much of the continent by 7000 years ago, with widespread legacy sediments and the use of fire. By 2000 years ago the Roman Empire was conducting major river engineering (Stage 3) in many areas.



China also experienced early river modification, with Stage 3 marked by the early domestication of rice and millet and legacy sediments that date back about eight thousand years. Engineering of the Yellow River (Stage 5) included the construction under a centralised economy of dikes and canals after approximately 3000 years ago. Rice-based agriculture spread across Asia over several millennia [87], and brick-built cities with sophisticated urban water supplies were present in the Indus Basin by 5500 years ago.



In the Americas, Stages 1 and 2 commenced with the first crossing of the Bering Strata after about 16,500 years ago, although earlier occupations have been suggested [239]. Trajectories of river modification varied greatly in local areas. A relatively early onset of Stages 3 and 4 is suggested for Central and South America by the early domestication of squash and maize, with irrigation systems in place locally by 7000 cal yr BP. Large cities developed in some areas shortly after 3000 years ago.



In Oceania, a relatively early onset of Stage 3 in New Guinea is indicated by legacy sediments that predate 8000 cal yr BP and the domestication of the banana shortly after 7000 years ago. Humans arrived in Australia about 65,000 years ago [77], and the use of fire may have been the main effect on rivers until European settlement in the late 1700s. Stage 1 commenced after Polynesians reached New Zealand 700–800 years ago, with severe fires that began to transform the vegetation and enhanced erosion [240].




14. Comparison of Stages with Models for Population Growth and Land Use


Human population growth is regarded as the main driving force of global change [7]. Because many communities depend on rivers, global population estimates may serve as a general proxy for anthropogenic influence on rivers. The HYDE 3.2 model uses historical population data and land-use allocation algorithms [8,9]. Model results have high uncertainty levels, especially for the earlier Holocene, because the quality of historical population data varies in time and space and because the models depend on assumptions about the relationship between population and land use and sociocultural factors [241]. Land-use data are reasonably reliable for rice-based civilisations of Asia and hydraulic civilisations of North Africa and the Mediterranean, but the area of grazing land is poorly constrained.



A central estimate for global population is 4.4 million at 12,000 years ago, near the start of the Holocene [8,9] (Figure 6). Population rose four-fold to 19 million by 7000 years ago and thereafter by more than an order of magnitude to 232 million by 1 CE. Population was clustered locally, reaching a few million during the Mature phase of the Indus Civilisation from 4600 to 3900 years ago [168]. The global population reached 461 million by 1500 CE and 7.26 billion by 2015.



The area of global cropland (mainly rain-fed) increased from 6 million hectares at 7000 years ago to 146 million hectares at 1 CE and 209 million hectares at 1400 CE. The area of grazing land increased from 30 million hectares at 7000 years ago to 199 million hectares at 1 CE and 483 million hectares at 1400 CE (Figure 6). Based on these figures, the combined area of cropland and grazing land rose by an order of magnitude between 7000 years ago and 1 CE, further doubling between 1 CE and 1400 CE. Irrigated cropland was a small proportion of the total, with 0.2 million hectares by 7000 years ago and 2.6 million hectares by 1 CE, with a rise 6000 years ago due to large irrigated areas in Egypt and the Near East. Soil erosion rates increased strongly after about 4000 years ago (ca. 2000 BCE), linked overwhelmingly to changes in land use rather than climate [242].



Stages in river modification from Figure 5 correlate broadly with global population, land-use, and river-sediment trends shown in Figure 6, supporting a trend of intensified anthropogenic influence on rivers through the Holocene. Stages 3 to 5 are in accord with a progressive increase in population and the area of cropland and grazing land, with initial irrigation prior to 6500 years ago. Although the area of irrigated land remained low, the land use per capita was higher in earlier times, especially during the early stages of hydraulic civilisation in North Africa and the Near East [7], and irrigation may have had a relatively large effect on rivers. After the onset of Stage 5 at about 3000 years ago with major river engineering in China and elsewhere, population, cropland and grazing land increased at a progressively higher rate globally, and the sediment load in the Yellow River increased as deforestation in the Loess Plateau promoted soil erosion. Rice fields initially covered a modest area but began to exceed irrigated land after 3000 years ago, with important effects on floodplains.



More direct proxy records typically focus on rates of erosion and sediment transport. They include measurements of sediment flux to the world oceans [49,243], local erosion rates under natural and modified vegetation [18,244], soil-erosion models [242], basinwide denudation rates derived from cosmogenic isotopes [33,245], and human impacts in lake records [202,238]. However, the timing and rates of events derived from different proxies commonly vary because they measure different effects, and proxy records are rarely truly independent variables and are subject to complex feedbacks [18,130]. Some large river systems transfer sediment to the ocean with little delay, but in other cases sediment storage in valley fills, terraces, and mass-wasting deposits leads to considerable time lags in sediment transfer [244,245,246,247,248].




15. Implications for the Concept of the Anthropocene


The present analysis highlights the great variety of human activities along rivers worldwide from ancient times, many of which probably have been undervalued as geomorphic processes. Collectively, the data suggest that humans were capable of considerable local modification of river systems during the Late Pleistocene, although more reliable case studies are needed for this period. River modification intensified in the Early Holocene (11,700 to 8300 years ago) through numerous processes and was widespread in many regions worldwide from the Middle Holocene (8300 years ago) onwards, as documented by a wealth of direct evidence.



As noted in the Introduction, strong allogenic effects are likely to have masked early anthropogenic processes, but they also would have affected human societies. Aridification caused changes of hydrological regime, collapse of civilisations, abandonment of settlements, and migration of farmers in the Nile Valley, the eastern Mediterranean, the Near East, and the Indian Subcontinent [27,101,140,189,249]. However, human responses to such changes were complex and, locally, provided opportunities for farmers [250]. Climate change probably played a role in the decline of the Roman Empire, leading to reafforestation, drainage changes, and aggradation [217]. Such climatic changes may produce local discontinuities in response to rhythms of aggradation and degradation [22], and these surfaces may correspond to widespread punctuated steps in river modification. A landslide dam outburst flood on the Yellow River nearly 4000 years ago (ca. 1920 BCE) may have led to the establishment of the Xia Dynasty at the Neolithic–Bronze Age transition [251].



Holocene sea-level rise displaced populations and promoted cultural change [252]. After about 8000 years ago, a decreased rate of sea-level rise caused the formation of deltas by large sediment-charged rivers, promoting occupation and the emergence of complex societies on the Nile, Yangtze, and other deltas [253,254,255,256]. In estuaries and bays of the Texas Gulf Coast, rapid Holocene sea-level rise adversely affected estuarine productivity but stillstands promoted aquatic resources, influencing human occupation [257].



Complex positive and negative feedback systems between climate, vegetation, and human activities complicate the assessment of anthropogenic influence [130]. As land-use changed in China, sediment flux into river valleys caused aggradation and increased the area of floodplains, promoting additional agriculture until later incision narrowed the cultivable area [122]. Fire and ploughing would have promoted soil erosion and nutrient loss, causing declines in crop production [237], and may have encouraged cropland expansion, as may waterlogging and salination of irrigated soils. Land-use changes may have exacerbated the effects of droughts [225].



The onset of river legacy sediments is diachronous worldwide [17]. No evidence adduced here supports the identification of a key event that could be used to demarcate the onset of the Anthropocene, which would additionally require careful discrimination of human from natural processes [18]. Nevertheless, the analysis supports the view [11] that researchers studying the Anthropocene need to acknowledge how early and profoundly humans began to modify the terrestrial environment. Anthropogenic effects commonly mimic natural river dynamics, making discrimination difficult. Such effects include the buildup of (artificial) levees, levee breaks used for irrigation, avulsion where embankments were breached by floods or warfare, rhythms of aggradation and incision, downstream migration of sediment slugs, conversion from multichannel to single channel and from meandering to braided planforms, and delta extension.




16. Conclusions


Humans have lived along rivers since hominins first appeared, engaging in a wide range of ingenious activities (Figure 3) that potentially influence river dynamics and sediments. Legacy sediments linked to the rise of agriculture provide direct evidence for anthropogenic influence on rivers, but the evidence for many other important activities with geomorphic consequences remains largely circumstantial. Humans have influenced rivers from the Late Pleistocene onwards, with increasingly prominent effects through the Early and Middle Holocene (Greenlandian and Northgrippian).



Six provisional stages for river modification (Figure 5), centred on the Near East, represent key innovations in human activity and use of rivers. They include the increased use and cultivation of crops in the Late Pleistocene and the domestication of many plants and animals in the Early Holocene; the onset of agricultural systems at about 9800 cal yr BP; the rise of major irrigation systems under centralised administrations after about 6500 cal yr BP; the development of major river engineering after about 3000 cal yr BP; and the industrial era after about 1750 CE. A trend of intensified river modification coincides broadly with available models that document a rapid increase in population and land use through the Holocene (Figure 6).



The evidence presented here supports diachronous anthropogenic change in river systems worldwide, and no indication was found of processes or deposits that could provide a reliable early boundary for defining the Anthropocene, although regional markers may be present. Geoscientists have commonly interpreted fluvial archives in terms of natural forcing functions such as climate and sediment flux, but the analysis presented here suggests that the human impact on rivers has been underestimated. Anthropogenic effects should be considered routinely when interpreting fluvial archives from the Late Pleistocene onwards.



The present study is a preliminary overview of a topic that requires much fuller development. Recommendations for future fluvial research include documentation of some human activities for which the evidence is currently circumstantial, as well as the further identification and correlation of quantitative proxy records. In particular, it is important to develop timelines for human influence in local areas, beyond the generalised global record set out here.
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Figure 1. Anthropogenic effects on modern river landscapes due to fire, agriculture, and animal husbandry. Examples are from settings with modest technological influence. See Table 1 for some modern results of these effects. (A) Firing of forests for tapioca plantations, southeast Thailand. (B) Hillslope terracing for barley cultivation above tributary of Kali Gandaki River, Himalayan foothills, Nepal. (C) Ricefields on floodplain of Chao Phraya tributary, Thailand. Note well sweep for water supply at centre-left. (D) Crop growing on sand bars during seasonal low-flow stage, with temporary causeway in foreground, Sabarmati River, India. (E) Olive grove at oasis along creek, Sinai Desert, Egypt. (F) Ploughing of floodplain of Marsyandi River, Nepal. (G) Camel-cart carrying brushwood for fires, and water buffalo, Sabarmati River, India. (H) Yak caravan crossing mountain pass by Kali Gandaki River, Nepal. 
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Figure 2. Anthropogenic effects on modern river landscapes due to irrigation, embankments, navigation, floodplain workings, fishing, and cultural events. Examples are mainly from settings with modest technological influence. See Table 1 for some modern results of these effects. (A) Irrigation canal from barrage on Sutlej River (in distance), Ropar, India. (B) Waterwheel for irrigation from Yellow River, Lanzhou, China. (C) Embankment for flood protection, Baghmati River, India. (D) Rice barges and riverside structures, Chao Phraya tributary, Phitsanulok, Thailand. (E) Low-season bridge, stilt buildings, and access path, Mae Moei River, Thailand. (F) Brickpit, Ganges River plains, India. (G) Fishing in Ganges River, India, with temple ruins at left. (H) Festival on sand flats at confluence of the Ganges and Yamuna rivers, Allahabad, India. 
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Figure 3. Schematic diagram to show range of anthropogenic influences on river systems. Illustrated examples are mainly from settings with modest technological influence, especially in the period of about 10,000 to 4000 cal yr BP. Figure designed and drafted by Meredith Sadler. 
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Figure 4. Archaeological sites associated with rivers and springs. (A) Palaeolithic quartzite corestone extracted from cemented river gravels, Rajasthan, India. Coin 2.5 cm in diameter. (B) Palaeolithic to Mesolithic site above bedrock river bank in middle distance, Belan River, India [66]. The site had a small settlement where stone tools were worked. Stone extraction in progress in river bed. (C) Structure dated to ca. 10,300 to 9800 years ago at Jericho, Israel, possibly a watchtower for flash floods [67]. (D) Ancient well during dry season, near Sabarmati River, India. (E) Roman bath fed by hot springs, Bath, UK. 
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Figure 5. Timeline and stages for the anthropogenic modification of river systems. See Table 2, Table 3, Table 4 and Table 5 for sources of the dates shown in the figure, with dates for early food processing [113,114] and intensification of cultivation and onset of domestication and agriculture [88]. Suggested stages in modification are based largely on information from the Near East, North Africa, Northwestern Indian Subcontinent, China, and parts of Europe. Note that the timing and intensity of anthropogenic influence vary greatly regionally [17,18]. Dates for Early, Middle, and Late Holocene (E, M, L) from [62]. 
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Figure 6. Comparison of stages in anthropogenic modification of rivers (Figure 5) with datasets for population and land use [8,9] and Yellow River sediment load [216]. Original graphs plotted in years before present. 
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Table 1. Effects of some anthropogenic activities on modern and submodern channel and floodplain systems. Some of the cited literature refers to human activity at a technological level much greater than that of the earlier Quaternary. Italics denote processes not substantiated here by citations.
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	Human Activity
	Effects on Modern River Systems
	References





	Fire use
	Vegetation loss promotes rapid runoff, soil erosion, and enhanced flux of sediment and charcoal to rivers. Change in soil properties enhances erosion. Fire may trigger vegetation change.
	[28,29,30]



	Agriculture and deforestation
	Reduced resistance of river banks and hillslopes where crops with shallow roots replace natural vegetation. Widening of channels and sediment coarsening. Slope failure, and increased sediment flux to fluvial, deltaic, and eolian systems. Change in palynomorph associations.
	[17,31,32,33]



	Animals used for food, ploughing, and transport
	Herds reduce vegetation cover and enhance soil erosion, gullying, and sediment flux to rivers. Trampling breaks down river banks, widens channels, and increases suspended load. Ploughing intensifies use of floodplains and hillslopes and, along with animal transport trails, enhances erosion.
	[34,35,36,37,38,39,40]



	Embankments along channels
	Embankments narrow channels, reduce their migration, increase flow velocity, funnel sediment to deltas, and reduce channel siltation; complex upstream feedbacks. Sediment trapping within embanked floodplains reduces inundation capacity. Embankments raise the channel base, promoting catastrophic avulsion.
	[41,42,43]



	Dams and irrigation systems
	Dams alter river flow regime, cause deposition in millponds and reservoirs, and increase downstream erosion. Irrigation reduces river discharge, and the use of river and groundwater promote soil waterlogging and salination.
	[44,45,46,47]



	Navigation and bank structures
	Riverside construction (wharves, steps, access roads, bridges) affects banks and channels. Dredging, riverbed scour, and removal of wood snags and jams to aid navigation alters river morphology. Reduced number of delta distributary channels aids year-round navigation.
	[48,49]



	City water supplies
	Remove river and groundwater from the hydrological system, with water pollution from sewage and waste.
	[50]



	Warfare
	River diversions during warfare causes catastrophic floods and floodplain aggradation. Deliberate 1938 breach of the Yellow River dikes caused death toll of >800,000.
	[51,52]



	Extraction of channel and floodplain materials
	Alluvial mining of channels and terraces for gold and other minerals increases aggradation and erosion rates locally. Pits on floodplains for bricks, tiles, pottery, and ochre, and on terraces for laterite remove fertile soil and aquifer media, cause soil erosion, increase suspended load, lower the water table, and cause waterlogging.
	[43,53,54,55]



	Extraction of aquatic materials
	Reeds, papyrus and other in-channel plants influence flow dynamics and sedimentation. Fisheries and aquatic harvesting enhance human activity along river banks.
	[56]



	Cultural events
	Water festivals involve large populations, with infrastructure on river banks and sand bars. Khumbha Mela festival at Allahabad, India, had 120 million attendees in 2 months in 2013.
	[57]
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Table 2. Estimates of time and place of domestication of some plants and animals. Evidence for domestication is based on a genetic selection process that leads to organisms adapted to cultivation and utilisation by humans [86]. See Section 3 for the approach used in presenting age dates. Dates shown are in calibrated years BP from the cited papers, with some general age assessments (*) and dates based on genetic analysis (**). cal: calibrated, uncal: uncalibrated.
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Crop or Animal

	
Data Sources

	
Approximate Date (years BP)

	
Location

	
References






	
Plant Domestication




	
Barley, emmer, and einkorn wheat

	
Varied sources, cal

	
c. 12,000–10,000

	
Near East

	
[87]




	
Approximate uncal date for domestic spikelets in einkorn wheat

	
9250

	
Near East

	
[85]




	
Varied sources, cal

	
10,700–10,200

	
Near East

	
[88]




	
Flax

	
Varied sources

	
9000

	
Near East

	
[89]




	
Date palm

	
Varied cal and uncal sources

	
>6000

	
Arabia

	
[90]




	
Millet

	
Varied sources

	
8000–7000

	
China

	
[91]




	
Rice

	
Varied cal sources for initiation of rice cultivation

	
9000

	
China

	
[92]




	
Varied sources for domesticated rice, after 6000 cal BCE

	
8000

	
China

	
[84]




	
Varied sources

	
9000–8000

	
China

	
[93]




	
Squash

	
Cal date for charred or desiccated squash seed

	
10,400–10,160

	
Peru

	
[94]




	
Cal dates on plant and other materials

	
>8700

	
Mexico

	
[95]




	
Maize

	
Cal dates on plant and other materials

	
>8700

	
Mexico

	
[95]




	
Peanut

	
Cal dates for charred peanut hull

	
8640–8440

	
Peru

	
[94]




	
Cotton

	
Cal dates for cotton boll

	
6280–5950

	
Peru

	
[94]




	
Banana

	
Cal dates on materials that include banana phytoliths

	
6950–6440

	
New Guinea

	
[96]




	
Grape and wine culture

	
Cal dates on pottery sherds, ca. 7000–6600 BCE

	
9000

	
China

	
[97]




	
Cal dates on pottery sherds and soil, ca. 5900–5750 BCE

	
8000

	
Georgia

	
[98]




	
Animal Domestication




	
Cattle

	
Varied sources, cal date for Early Pre-Pottery Neolithic site, Syria

	
10,650–10,250

	
Near East

	
[99]




	
Sheep, goats

	
Cal dates for Early Pre-Pottery Neolithic at Near East sites

	
10,250–9500

	
Near East

	
[100,101]




	
Pigs

	
Intensification of relationship between humans and pigs, second half of 9th millennium BCE, sites in Turkey and Cyprus

	
>10,000

	
Near East

	
[102]




	
Assessment of zooarcheological data

	
9000

	
Near and Far East

	
[103]




	
Water buffalo

	
Varied sources suggest 3rd to 5th millennium BCE in parts of Asia and Near East; authors support origin in Indian Subcontinent

	
5000

	
Indian Subcontinent

	
[104] *




	
Horses

	
Faunal remains, bridles and milk suggest mid-4th millennium BCE, using cal dates

	
6000–5000

	
Eurasian steppes

	
[105,106] *




	
Dromedary

	
Varied archeological sources suggest late 2nd millennium BCE

	
>3000

	
Arabia

	
[107] *




	
Donkey

	
Varied archeological sources suggest late 5th to first half of 4th millennium BCE in Egypt

	
7000–6000

	
Africa

	
[108,109] *




	
Yak

	
Genome model for domestication, confidence interval of 7914 to 7227 BP

	
7300

	
Tibetan Plateau

	
[110] **




	
Llama, Alpaca

	
Archaeozoological data at dated sites and genome models

	
7000–6000

	
Peruvian Andes

	
[111] *, [112] **
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Table 3. Some early events in the development of water technology and river navigation. See Section 3 for the approach used in presenting age dates. Dates in original papers are based on assessments of archaeological evidence and historical events, with a few dates in calibrated years BP (*). cal: calibrated.
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Location

	
Activity

	
Approximate Date (Years BP)

	
References






	
Irrigation and Drainage Systems




	
Mesopotamia and uplands

	
Irrigation systems in existence in SW Iran by 5000 BCE, maybe by 6000 BCE, with large organised systems on Mesopotamian plains by 4500 BCE

	
~8000–7000

	
[129,135]




	
Near East

	
Water raising systems: shaduf (well sweep) by 2300 BCE, with later appearance of saqia (water wheel) and Archimedes screw in Ptolemaic times

	
~4300

	
[133]




	
New Guinea

	
Drainage ditches and channels, from cal dates on charcoal in ditch fills

	
4350–3980

	
[96] *




	
China

	
Large-scale engineering of embankments and canals on Yellow River for flood control and irrigation, with large dike projects in first half of 7th century BCE [144] to the 1800s

	
~3000

	
[41,144,145]




	
Peru

	
Irrigation canals dated at 5000 to 3750 cal BCE

	
~7000

	
[146]




	
U.S.A.

	
Gila River, Arizona: large areas under irrigation by 900 BCE, and earth dam 5 km long and 7 m high with irrigation canals by 1000 CE [147]; individual irrigation systems of 10,000 hectares (100 km2), with large developments in 850–1450 CE [148]; distinction of canals from natural channels [136]

	
~2900

	
[136,147,148]




	
Dams




	
Near East

	
Weirs of brushwood, stones and earth divert water into irrigation canals [135], estimated at 8000 years ago on E flank of Mesopotamia [149]

	
~8000

	
[135,149]




	
Mesopotamia

	
Nimrud Dam, probably an earth dam, diverted Tigris; dam later failed and returned the Tigris to its former course

	
>4000

	
[133,150]




	
Egypt

	
Sadd-el-Kafara Dam (Dam of the Pagans), 14 m high, >100 m long, with 17,000 cut stone blocks; built to aid quarrying ca. 2650 BCE

	
4650

	
[133]




	
Near East and Europe

	
45 dams built under the Roman Empire in the Near East, with irrigation canals, waterwheels, aqueducts, and qanat systems, from 63 BCE to 636 CE [151]. Earthen dams in Spain: Prosperina 12 m high and 427 m long, Cornalvo 20 m high and 194 m long with dam crest 8 m wide [133].

	
2700–1400

	
[133,151]




	
China

	
Dam at Anfeng Tan, east China, ca. 600 BCE

	
2600

	
[152]




	
Groundwater Systems




	
Iran

	
Qanat systems of sloping tunnels that bring water from water table or springs at a high elevation to fields downslope, dated to ca. 3000 years ago in Iran, introduced from Indus to Nile under Persian rule, 550–331 BCE

	
~3000

	
[133]




	
Israel

	
Chamber excavated at Hazor, where water rises up the Dead Sea Fault; access to the underground water table by staircases; construction coeval with stratum dated at 9th century BCE

	
2800

	
[153]




	
Israel

	
Tunnel at Siloam, Jerusalem, routes spring within walls, dated by U-Th dating of speleothems, cal radiocarbon dating, and historically to ca. 700 BCE

	
2700

	
[154]




	
River Navigation




	
Egypt

	
Models of reed and log rafts at ca. 5500 to 4000 BCE [155]. Boats preserved to >5000 years ago, with a wooden boat 43.6 m long preserved from 4th dynasty, ~2500 BCE; barge with two 350-ton obelisks towed by 27 boats with 810 oarsmen, ca. 1472 to 1458 BCE [156].

	
>7500

	
[155,156]




	
Mesopotamia

	
Fleets for transport and warfare on Tigris, Euphrates, and canals; request for 600 vessels to bring grain to Ur in 3rd Dynasty [156]; channel straightening for boats, 3rd to 1st millennium BCE [135].

	
~4000

	
[135,156]




	
China

	
Grand Canal, 1800 km long, linked pre-existing canals, rivers, and lakes; connected southern and northern plains, locks across Yellow River; built by 5 million workers

	
609 CE

	
[157]
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Table 4. Estimates of time and place of early use of channel, floodplain and aquatic resources, and the development of large settlements on floodplains. See Section 3 for the approach used in presenting age dates. Most dates are based on assessments of archaeological evidence and historical events. Some dates (*) are based on calibrated (cal) dates, uncalibrated (uncal) dates, OSL, and TL dates.
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Activity and Location

	
Approximate Date (Years BP)

	
References






	
Large settlements and cities




	
Mesopotamia, Uruk period ca. 4000–3000 BCE (uncal) [166]; area of 400 ha by Early Dynastic II period, ca. 2700 BCE [167]

	
>6000

	
[166,167]




	
Indus Civilisation, first cities in the region before 3500 BCE; >500 ha of large settlements in aggregate by late Mature phase; peak populations of 40,000 in Harappa and Mohenjodaro, and several million inhabitants in the region in the Mature phase

	
5500

	
[168]




	
Egypt, city of Memphis in Early Dynastic and Old Kingdom times, ca. 3000 to 2165 BCE

	
5000

	
[167]




	
China, Longshan times, ca. 2600 to 2000 BCE; Anyang covered 15 km2 along 6 km of the Yellow River by 1200 BCE

	
4600

	
[167]




	
Mesoamerican cities, lowland Maya cities from 900 to 300 BCE

	
2900

	
[167]




	
Urban water systems




	
Indian Subcontinent

	
Indus Civilisation, with early urban phase ca. 2800 to 2600 BCE [167,169]; extensive public and private systems: wells, baths, street drains, and sewage pits during 3rd millennium BCE [133].

	
~4800

	
[133,167,169]




	
Crete

	
Minoan culture, with wells, cisterns, fountains, and aqueducts from rivers and springs, in Early Minoan period ca. 3500 to 2150 BCE

	
5500–4150

	
[133]




	
Resources from channel and floodplain sediments




	
Alluvial gold

	
Working of placer deposits in rivers in China (Xia, Shang, and Zhou dynasties, ca. 2100 to 256 BCE), with advances in dredging and hydraulic methods

	
4100

	
[170]




	
Mud bricks (sun dried)

	
Earliest known bricks at Jericho ca. 7500 BCE, with later Indus cultural examples in Baluchistan ca. 7000 BCE

	
~ 9500

	
[168]




	
Structures preserved in Egypt with bricks of Nile mud and straw; buildings with reed layers, ca. 3050 to 2687 BCE

	
~5050--4690

	
[171]




	
Baked bricks

	
Indus Civilisation, widely used in Mature Phase from 2800 BCE

	
4800

	
[168]




	
Earliest pottery

	
China, with other Late Pleistocene occurrences in Asia, based on calibrated dates on associated bone and charcoal [172] and assessment of dates from varied calibrated sources [173]

	
~ 20,000

	
[172,173] *




	
Continuous pottery record

	
At sites in Mesopotamia and Anatolia, with initial pottery levels dated to ca. 7000 BCE

	
~ 9000 on

	
[174]




	
Earliest pottery

	
At sites along the Amazon in Brazil, based on cal dates and a TL date

	
8000–7000

	
[175] *




	
Ochre

	
Poland, excavation of 25 acres of red floodplain clay to >1 m depth; occupied from ca. 15,500 to 11,500 years ago [176]

	
15,500

	
[176,177]




	
Aquatic resources




	
Reeds

	
Large reed buildings in Uruk period of Mesopotamia, >5000 years ago [178]; reeds used in Egyptian tombs of Old Kingdom, ca. 2686 to 2160 BCE [179]

	
>5000

	
[178,179]




	
Papyrus

	
Used in Egypt since at least 3000 BCE, with large-scale production probably controlled by the state; Greco-Roman factories in the Nile Delta [180]. Oldest inscribed at Wadi al-Jarf with hundreds of fragments from reign of Khufu (2589–2566 BCE) [181]

	
>5000,

~ 4570

	
[180,181]




	
Fish and other aquatic organisms

	
Known from Middle Palaeolithic sites on the Nile. Prominent Nile fisheries from > ca. 14,000 years ago, with salting for storage from ca. 9000 years ago; along Amazon in Brazil from ca. 11,200 years ago, Yangtze in China from ca. 10,000 years ago, and Columbia in USA from ca. 9300 years ago. Sites include molluscs, turtles, and amphibians. Based on cal and uncal dates and OSL dates [182], cal dates [183], dates from varied sources with calibration not reported [184], and calibrated dates [185]

	
>14,000

	
[182] *, [183] *, [184] *, [185] *, [186], [187]
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Table 5. Some examples of anthropogenic sediment and effects in river systems. Middle and Late Holocene dates are in calibrated years BP, and dates for the past millennium are based on historical evidence.
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Location

	
Legacy Sediments

	
References






	
Middle Holocene to Early Late Holocene




	
New Guinea

	
From 7800 cal yr BP on, clearance of forest, expansion of herbaceous vegetation, and increased charcoal from use of fire. Aggradation in Baliem River valley. Banana and other crops in an anthropogenic landscape by 6950 to 6440 cal yr BP. Drainage ditches and channels dated at ~4350–3980 cal yr BP. Based on calibrated dates.

	
[81,96]




	
China

	
Agriculture and population growth after ~7700 cal yr BP in Yellow River system, based on charcoal, pollen and sediment records, with onset of slash-and-burn [213]. Widespread effects by 7000 cal yr BP [214]. Valley alluviation and hillslope erosion from ~5300/5010 BCE through 2130/1870 BCE, in Yiluo River system; pottery, bones, charcoal, and fossil evidence for rice farming [122]. Deforestation of Loess Plateau increased Yellow River sediment load at ~ 3000 cal yr BP [216]. Based on OSL and cal dates.

	
[122,213,214,216]




	
Spain

	
Aggradation and incision episodes in the Ebro Basin, with valley-floor sedimentation from ~ 8000 cal yr BP (6000 BCE), intensifying during the Bronze and Iron Ages and through the Roman period. Associated charcoal and pottery. Based on cal dates and artefacts.

	
[205]




	
UK

	
Clays dated at 4440–3560 cal yr BP, during change from woodland to scrubland with cereal crops. Overlying silty sand at ~ 4100 cal yr BP in Frome River system. Linked to deforestation and expanded arable farming, with increased sedimentation rate. Based on cal and OSL dates.

	
[17]




	
Italy

	
Original vegetation lost by Bronze Age ~ 3300 cal yr BP in Po River plain. Drainage ditches and irrigation channels since Early Iron Age. Widespread Roman deforestation, intensification of farming, roads and ditches after ~ 2100 cal yr BP. River courses embanked and prevented from silting. Soil erosion caused Po delta to prograde further at ca. 300 CE than in previous centuries. Based on cal dates.

	
[217,218]




	
Mexico

	
Agriculture and deforestation enhanced erosion by 3450 cal yr BP, intensifying with urban development after 2350 cal yr BP. Río Verde shows increased sediment load, aggradation, and change from meandering to braided. Spread of overbank fines expanded agricultural areas. Coastal morphology modified. Based on cal dates.

	
[219]




	
Past Millennium




	
NW Europe

	
Salmon stocks declined by 90% from Early Middle Ages (~ 450–900 CE) to ~1600 CE. Decline matches watermill expansion; weirs and millponds blocked access to upstream spawning grounds. River gravel covered with silt and mill waste.

	
[220]




	
USA

	
Buildup of slackwater sediment from ~1700 CE, behind tens of thousands of 17–19th century milldams in northeastern rivers. Underlying soils and gravel represent forested wetlands with anabranching channels, now mainly lost.

	
[204]




	
China

	
After ~1800 CE in SW China, intense cultivation and population pressure caused soil erosion and hillslope collapse. Fluvial aggradation of 2 m/yr, channel blockages.

	
[221]




	
U.S.A.

	
Release of 1.3 billion m3 from hydraulic gold mining in Sacramento River system, California after 1849 gold rush. Aggradation of 60 m of alluvium, followed in a few decades by incision. Rapid sedimentation of San Francisco Bay.

	
[53]




	
Global

	
Currently >50,000 large dams >15 m high. 17 million dammed reservoirs of all sizes, with a volume >8000 km3. Severe effects on sediment transport, flow regimes, and biodiversity of freshwater ecosystems.

	
[20,222]




	
Global

	
Rivers swept by waves of millions of cubic metres of toxic waste and cyanide from mine-dam failures and pipeline breaks.

	
[223,224]




	
China

	
South-North Diversion Project, with capacity to deliver 25 billion m3 from Yangtze to northern China along two routes, each >1000 km long. Partially constructed.

	
[152]
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