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Abstract: 14 

The concept of legacy sediments (LS) as sediments periodically produced by anthropogenic 15 

disturbances has been introduced in the early 2010s and has been increasingly used since then, 16 

primarily in the USA. It is a key concept to characterize river corridors health and design relevant 17 

restoration schemes. Surprisingly, examples of legacy sediments in European rivers remain scarce in 18 

the literature, despite the long history of human influences in this part of the world. In this viewpoint 19 

paper, we argue that while land-use changes within upstream basins seem to be mostly responsible for 20 

legacy sedimentation along downstream river sections in New World countries like the USA or Australia, 21 

reach-scale engineering is the main driver of legacy sedimentation along large Alpine European rivers 22 

during the Anthropocene era. We give an example of LS induced by navigation infrastructures (groynes 23 

and lateral training walls) present along the Rhône River downstream of Lyon (France), and assume 24 

that analogous LS might exist in most engineered rivers. Those infrastructure-induced sediments differ 25 

from the classic examples of American LS in terms of formation mechanisms and characteristics, which 26 

leads us to suggest a broadened definition of legacy sediments in order to make the concept more 27 

applicable to the European context. 28 

Introduction: 29 

The consequences of anthropogenic landscape modifications in river catchments have been of 30 

increasing concern in the last few decades (Magiligan, 1992; Brooks and Brierley, 1997; Lang et al., 31 
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2003, Surian et Rinaldi, 2003; Dotterweich, 2008; Macklin et Lewin, 2008; Williams et al., 2014; Poeppl 32 

et al., 2017). In the process, the idea of anthropogenic sediments emerged and has been progressively 33 

conceptualized under the term of “legacy sediment” (LS). The expression was introduced by Novotny 34 

(2004) to describe copper contaminated sediments and was then applied to a variety of context without 35 

a clear definition. James (2013) first suggested a precise characterization of LS, mainly based on studies 36 

about historical floodplain sediments in the eastern USA (Magiligan, 1992; Brooks and Brierley, 1997; 37 

Peck at al., 2007; Walter et Merritts, 2008; Merritts et al., 2011). He defines legacy sediments as deposits 38 

generated episodically by human disturbances in a watershed. Said disturbances, however, only 39 

comprise of land-use changes such as deforestation, agriculture development or mining upstream from 40 

the observed river corridor. This definition is particularly suited to the context of the New World territories 41 

(The USA, Australia, New-Zealand, etc.) that underwent drastic land-use changes following the 42 

colonization by European settlers. James (2013) acknowledges that his definition can also apply to 43 

European geomorphology, but mostly related to older land-use changes such as pre-historic gullying 44 

(Dotterweich, 2005; Vanwalleghen et al., 2006; Dotterweich, 2008). The term “legacy sediment” is 45 

actually rarely used in this context, being often restricted to Anthropocene era although this can be fully 46 

discussed and questioned.  47 

Wohl (2015) suggested another definition of legacy sediments as “those for which the location, volume 48 

and/or presence of contaminants result from past [i.e. not only the Anthropocene] and contemporary 49 

human activities”. They can derive from three processes: reduced sedimentation, enhanced 50 

sedimentation and contaminated sedimentation. This characterization is broader than James’s in the 51 

sense that such legacy effects can be caused by various disturbances besides upstream land-use 52 

changes e.g. dam building, flow regulation, channelization, removal of obstacles within a channel, etc. 53 

It is therefore more suited to the Anthropocene European context. Nevertheless, the concept of legacy 54 

sediment –with either definition- has hardly been applied to European rivers yet, even though most have 55 

a long history of human influences and have been especially impacted by anthropogenic activities from 56 

the 19th century onwards, following the industrial revolution. Nowadays, one of the major and persistent 57 

forcing on European rivers are infrastructures –including large upstream reservoirs, but also flood-58 

protection walls, groynes and other devices meant to facilitate navigation, run-of-river dams, weirs, etc. 59 

According to Grill et al. (2019), only 33% of mid-sized rivers (500-1000 km) and 12% of long rivers 60 

(>1000km) are free flowing (i.e. connectivity status index ≥ 95%) in Europe. While the consequences of 61 



such river manipulations have often been studied in terms of main channel adjustment (e.g., incision, 62 

narrowing, armouring, stabilization: Surian and Rinaldi, 2003 ; Zawiejska and Wyżga, 2010 ; Arnaud et 63 

al., 2015 ; Habersack et al., 2016 ; Downs et Piégay, 2019; Vázquez-Tarrío et al., 2019), their potential 64 

role in creating new floodplain features due to legacy sedimentation has been less investigated,  and 65 

the characteristics of these sediments have rarely been studied.  66 

Legacy sediments contribute to artificially modifying watercourses morphology and geochemistry and 67 

are thus a threat to the proper functioning and resilience of river systems. The potential remobilization 68 

of contaminated legacy sediments, for example, is a major ecological and health hazard in many rivers 69 

over the world (Dennis et al., 2009; Martin, 2015; Niemitz et al., 2013; Nováková et al., 2015; Pavlowsky 70 

et al., 2017; Clement et al., 2017; Rothenberger et al., 2017). Moreover, significant volumes of legacy 71 

sediments stored in the floodplains and river margins may cause unbalanced sediment budgets and 72 

flood management issues (Lecce et Pavlowsky, 2001; Knox, 2006; Richardson et al., 2014; Royall and 73 

Kennedy, 2016) as well as loss of connectivity between the river and the floodplain, which is a critical 74 

issue for river ecological and geomorphological health (Fryirs, 2013, Wohl, 2017; Fuller and Death, 75 

2018). Finally, identifying the consequences of human activities on river corridor morphologies and 76 

functioning is essential to implement relevant restoration schemes (Wohl et al., 2005; Walter and 77 

Merritts, 2008; Eschbach et al., 2018).  78 

Through the example of legacy sediments induced by navigation infrastructures on the Rhône River, we 79 

aim to determine how they compare to the widely described legacy sediments in the eastern USA, how 80 

well they conform to the existing concepts of legacy sediments and how these concepts can be adapted 81 

or broadened to include legacy sediments produced in a European Anthropocene context.  82 

 83 

1. Main anthropogenic drivers of change in river systems in the New World and in 84 

Europe: a comparison in the Anthropocene period 85 

The concept of legacy sediment originates from the USA, where the awareness around post-colonial 86 

sedimentation started in the 1940s, way before the term “legacy sediment” was formally introduced. 87 

Legacy sediments were then referred to as “modern sediment” or “post-settlement alluvium” (Happ et 88 

al., 1940, Knox, 1972; Dearman and James, 2019). Multiple examples of such deposits were described 89 

in the USA, mostly in the Mid-Atlantic region (Walter and Merritts, 2008; Merritts et al., 2011; Hupp et 90 

al., 2013; Donovan et al., 2015, Johnson et al., 2018). As a result, both their characteristics and their 91 



formation mechanism are well-documented. Legacy sediments in the USA are typically recognizable as 92 

an important accumulation of fine sediments (up to 5 m high) on both sides of rivers, forming floodplain 93 

levels, even terraces that are mostly disconnected from the main channel (Walter et Merritts, 2008; 94 

Webb-Sullivan et Evans, 2014; Johnson et al., 2018). There is a consensus that such deposits were 95 

formed following European settlement in the 17th century: the subsequent development of intensive 96 

agricultural practices led to accelerated upland erosion, generating an unnaturally large amount of 97 

sediments that settled in valleys and caused the watercourses to aggrade. After the sediment loads 98 

returned to normal, channels incised back to their original level, creating the disconnection with the 99 

newly aggraded floodplains. This mechanism is often referred to as an aggradation-degradation episode 100 

(ADE) (James and Lecce, 2013; James, 2013). An additional driver according to some authors (Walter 101 

and Merritts, 2008; Merritts et al., 2011) are milldams: ubiquitous in the Eastern USA from the 17th 102 

century onward, they interrupt sediment transport and may therefore have further promoted sediment 103 

storage in valley-bottoms.  104 

Land-use changes following colonization appears as the major anthropogenic disturbance in the USA: 105 

as pointed out in James (2013), pre-colonial land surfaces were relatively stable, making the 106 

superimposition of large volumes of post-settlement legacy sediments even more outstanding. Similar 107 

observations have been made in other settled countries such as Australia (Brooks and Brierley, 1997; 108 

Rustomji et Pietsch, 2007; Davies et al., 2018) or New-Zealand (Richardson et al., 2014; Fuller et al., 109 

2015): in lands that were little impacted by their native population, massive and drastic land-use change 110 

in the catchment following the European settlement is indisputably the main driver of legacy 111 

sedimentation.  112 

This cause-effect pattern is not so straightforward in lands that sustained continuous anthropogenic 113 

impacts over thousands of millennia such as Europe. Agricultural development in Europe, for example, 114 

happened gradually over the span of 7500 years with many periods of expansion and regression 115 

(Dotterweich, 2008; Houben, 2008; Dotterweich et al., 2012; Dotterweich, 2013), and so did agriculture-116 

related modifications of rivers and floodplains (Hoffmann et al., 2007; Macklin et al., 2010; Brown et al., 117 

2018). Multiple examples of sedimentation related to land-use changes (mainly agricultural 118 

development) dating back from the Iron Age, Gallo-Roman or Middle Age periods have been observed 119 

(Dotterweich, 2005; Lespez et al., 2008; Brown, 2009; Macklin et al., 2010; Lespez et al., 2015). This 120 

phenomenon might be the closest equivalent to the land-use induced legacy sediments in the New 121 



World countries. However, it is mainly apparent in lowland catchments where geomorphic modifications 122 

are slow and therefore allowed landforms inherited from the Neolithic to be preserved. It is rarely 123 

observed in mountainous river basins (except on main branches such as the Isère or the Rhône), 124 

presumably because the high-energy of those actively shifting rivers tends to reshape the floodplain 125 

landforms overtime, erasing anthropogenic legacies from the Neolithic. A possible example of legacy 126 

sedimentation in highland catchments is the increase in coarse sediment loads in Alpine Rivers during 127 

the Little Ice Age (LIA): this phenomenon supposedly derives from both climatic changes (e.g. increased 128 

runoffs) and high sensitivity of the basins to erosion due to intense clearing of hillslopes for grazing and 129 

exploitation of wood resources (Mather et al., 1999; Delile et al., 2016; Mensing et al., 2016; Bebi et al., 130 

2017). Following this period of increased sediment supply, the upstream alpine basins underwent a 131 

rapid decline of agricultural practices associated with afforestation that coincided with the end of the 132 

LIA, which led to a strong decline in sediment inflow to the downstream floodplains (Mather et al., 1999; 133 

Liebault et Piégay 2002; Liébault et al., 2005; Bebi et al., 2017; Marchese et al., 2017). While these 134 

successive legacy effects must have impacted downstream catchments as well, studies generally focus 135 

on the local consequences in the small-scale upstream basins. A few instances of other contemporary 136 

legacy sedimentation related to land-use changes (agriculture, afforestation or deforestation, mining, 137 

etc.) have been documented, but still in small to medium-sized catchments (Piégay et al., 2004; Dalton 138 

et al., 2014; Buchty-Lemke et al., 2015).  139 

At a larger scale, however, river manipulation arguably represents the most significant perturbation that 140 

recently impacted major European watercourses, along with contamination. Two types of river 141 

engineering associated with distinct time period can generally be distinguished: most infrastructures 142 

related to flood protection and facilitation of navigation (embankments, dikes, groynes, locks) were 143 

implemented in the 18th and 19th century, while infrastructures for hydroelectricity production (reservoirs, 144 

run-of-river dams and flow diversions) were mainly built during the 20th century (Habersack and Piegay, 145 

2007). Construction periods may vary depending on regional or national development disparities: the 146 

first major engineering works in the Netherlands were carried out on the Rhine River in the early 1700s 147 

(Yossef, 2002); on the Oder River in Poland, weirs and groynes were built on a large scale from 1741 148 

to 1896 (Buczyńska et al., 2018); in Hungary, flood-control dykes and groynes were built on the Middle 149 

Danube between 1871 and 1914 (Gupta, 2008) and groynes on the Loire River in France were built in 150 

the beginning of the 20th century (Barraud et al., 2013). Regarding hydropower, the first European plant 151 



was built in 1893 in Serbia (Marković, 2012), and the number of facilities then grew exponentially over 152 

Western Europe during the next century. Even though their period of development is mostly over, 153 

engineering works remain ubiquitous on European rivers (figure 1 and table S1). It is thus surprising that 154 

the concept of legacy sedimentation related to river infrastructures is so underused, although a number 155 

of studies do address geomorphological and sedimentation issues related to engineering (Bravard et 156 

al., 1999; Surian et Rinaldi, 2003; Provansal et al., 2010; Provansal et al., 2014; Poeppl et al., 2015; 157 

Habersack et al., 2016; Arnaud et al., 2019; Tena et al., 2020) –and especially large reservoirs (Kondolf, 158 

1997; Grant, 2012; Kondolf et al., 2014; Heckmann et al., 2017; Piqué et al., 2017) without referring to 159 

the concept of legacy sedimentation. Throughout the rest of the paper, we will focus exclusively on river 160 

training infrastructures (e.g. dikes, groynes, weirs) and run-of-river dams as those engineering works 161 

may be present all along the river corridor and have been far less studied. Sedimentation processes 162 

related to large upstream reservoirs are also critical for river corridors morphology (Teal, 2011; Liro et 163 

al., 2019) and would certainly benefit from the legacy sedimentation perspective, but this topic would 164 

require a paper in its own right. 165 



166 
Figure 1: A non-exhaustive overview of the engineering works on the largest European rivers. Source: OpenStreetMap, see 167 
table S1 in supplementary material 168 

2. Infrastructure-induced legacy sedimentation: an example from the Rhône River 169 

(France) 170 

In order to illustrate the relevance of applying the concept of legacy sediment in European rivers, an 171 

example from the Rhône River in France is briefly presented.  172 

The Rhône is an 8th order 812 km long river that runs from the Furka Glacier in Switzerland to the 173 

Mediterranean Sea; it is the 2nd longest river in France and the first in terms of mean annual discharge 174 

(Olivier et al., 2009). It is a highly engineered watercourse, with numerous dikes and groynes installed 175 

to channelize the river in the second half of the 19th century, and 19 dams along its French course built 176 

between 1948 and 1984 (figure 1 and table S1). Those infrastructures have impacted the river in many 177 

ways: increased slope and transport capacity, reduced sediment load, channel armoring, narrowing and 178 

incision, increased trapping efficiency, etc. (Petit et al., 1996; Bravard et al., 1999; Arnaud-Fassetta, 179 

2003; Parrot, 2015). The study area in this example is located 50 km downstream from the urban area 180 

of Lyon (figure 2.a). It has undergone two periods of engineering and is therefore particularly relevant 181 

to potentially identify infrastructure-induced legacy sediments. Between 1840 and 1880, infrastructures 182 



to channelize the river and facilitate navigation were implemented (mainly lateral training walls and 183 

groynes). In 1977, the reach was restructured for hydropower production: a canal equipped with a lock 184 

and a power plant was dug out and a run-of-river dam was added on the old channel to bypass most of 185 

the discharge of the Rhône in the newly built canal (figure 2.a). 186 

After analysis of the study area evolution since the 1800s, Ground Penetrating Radar (GPR) surveys 187 

and six sediment cores were recovered from the floodplain. The sediment cores were strategically 188 

positioned on the GPR profile so that they would cross interesting sediment structures identified on the 189 

surveys. Multiple analyses were performed on the cores: grain-size, Total Organic Carbon, metallic 190 

elements and PCBs quantification, and 137Cs dating. The comprehensive results are available in Vauclin 191 

et al. (2019), and a few key results are also presented in figure 2.b. This multi-criteria investigation 192 

allowed to identify a distinctive top layer in five out of the six cores, composed of fine (D50 < 100 µm), 193 

homogeneous sediments that cover an unusually wide range of grain-sizes (figure 2.b). This layer is 194 

also contaminated by anthropogenic substances and can be dated by 137Cs trends. Based on the cores 195 

dating, we concluded that these singular floodplain deposits result from the implementation of the 196 

navigation infrastructures built on the Rhône River at the end of the 19th century: they can be described 197 

as infrastructure-induced legacy sediments. We also found out that the hydroelectric development 198 

implemented in the area in 1977 caused sedimentation on the river floodplain to stop altogether, 199 

meaning that the LS deposited in a restricted time-period -comprised between the 1850s and the 1970s 200 

in this site (Vauclin et al., 2019). Finally, by positioning the sediment cores on the Ground Penetrating 201 

Radar surveys (figure 2.c), we established that there is a consistent layer of infrastructure-induced LS 202 

deposited along the study area.  203 



204 

Figure 2: a. Study area of Péage-de-Roussillon on the Rhône River (France) with engineering works highlighted; b. An example 205 

of multi-criteria characterization of a sediment core allowing the identification of a layer of legacy sediments: (from left to 206 

right) grain-size, PCBs concentration and 137Cs activity; c. Ground Penetrating Radar (GPR) survey of a transect of the study 207 

area, with corresponding sediment cores positioned. 208 

Regarding the mechanism responsible for the deposition of these legacy sediments, our assumption is 209 

that the implementation of the navigation infrastructures (i) fixed the river morphology, allowing overbank 210 

sedimentation to take place continuously while floodplain sediments used to be reworked regularly under 211 

the previous braided configuration, and (ii) induced a partial loss of connectivity between the floodplain 212 

and the main channel so that fine sediments kept settling but medium/coarse sediments could not be 213 

transported overbank anymore. The decrease in floodplain/channel connectivity can also be linked to 214 

river narrowing (40% loss of the active channel surface) and incision (up to 2.5 m) following the 215 

implementation of the engineering works (Parrot, 2015; Tena et al., 2020), which might have lessened 216 

overbank flows frequency and magnitude. Additionally, engineering works might have acted as a buffer, 217 

trapping the coarse sediments before they reach the banks and slowing down the overbank flows, which 218 

allowed fine sediment deposition by decantation and/or uniform suspension (Dépret et al., 2017).  219 

Additional findings from two other study areas on the Rhône River (Vauclin et al., 2019) show that legacy 220 

sediments related to the implementation of navigation infrastructures in the 19th century can be identified 221 

along the entire river corridor. We believe that infrastructure-induced legacy sediments might also be 222 

present along most engineered rivers in Europe, although further studies would be needed to ascertain 223 

it.  224 



3. A conceptual comparison between synchronous legacy sedimentation events: 225 

land-use related sedimentation in the USA and infrastructure-induced 226 

sedimentation in the Rhône River. 227 

 228 

The infrastructure-induced sediments characterized on the Rhône River have been described as legacy 229 

sediments on the sole basis that their deposition was influenced by anthropogenic modification of the 230 

river. It appears now interesting to assess how this type of deposit fits in the pre-existing definitions of 231 

legacy sediments and how they compare to the widely described legacy sediments in the eastern USA. 232 

Legacy sediments production as defined by James (2013) is induced by catchment management: it is 233 

primarily driven by human activities that took place at a large scale in the upstream river catchment– 234 

essentially land-use changes (figure 3). The main cause for legacy sedimentation being human-induced 235 

erosion, a key notion to the concept is that there are sources (hillslopes) that produce LS and sinks or 236 

storage zones (mainly valley bottoms) where they deposit temporarily or more permanently. As a result, 237 

LS in the USA are systematically characterized by substantially accelerated rates of sedimentation due 238 

to intensification of uphill erosion (Knox, 2006; Walter et Merritts, 2008; James, 2013;). Wohl (2015) also 239 

highlighted sedimentation rates –either enhanced or reduced- as a key criterion to identify LS.  240 

Meanwhile, infrastructure-induced legacy sediments in the Rhône River are a consequence of river 241 

management rather than catchment alterations (figure 3). The beginning of the legacy sedimentation 242 

episode coincides with the end of the Little Ice Age (around 1850) during which coarse sediment 243 

deposition induced by climate and upstream land-use decline was observed in the Rhône River 244 

catchment: it takes place in a context of overall decreasing sedimentation rates (Liébault and Piégay, 245 

2002; Piégay et al., 2004; Citterio and Piégay, 2009, García-Ruiz and Lana-Renault, 2011). Values of 246 

sediment accumulation rates in the studied LS are average for a European watercourse or slightly 247 

reduced (Vauclin et al., 2019, Tena et al., 2020), but given the overall decrease in sediment load that 248 

characterizes the time period, this finding actually shows that infrastructure-induced LS were produced 249 

by trapping of fine sediments, resulting in sedimentation rates that are standard but still higher than if 250 

there were no river training structures. The key difference with the LS defined by James (2013) is that 251 

infrastructure-induced LS were not “generated” from upstream increased erosion but merely trapped in 252 

river margins following the implementation of navigation infrastructures that fixed the river morphology 253 

and allowed continuous deposition without remobilization of the sediments. Continuing with the “source 254 

and sink” analogy, there is no specific source of sediment for infrastructure-induced LS (the decrease 255 



in upstream sediment inflow mentioned earlier can be considered as a source effect but it does not 256 

generate sediments, on the contrary) but the engineering works did transform the floodplain in a sink for 257 

fine sediments. However, sedimentation rates are not as elevated as for American LS and therefore 258 

cannot be used as a defining characteristic for infrastructure-induced LS. 259 

 According to James (2013), periodicity -i.e. the fact that anthropogenic sediments should be considered 260 

as LS only if they settle during a restricted time-period and in correlation with a clearly identified human 261 

disturbance- is also a requirement for legacy sediments. In the case of the USA legacy sediments, it is 262 

especially relevant as the disturbance from which LS derive (upstream land-use changes) is episodic 263 

(“pulse” disturbance as defined in Brunsden and Thornes, 1979; Rykiel, 1985; Lake, 2003; Piégay et al., 264 

2018), and therefore so is the settlement of LS (figure 3). In the case of the Rhône River LS, the 265 

anthropogenic disturbance is sustained in time (“press” disturbance as defined in Brunsden and 266 

Thornes, 1979; Rykiel, 1985; Lake, 2003; Piégay et al., 2018) as most infrastructures will not likely be 267 

removed in the near future (figure 3). However, the LS still deposited in a restricted time period -between 268 

the 1850s and the implementation of the hydroelectric bypass (1977 in the example presented in section 269 

2)- as a second engineering phase caused a near-total loss of lateral connectivity and the interruption 270 

of floodplain sedimentation. Even without this secondary disturbance, legacy sedimentation would have 271 

likely decreased overtime as the floodplain aggraded, and then stopped once the floodplain could not 272 

be overflowed anymore. Infrastructure-induced LS in the Rhône River therefore do qualify as episodic, 273 

although for slightly different reasons than the American legacy sediments. 274 

American LS can often be identified visually as they tend to form high terraces disconnected from the 275 

channel. That is not the case of the infrastructure-induced LS on the Rhône River that form a relatively 276 

thin layer (up to 1 m observed in Vauclin et al., 2019 and up to 2.5 m according to Tena et al., 2020) 277 

that does not always stand out in comparison to the channel level. Regarding sedimentological 278 

characteristics, besides important sedimentation rates, American LS can sometimes also be 279 

distinguished from earlier alluvium by lower organic carbon contents (Weitzman et al., 2014; Johnson 280 

et al., 2018; Dearman and James, 2019), lower bulk density and lower stratification (Dearman and 281 

James, 2019). The grain-size, however, can be similar in both sediment units (Dearman and James, 282 

2019) and therefore cannot be used as a discerning criterion. Meanwhile, LS on the Rhône River were 283 

formed by preferential deposition of the fine fraction: smaller and homogeneous grain-size constitutes 284 

the main criterion to differentiate LS from the underlying sediments. Contrary to the American LS, the 285 



organic carbon content was found to be slightly higher in the infrastructure-induced LS than in the 286 

underlying sediments (Vauclin et al., 2019), although this is likely due to terrestrialization and vegetation 287 

development on the LS. An additional criterion to characterize LS might be the contaminants repartition. 288 

Metallic elements tend to be more retained in infrastructure-induced LS (due to a matrix effect) 289 

compared to earlier alluvium, and the early trend of PCBs contamination is recorded in the top part of 290 

the LS exclusively. Besides, American LS are often characterized by important levels of metallic 291 

contaminants or excess nutrients (Niemitz et al., 2013, Pavlowsky et al., 2017).  292 

 293 

Figure 3: A comparison of the forcings, mechanisms and resulting characteristics of legacy sediments in the New World 294 
countries and on the Rhône River 295 



These considerations lead us to suggest criteria -inspired from previous works (James, 2013; Wohl, 296 

2015) and with additional findings from this study- to formally identify legacy sediments, whether in 297 

Europe or in the New World countries. Legacy sediments should: 298 

- Result from human disturbance of the river corridor (e.g. pulse of sediment due to upland 299 

grazing and erosion, increased trapping efficiency from river training structures, etc.), 300 

- Be associated with a restricted time-period related to the human disturbance, 301 

- Display significant modifications of their characteristics due to the human-induced change in 302 

sedimentation processes; the affected characteristics may be of various types: accumulation 303 

rates, typology (grain-size, density, organic carbon content, magnetic susceptibility, macro-304 

remains, etc.), contamination, etc. 305 

Conclusion: 306 

In this viewpoint paper, we highlighted the concept of infrastructure-induced legacy sediments from an 307 

example on the Rhône River (France) and found out that they differ from the widely described post-308 

settlement sediments from the New World countries in terms of causes, genesis and discriminating 309 

characteristics. Due to the ubiquity of engineering works along European large rivers, we believe that 310 

such deposits are widely spread in Europe and require further investigation on other major rivers. While 311 

this paper focused on the European context, the topic of infrastructure-induced LS is also relevant in 312 

most watercourses around the world, as few catchments remain pristine from anthropogenic 313 

manipulation (Grill et al., 2019). Even in the USA, Australia and New-Zealand, where the most obvious 314 

legacy is related to land-use changes, investigating potential legacy effects due to river training might 315 

prove useful for a comprehensive assessment of human impacts on river corridors (e.g. Smith and 316 

Winkley, 1996; Remo et al, 2009; Remo et al., 2018) and the definition of pertinent restoration 317 

guidelines. Additionally, legacy sedimentation related to large dams remains understudied all over the 318 

world. In particular, sedimentation processes upstream reservoirs that result in subaerial deltas(or 319 

artificial riparian zones) seems to qualify as legacy sedimentation and constitute an important 320 

sedimentological, geomorphological and ecological challenge (Teal, 2011; Tang et al., 2014; Volke et 321 

al., 2015; Tang et al., 2016; Liro, 2019).  322 

A growing number of river restoration projects are being implemented –mainly in industrialized countries- 323 

in an attempt to mitigate the effects of human activities and river training on hydrosystems. In the USA, 324 

more than 37 000 restoration programs were identified between 1990 and 2003, with a total cost 325 



exceeding $17 billion (Bernhardt et al., 2005). In Europe, the Water Framework Directive (WFD, 2000) 326 

set the achievement of a good ecological status as a legal requirement, with hydromorphological 327 

characteristics recognized as key factors to reach this objective. Numerous restoration projects were 328 

instigated as a consequence: for example, more than 500 restoration schemes have already been 329 

implemented in France between 2013 and 2018, while over 2000 schemes have been carried out in 330 

Denmark (Brown et al., 2018). On the Rhône River, a major restoration program was launched in 1998 331 

(Lamouroux et al., 2015) with variable results from bioassessments conducted on the rehabilitated 332 

reaches (Dolédec et al., 2015). In that context, investigating infrastructure-induced legacy sediments is 333 

essential to define relevant reference conditions that can be used as a goal for an efficient restoration 334 

(Wohl, 2018).  335 

 336 

References 337 

 338 

Arnaud, F., Piégay, H., Schmitt, L., Rollet, A.J., Ferrier, V., Béal, D., 2015. Historical geomorphic 339 
analysis (1932–2011) of a by-passed river reach in process-based restoration perspectives: The 340 
Old Rhine downstream of the Kembs diversion dam (France, Germany). Geomorphology 236, 341 
163–177. https://doi.org/10.1016/j.geomorph.2015.02.009 342 

Arnaud, F., Schmitt, L., Johnstone, K., Rollet, A.-J., Piégay, H., 2019. Engineering impacts on the 343 
Upper Rhine channel and floodplain over two centuries. Geomorphology 330, 13–27. 344 
https://doi.org/10.1016/j.geomorph.2019.01.004 345 

Arnaud-Fassetta, G., 2003. River channel changes in the Rhone Delta (France) since the end of the 346 
Little Ice Age: geomorphological adjustment to hydroclimatic change and natural resource 347 
management. CATENA 51, 141–172. https://doi.org/10.1016/S0341-8162(02)00093-0 348 

Babiński, Z., 1992. Hydromorphological consequences of regulating the lower vistula, Poland. 349 
Regulated Rivers: Research & Management 7, 337–348. https://doi.org/10.1002/rrr.3450070404 350 

Barraud, R., Carcaud, N., Davodeau, H., Montembault, D., Pordoy, C., 2013. Les épis de la Loire 351 
armoricaine, un héritage à la patrimonialité incertaine. Norois. Environnement, aménagement, 352 
société 39–52. https://doi.org/10.4000/norois.4729 353 

Bebi, P., Seidl, R., Motta, R., Fuhr, M., Firm, D., Krumm, F., Conedera, M., Ginzler, C., Wohlgemuth, 354 
T., Kulakowski, D., 2017. Changes of forest cover and disturbance regimes in the mountain 355 
forests of the Alps. Forest Ecology and Management, Ecology of Mountain Forest Ecosystems in 356 
Europe 388, 43–56. https://doi.org/10.1016/j.foreco.2016.10.028 357 

Bernhardt, E.S., Palmer, M.A., Allan, J.D., Alexander, G., Barnas, K., Brooks, S., Carr, J., Clayton, S., 358 
Dahm, C., Follstad-Shah, J., Galat, D., Gloss, S., Goodwin, P., Hart, D., Hassett, B., Jenkinson, 359 
R., Katz, S., Kondolf, G.M., Lake, P.S., Lave, R., Meyer, J.L., O’Donnell, T.K., Pagano, L., 360 
Powell, B., Sudduth, E., 2005. Synthesizing U.S. River Restoration Efforts. Science 308, 636–361 
637. https://doi.org/10.1126/science.1109769 362 

Bravard, J.-P., Landon, N., Peiry, J.-L., Piégay, H., 1999. Principles of engineering geomorphology for 363 
managing channel erosion and bedload transport, examples from French rivers. Geomorphology 364 
31, 291–311. https://doi.org/10.1016/S0169-555X(99)00091-4 365 

https://doi.org/10.1016/j.geomorph.2015.02.009
https://doi.org/10.1016/j.geomorph.2019.01.004
https://doi.org/10.1016/S0341-8162(02)00093-0
https://doi.org/10.1002/rrr.3450070404
https://doi.org/10.4000/norois.4729
https://doi.org/10.1016/j.foreco.2016.10.028
https://doi.org/10.1126/science.1109769
https://doi.org/10.1016/S0169-555X(99)00091-4


Brooks, A.P., Brierley, G.J., 1997. Geomorphic responses of lower Bega River to catchment 366 
disturbance, 1851–1926. Geomorphology 18, 291–304. https://doi.org/10.1016/S0169-367 
555X(96)00033-5 368 

Brown, A.G., 2009. Colluvial and alluvial response to land use change in Midland England: An 369 
integrated geoarchaeological approach. Geomorphology, Climate and long-term human impact 370 
on sediment fluxes in watershed systems 108, 92–106. 371 
https://doi.org/10.1016/j.geomorph.2007.12.021 372 

Brown, A.G., Lespez, L., Sear, D.A., Macaire, J.-J., Houben, P., Klimek, K., Brazier, R.E., Van Oost, 373 
K., Pears, B., 2018. Natural vs anthropogenic streams in Europe: History, ecology and 374 
implications for restoration, river-rewilding and riverine ecosystem services. Earth-Science 375 
Reviews 180, 185–205. https://doi.org/10.1016/j.earscirev.2018.02.001 376 

Brunsden, D., Thornes, J.B., 1979. Landscape Sensitivity and Change. Transactions of the Institute of 377 
British Geographers 4, 463–484. https://doi.org/10.2307/622210 378 

Buchty-Lemke, M., Lehmkuhl, F., Frings, R., Henkel, S., Schwarzbauer, J., 2015. Mining Subsidence-379 
generated legacy sediments in a Mid-European low-order stream floodplain as an archive for 380 
historic human activity and flooding events. 381 

Buczyńska, E., Szlauer-Łukaszewska, A., Czachorowski, S., Buczyński, P., 2018. Human impact on 382 
large rivers: the influence of groynes of the River Oder on larval assemblages of caddisflies 383 
(Trichoptera). Hydrobiologia 819, 177–195. https://doi.org/10.1007/s10750-018-3636-6 384 

Citterio, A., Piégay, H., 2009. Overbank sedimentation rates in former channel lakes: characterization 385 
and control factors. Sedimentology 56, 461–482. https://doi.org/10.1111/j.1365-386 
3091.2008.00979.x 387 

Clement, A.J.H., Nováková, T., Hudson-Edwards, K.A., Fuller, I.C., Macklin, M.G., Fox, E.G., Zapico, 388 
I., 2017. The environmental and geomorphological impacts of historical gold mining in the 389 
Ohinemuri and Waihou river catchments, Coromandel, New Zealand. Geomorphology 295, 159–390 
175. https://doi.org/10.1016/j.geomorph.2017.06.011 391 

Dalton, C., O’Dwyer, B., Taylor, D., de Eyto, E., Jennings, E., Chen, G., Poole, R., Dillane, M., 392 
McGinnity, P., 2014. Anthropocene environmental change in an internationally important 393 
oligotrophic catchment on the Atlantic seaboard of western Europe. Anthropocene 5, 9–21. 394 
https://doi.org/10.1016/j.ancene.2014.06.003 395 

Davies, P., Lawrence, S., Turnbull, J., Rutherfurd, I., Grove, J., Silvester, E., Baldwin, D., Macklin, M., 396 
2018. Reconstruction of historical riverine sediment production on the goldfields of Victoria, 397 
Australia. Anthropocene 21, 1–15. https://doi.org/10.1016/j.ancene.2017.11.005 398 

Dearman, T.L., James, L.A., 2019. Patterns of legacy sediment deposits in a small South Carolina 399 
Piedmont catchment, USA. Geomorphology 343, 1–14. 400 
https://doi.org/10.1016/j.geomorph.2019.05.018 401 

Delile, H., Schmitt, L., Jacob-Rousseau, N., Grosprêtre, L., Privolt, G., Preusser, F., 2016. Headwater 402 
valley response to climate and land use changes during the Little Ice Age in the Massif Central 403 
(Yzeron basin, France). Geomorphology 257, 179–197. 404 
https://doi.org/10.1016/j.geomorph.2016.01.010 405 

Dennis, I.A., Coulthard, T.J., Brewer, P., Macklin, M.G., 2009. The role of floodplains in attenuating 406 
contaminated sediment fluxes in formerly mined drainage basins. Earth Surface Processes and 407 
Landforms 34, 453–466. https://doi.org/10.1002/esp.1762 408 

Dépret, T., Riquier, J., Piégay, H., 2017. Evolution of abandoned channels: Insights on controlling 409 
factors in a multi-pressure river system. Geomorphology, Anthropogenic Sedimentation 294, 99–410 
118. https://doi.org/10.1016/j.geomorph.2017.01.036 411 

https://doi.org/10.1016/S0169-555X(96)00033-5
https://doi.org/10.1016/S0169-555X(96)00033-5
https://doi.org/10.1016/j.geomorph.2007.12.021
https://doi.org/10.1016/j.earscirev.2018.02.001
https://doi.org/10.2307/622210
https://doi.org/10.1007/s10750-018-3636-6
https://doi.org/10.1111/j.1365-3091.2008.00979.x
https://doi.org/10.1111/j.1365-3091.2008.00979.x
https://doi.org/10.1016/j.geomorph.2017.06.011
https://doi.org/10.1016/j.ancene.2014.06.003
https://doi.org/10.1016/j.ancene.2017.11.005
https://doi.org/10.1016/j.geomorph.2019.05.018
https://doi.org/10.1016/j.geomorph.2016.01.010
https://doi.org/10.1002/esp.1762
https://doi.org/10.1016/j.geomorph.2017.01.036


Descy, J.-P., 2009. Chapter 5 - Continental Atlantic Rivers, in: Tockner, K., Uehlinger, U., Robinson, 412 
C.T. (Eds.), Rivers of Europe. Academic Press, London, pp. 151–198. 413 
https://doi.org/10.1016/B978-0-12-369449-2.00005-9 414 

Dolédec, S., Forcellini, M., Olivier, J.-M., Roset, N., 2015. Effects of large river restoration on currently 415 
used bioindicators and alternative metrics. Freshwater Biology 60, 1221–1236. 416 
https://doi.org/10.1111/fwb.12554 417 

Donovan, M., Miller, A., Baker, M., Gellis, A., 2015. Sediment contributions from floodplains and 418 
legacy sediments to Piedmont streams of Baltimore County, Maryland. Geomorphology 235, 88–419 
105. https://doi.org/10.1016/j.geomorph.2015.01.025 420 

Dotterweich, M., 2013. The history of human-induced soil erosion: Geomorphic legacies, early 421 
descriptions and research, and the development of soil conservation—A global synopsis. 422 
Geomorphology 201, 1–34. https://doi.org/10.1016/j.geomorph.2013.07.021 423 

Dotterweich, M., 2008. The history of soil erosion and fluvial deposits in small catchments of central 424 
Europe: Deciphering the long-term interaction between humans and the environment — A 425 
review. Geomorphology, The 39th Annual Binghamton Geomorphology Symposium: Fluvial 426 
Deposits and Environmental History: Geoarchaeology, Paleohydrology, and Adjustment to 427 
Environmental Change 101, 192–208. https://doi.org/10.1016/j.geomorph.2008.05.023 428 

Dotterweich, M., 2005. High-resolution reconstruction of a 1300 year old gully system in northern 429 
Bavaria, Germany: a basis for modelling long-term human-induced landscape evolution. The 430 
Holocene 15, 994–1005. https://doi.org/10.1191/0959683605hl873ra 431 

Dotterweich, M., Rodzik, J., Zgłobicki, W., Schmitt, A., Schmidtchen, G., Bork, H.-R., 2012. High 432 
resolution gully erosion and sedimentation processes, and land use changes since the Bronze 433 
Age and future trajectories in the Kazimierz Dolny area (Nałęczów Plateau, SE-Poland). 434 
CATENA 95, 50–62. https://doi.org/10.1016/j.catena.2012.03.001 435 

Downs, P.W., Piégay, H., 2019. Catchment-scale cumulative impact of human activities on river 436 
channels in the late Anthropocene: implications, limitations, prospect. Geomorphology 338, 88–437 
104. https://doi.org/10.1016/j.geomorph.2019.03.021 438 

Eschbach, D., Schmitt, L., Imfeld, G., May, J.-H., Payraudeau, S., Preusser, F., Trauerstein, M., 439 
Skupinski, G., 2018. Long-term temporal trajectories to enhance restoration efficiency and 440 
sustainability on large rivers: an interdisciplinary study. Hydrology and Earth System Sciences 441 
22, 2717–2737. https://doi.org/10.5194/hess-22-2717-2018 442 

Fryirs, K., 2013. (Dis)Connectivity in catchment sediment cascades: a fresh look at the sediment 443 
delivery problem. Earth Surf. Process. Landforms 38, 30–46. https://doi.org/10.1002/esp.3242 444 

Fuller, I.C., Death, R.G., 2018. The science of connected ecosystems: What is the role of catchment-445 
scale connectivity for healthy river ecology? Land Degradation & Development 29, 1413–1426. 446 
https://doi.org/10.1002/ldr.2903 447 

Fuller, I.C., Macklin, M.G., Richardson, J.M., 2015. The Geography of the Anthropocene in New 448 
Zealand: Differential River Catchment Response to Human Impact. Geographical Research 53, 449 
255–269. https://doi.org/10.1111/1745-5871.12121 450 

García-Ruiz, J.M., Lana-Renault, N., 2011. Hydrological and erosive consequences of farmland 451 
abandonment in Europe, with special reference to the Mediterranean region – A review. 452 
Agriculture, Ecosystems & Environment 140, 317–338. 453 
https://doi.org/10.1016/j.agee.2011.01.003 454 

Grant, G.E., 2012. The Geomorphic Response of Gravel-Bed Rivers to Dams: Perspectives and 455 
Prospects, in: Church, M., Biron, P.M., Roy, A.G. (Eds.), Gravel-Bed Rivers. John Wiley & Sons, 456 
Ltd, Chichester, UK, pp. 165–181. https://doi.org/10.1002/9781119952497.ch15 457 

https://doi.org/10.1016/B978-0-12-369449-2.00005-9
https://doi.org/10.1111/fwb.12554
https://doi.org/10.1016/j.geomorph.2015.01.025
https://doi.org/10.1016/j.geomorph.2013.07.021
https://doi.org/10.1016/j.geomorph.2008.05.023
https://doi.org/10.1191/0959683605hl873ra
https://doi.org/10.1016/j.catena.2012.03.001
https://doi.org/10.1016/j.geomorph.2019.03.021
https://doi.org/10.5194/hess-22-2717-2018
https://doi.org/10.1002/esp.3242
https://doi.org/10.1002/ldr.2903
https://doi.org/10.1111/1745-5871.12121
https://doi.org/10.1016/j.agee.2011.01.003
https://doi.org/10.1002/9781119952497.ch15


Grill, G., Lehner, B., Thieme, M., Geenen, B., Tickner, D., Antonelli, F., Babu, S., Borrelli, P., Cheng, 458 
L., Crochetiere, H., Macedo, H.E., Filgueiras, R., Goichot, M., Higgins, J., Hogan, Z., Lip, B., 459 
McClain, M.E., Meng, J., Mulligan, M., Nilsson, C., Olden, J.D., Opperman, J.J., Petry, P., 460 
Liermann, C.R., Saenz, L., Salinas-Rodriguez, S., Schelle, P., Schmitt, R.J.P., Snider, J., Tan, 461 
F., Tockner, K., Valdujo, P.H., van Soesbergen, A., Zarfl, C., 2019. Mapping the world&apos;s 462 
free-flowing rivers. Nature 569, 215–221. 463 

Gupta, A., 2008. Large Rivers: Geomorphology and Management. John Wiley & Sons. 464 

Habersack, H., Hein, T., Stanica, A., Liska, I., Mair, R., Jäger, E., Hauer, C., Bradley, C., 2016. 465 
Challenges of river basin management: Current status of, and prospects for, the River Danube 466 
from a river engineering perspective. Science of The Total Environment 543, 828–845. 467 
https://doi.org/10.1016/j.scitotenv.2015.10.123 468 

Habersack, H., Piégay, H., 2007. 27 River restoration in the Alps and their surroundings: past 469 
experience and future challenges, in: Habersack, H., Piégay, H., Rinaldi, M. (Eds.), 470 
Developments in Earth Surface Processes, Gravel-Bed Rivers VI: From Process Understanding 471 
to River Restoration. Elsevier, pp. 703–735. https://doi.org/10.1016/S0928-2025(07)11161-5 472 

Happ, S.C., Rittenhouse, G., Dobson, G.C., 1940. Some Principles of Accelerated Stream and Valley 473 
Sedimentation. U.S. Department of Agriculture. 474 

Heckmann, T., Haas, F., Abel, J., Rimböck, A., Becht, M., 2017. Feeding the hungry river: Fluvial 475 
morphodynamics and the entrainment of artificially inserted sediment at the dammed river Isar, 476 
Eastern Alps, Germany. Geomorphology, SEDIMENT DYNAMICS IN ALPINE BASINS 291, 477 
128–142. https://doi.org/10.1016/j.geomorph.2017.01.025 478 

Henning, M., Hentschel, B., 2013. Sedimentation and flow patterns induced by regular and modified 479 
groynes on the River Elbe, Germany. Ecohydrology 6, 598–610. 480 
https://doi.org/10.1002/eco.1398 481 

Hoffmann, T., Erkens, G., Cohen, K.M., Houben, P., Seidel, J., Dikau, R., 2007. Holocene floodplain 482 
sediment storage and hillslope erosion within the Rhine catchment. The Holocene 17, 105–118. 483 
https://doi.org/10.1177/0959683607073287 484 

Houben, P., 2008. Scale linkage and contingency effects of field-scale and hillslope-scale controls of 485 
long-term soil erosion: Anthropogeomorphic sediment flux in agricultural loess watersheds of 486 
Southern Germany. Geomorphology, The 39th Annual Binghamton Geomorphology Symposium: 487 
Fluvial Deposits and Environmental History: Geoarchaeology, Paleohydrology, and Adjustment 488 
to Environmental Change 101, 172–191. https://doi.org/10.1016/j.geomorph.2008.06.007 489 

Hupp, C.R., Noe, G.B., Schenk, E.R., Benthem, A.J., 2013. Recent and historic sediment dynamics 490 
along Difficult Run, a suburban Virginia Piedmont stream. Geomorphology 180–181, 156–169. 491 
https://doi.org/10.1016/j.geomorph.2012.10.007 492 

International Commission for the Protection of the River Elbe, 2005. Flood Protection - IKSE [WWW 493 
Document]. URL https://www.ikse-mkol.org/en/themen/hochwasserschutz/ (accessed 2.21.20). 494 

James, L.A., 2013. Legacy sediment: Definitions and processes of episodically produced 495 
anthropogenic sediment. Anthropocene, Geomorphology of the Anthropocene: Understanding 496 
The Surficial Legacy of Past and Present Human Activities 2, 16–26. 497 
https://doi.org/10.1016/j.ancene.2013.04.001 498 

James, L.A., Lecce, S.A., 2013. Impacts of land-use and land-cover change on river systems, in: 499 
Treatise on Geomorphology, Fluvial Geomorphology. Academic Press, San Diego, pp. 768–793. 500 

Johnson, K.M., Snyder, N.P., Castle, S., Hopkins, A.J., Waltner, M., Merritts, D.J., Walter, R.C., 2018. 501 
Legacy sediment storage in New England river valleys: Anthropogenic processes in a postglacial 502 
landscape. Geomorphology. https://doi.org/10.1016/j.geomorph.2018.11.017 503 

https://doi.org/10.1016/j.scitotenv.2015.10.123
https://doi.org/10.1016/S0928-2025(07)11161-5
https://doi.org/10.1016/j.geomorph.2017.01.025
https://doi.org/10.1002/eco.1398
https://doi.org/10.1177/0959683607073287
https://doi.org/10.1016/j.geomorph.2008.06.007
https://doi.org/10.1016/j.geomorph.2012.10.007
https://www.ikse-mkol.org/en/themen/hochwasserschutz/
https://doi.org/10.1016/j.ancene.2013.04.001
https://doi.org/10.1016/j.geomorph.2018.11.017


Knox, J.C., 2006. Floodplain sedimentation in the Upper Mississippi Valley: Natural versus human 504 
accelerated. Geomorphology, 37th Binghamton Geomorphology Symposium 79, 286–310. 505 
https://doi.org/10.1016/j.geomorph.2006.06.031 506 

Knox, J.C., 1972. Valley Alluviation in Southwestern Wisconsin*. Annals of the Association of 507 
American Geographers 62, 401–410. https://doi.org/10.1111/j.1467-8306.1972.tb00872.x 508 

Kondolf, G.M., 1997. PROFILE: Hungry Water: Effects of Dams and Gravel Mining on River Channels. 509 
Environmental Management 21, 533–551. https://doi.org/10.1007/s002679900048 510 

Kondolf, G.M., Gao, Y., Annandale, G.W., Morris, G.L., Jiang, E., Zhang, J., Cao, Y., Carling, P., Fu, 511 
K., Guo, Q., Hotchkiss, R., Peteuil, C., Sumi, T., Wang, H.-W., Wang, Z., Wei, Z., Wu, B., Wu, C., 512 
Yang, C.T., 2014. Sustainable sediment management in reservoirs and regulated rivers: 513 
Experiences from five continents. Earth’s Future 2, 256–280. 514 
https://doi.org/10.1002/2013EF000184 515 

Lake, P.S., 2003. Ecological effects of perturbation by drought in flowing waters. Freshwater Biology 516 
48, 1161–1172. https://doi.org/10.1046/j.1365-2427.2003.01086.x 517 

Lammersen, R., Engel, H., van de Langemheen, W., Buiteveld, H., 2002. Impact of river training and 518 
retention measures on flood peaks along the Rhine. Journal of Hydrology, Advances in Flood 519 
Research 267, 115–124. https://doi.org/10.1016/S0022-1694(02)00144-0 520 

Lamouroux, N., Gore, J.A., Lepori, F., Statzner, B., 2015. The ecological restoration of large rivers 521 
needs science-based, predictive tools meeting public expectations: an overview of the Rhône 522 
project. Freshwater Biology 60, 1069–1084. https://doi.org/10.1111/fwb.12553 523 

Lang, A., Bork, H.-R., Mäckel, R., Preston, N., Wunderlich, J., Dikau, R., 2003. Changes in sediment 524 
flux and storage within a fluvial system: some examples from the Rhine catchment. Hydrol. 525 
Process. 17, 3321–3334. https://doi.org/10.1002/hyp.1389 526 

Lecce, S.A., Pavlowsky, R.T., 2001. Use of mining-contaminated sediment tracers to investigate the 527 
timing and rates of historical flood plain sedimentation. Geomorphology 38, 85–108. 528 
https://doi.org/10.1016/S0169-555X(00)00071-4 529 

Lespez, L., Clet-Pellerin, M., Limondin-Lozouet, N., Pastre, J.-F., Fontugne, M., Marcigny, C., 2008. 530 
Fluvial system evolution and environmental changes during the Holocene in the Mue valley 531 
(Western France). Geomorphology 98, 55–70. https://doi.org/10.1016/j.geomorph.2007.02.029 532 

Lespez, L., Viel, V., Rollet, A.J., Delahaye, D., 2015. The anthropogenic nature of present-day low 533 
energy rivers in western France and implications for current restoration projects. 534 
Geomorphology, Emerging geomorphic approaches to guide river management practices 251, 535 
64–76. https://doi.org/10.1016/j.geomorph.2015.05.015 536 

Liébault, F., Gomez, B., Page, M., Marden, M., Peacock, D., Richard, D., Trotter, C.M., 2005. Land-537 
use change, sediment production and channel response in upland regions. River Research and 538 
Applications 21, 739–756. https://doi.org/10.1002/rra.880 539 

Liébault, F., Piégay, H., 2002. Causes of 20th century channel narrowing in mountain and piedmont 540 
rivers of southeastern France. Earth Surface Processes and Landforms 27, 425–444. 541 
https://doi.org/10.1002/esp.328 542 

Liro, M., 2019. Dam reservoir backwater as a field-scale laboratory of human-induced changes in river 543 
biogeomorphology: A review focused on gravel-bed rivers. Science of The Total Environment 544 
651, 2899–2912. https://doi.org/10.1016/j.scitotenv.2018.10.138 545 

Macklin, M.G., Jones, A.F., Lewin, J., 2010. River response to rapid Holocene environmental change: 546 
evidence and explanation in British catchments. Quaternary Science Reviews, Climate Variability 547 
of the British Isles and Adjoining Seas 29, 1555–1576. 548 
https://doi.org/10.1016/j.quascirev.2009.06.010 549 

https://doi.org/10.1016/j.geomorph.2006.06.031
https://doi.org/10.1111/j.1467-8306.1972.tb00872.x
https://doi.org/10.1007/s002679900048
https://doi.org/10.1002/2013EF000184
https://doi.org/10.1046/j.1365-2427.2003.01086.x
https://doi.org/10.1016/S0022-1694(02)00144-0
https://doi.org/10.1111/fwb.12553
https://doi.org/10.1002/hyp.1389
https://doi.org/10.1016/S0169-555X(00)00071-4
https://doi.org/10.1016/j.geomorph.2007.02.029
https://doi.org/10.1016/j.geomorph.2015.05.015
https://doi.org/10.1002/rra.880
https://doi.org/10.1002/esp.328
https://doi.org/10.1016/j.scitotenv.2018.10.138
https://doi.org/10.1016/j.quascirev.2009.06.010


Macklin, M.G., Lewin, J., 2008. Alluvial responses to the changing Earth system. Earth Surface 550 
Processes and Landforms 33, 1374–1395. https://doi.org/10.1002/esp.1714 551 

Magilligan, F.J., 1992. Sedimentology of a fine-grained aggrading floodplain. Geomorphology 4, 393–552 
408. https://doi.org/10.1016/0169-555X(92)90034-L 553 

Marchese, E., Scorpio, V., Fuller, I., McColl, S., Comiti, F., 2017. Morphological changes in Alpine 554 
rivers following the end of the Little Ice Age. Geomorphology 295, 811–826. 555 
https://doi.org/10.1016/j.geomorph.2017.07.018 556 

Marković, S., Lazović, T., Milović, L., Stojiljković, B., 2012. The First Hydroelectric Power Plant in the 557 
Balkans Built on the Basis of Tesla’s Principles, in: Koetsier, T., Ceccarelli, M. (Eds.), 558 
Explorations in the History of Machines and Mechanisms, History of Mechanism and Machine 559 
Science. Springer Netherlands, Dordrecht, pp. 395–406. https://doi.org/10.1007/978-94-007-560 
4132-4_27 561 

Martin, C.W., 2015. Trace metal storage in recent floodplain sediments along the Dill River, central 562 
Germany. Geomorphology 235, 52–62. https://doi.org/10.1016/j.geomorph.2015.01.032 563 

Mather, A.S., Fairbairn, J., Needle, C.L., 1999. The course and drivers of the forest transition: The 564 
case of France. Journal of Rural Studies 15, 65–90. https://doi.org/10.1016/S0743-565 
0167(98)00023-0 566 

Mensing, S., Tunno, I., Cifani, G., Passigli, S., Noble, P., Archer, C., Piovesan, G., 2016. Human and 567 
climatically induced environmental change in the Mediterranean during the Medieval Climate 568 
Anomaly and Little Ice Age: A case from central Italy. Anthropocene 15, 49–59. 569 
https://doi.org/10.1016/j.ancene.2016.01.003 570 

Merritts, D., Walter, R., Rahnis, M., Hartranft, J., Cox, S., Gellis, A., Potter, N., Hilgartner, W., 571 
Langland, M., Manion, L., Lippincott, C., Siddiqui, S., Rehman, Z., Scheid, C., Kratz, L., Shilling, 572 
A., Jenschke, M., Datin, K., Cranmer, E., Reed, A., Matuszewski, D., Voli, M., Ohlson, E., 573 
Neugebauer, A., Ahamed, A., Neal, C., Winter, A., Becker, S., 2011. Anthropocene streams and 574 
base-level controls from historic dams in the unglaciated mid-Atlantic region, USA. Philosophical 575 
Transactions of the Royal Society of London A: Mathematical, Physical and Engineering 576 
Sciences 369, 976–1009. https://doi.org/10.1098/rsta.2010.0335 577 

Niemitz, J., Haynes, C., Lasher, G., 2013. Legacy sediments and historic land use: 578 
Chemostratigraphic evidence for excess nutrient and heavy metal sources and remobilization. 579 
Geology 41, 47–50. https://doi.org/10.1130/G33547.1 580 

Nováková, T., Kotková, K., Elznicová, J., Strnad, L., Engel, Z., Matys Grygar, T., 2015. Pollutant 581 
dispersal and stability in a severely polluted floodplain: A case study in the Litavka River, Czech 582 
Republic. Journal of Geochemical Exploration 156, 131–144. 583 
https://doi.org/10.1016/j.gexplo.2015.05.006 584 

Novotny, V., 2004. Simplified Databased Total Maximum Daily Loads, or the World is Log-Normal. 585 
Journal of Environmental Engineering 130, 674–683. https://doi.org/10.1061/(ASCE)0733-586 
9372(2004)130:6(674) 587 

Olivier, J.-M., Dole-Olivier, M.-J., Amoros, C., Carrel, G., Malard, F., Lamouroux, N., Bravard, J.-P., 588 
2009. Chapter 7 - The Rhône River Basin, in: Tockner, K., Uehlinger, U., Robinson, C.T. (Eds.), 589 
Rivers of Europe. Academic Press, London, pp. 247–295. https://doi.org/10.1016/B978-0-12-590 
369449-2.00007-2 591 

Parrot, E., 2015. Analyse spatio-temporelle de la morphologie du chenal du Rhône du Léman à la 592 
Méditerranée (thesis). Lyon 3. 593 

Pavlowsky, R.T., Lecce, S.A., Owen, M.R., Martin, D.J., 2017. Legacy sediment, lead, and zinc 594 
storage in channel and floodplain deposits of the Big River, Old Lead Belt Mining District, 595 
Missouri, USA. Geomorphology 299, 54–75. https://doi.org/10.1016/j.geomorph.2017.08.042 596 

https://doi.org/10.1002/esp.1714
https://doi.org/10.1016/0169-555X(92)90034-L
https://doi.org/10.1016/j.geomorph.2017.07.018
https://doi.org/10.1007/978-94-007-4132-4_27
https://doi.org/10.1007/978-94-007-4132-4_27
https://doi.org/10.1016/j.geomorph.2015.01.032
https://doi.org/10.1016/S0743-0167(98)00023-0
https://doi.org/10.1016/S0743-0167(98)00023-0
https://doi.org/10.1016/j.ancene.2016.01.003
https://doi.org/10.1098/rsta.2010.0335
https://doi.org/10.1130/G33547.1
https://doi.org/10.1016/j.gexplo.2015.05.006
https://doi.org/10.1061/(ASCE)0733-9372(2004)130:6(674)
https://doi.org/10.1061/(ASCE)0733-9372(2004)130:6(674)
https://doi.org/10.1016/B978-0-12-369449-2.00007-2
https://doi.org/10.1016/B978-0-12-369449-2.00007-2
https://doi.org/10.1016/j.geomorph.2017.08.042


Peck, J.A., Mullen, A., Moore, A., Rumschlag, J.H., 2007. The Legacy Sediment Record within the 597 
Munroe Falls Dam Pool, Cuyahoga River, Summit County, Ohio. Journal of Great Lakes 598 
Research, Great Lakes Sea Lamprey Research Themes. Dam Removals and River Channel 599 
Changes 33, 127–141. https://doi.org/10.3394/0380-1330(2007)33[127:TLSRWT]2.0.CO;2 600 

Petit, F., Poinsart, D., Bravard, J.-P., 1996. Channel incision, gravel mining and bedload transport in 601 
the Rhône river upstream of Lyon, France (“canal de Miribel”). CATENA 26, 209–226. 602 
https://doi.org/10.1016/0341-8162(95)00047-X 603 

Piégay, H., Chabot, A., Le Lay, Y.-F., 2018. Some comments about resilience: From cyclicity to 604 
trajectory, a shift in living and nonliving system theory. Geomorphology 106527. 605 
https://doi.org/10.1016/j.geomorph.2018.09.018 606 

Piégay, H., Walling, D.E., Landon, N., He, Q., Liébault, F., Petiot, R., 2004. Contemporary changes in 607 
sediment yield in an alpine mountain basin due to afforestation (the upper Drôme in France). 608 
CATENA, Geomorphic Impacts of Rapid Environmental Change 55, 183–212. 609 
https://doi.org/10.1016/S0341-8162(03)00118-8 610 

Piqué, G., Batalla, R.J., López, R., Sabater, S., 2017. The fluvial sediment budget of a dammed river 611 
(upper Muga, southern Pyrenees). Geomorphology 293, 211–226. 612 
https://doi.org/10.1016/j.geomorph.2017.05.018 613 

Poeppl, R.E., Keesstra, S.D., Hein, T., 2015. The geomorphic legacy of small dams—An Austrian 614 
study. Anthropocene 10, 43–55. https://doi.org/10.1016/j.ancene.2015.09.003 615 

Poeppl, R.E., Keesstra, S.D., Maroulis, J., 2017. A conceptual connectivity framework for 616 
understanding geomorphic change in human-impacted fluvial systems. Geomorphology, 617 
Connectivity in Geomorphology from Binghamton 2016 277, 237–250. 618 
https://doi.org/10.1016/j.geomorph.2016.07.033 619 

Provansal, M., Dufour, S., Sabatier, F., Anthony, E.J., Raccasi, G., Robresco, S., 2014. The 620 
geomorphic evolution and sediment balance of the lower Rhône River (southern France) over 621 
the last 130years: Hydropower dams versus other control factors. Geomorphology 219, 27–41. 622 
https://doi.org/10.1016/j.geomorph.2014.04.033 623 

Provansal, M., Villiet, J., Eyrolle, F., Raccasi, G., Gurriaran, R., Antonelli, C., 2010. High-resolution 624 
evaluation of recent bank accretion rate of the managed Rhone: A case study by multi-proxy 625 
approach. Geomorphology, Introduction to Management of Large Rivers 117, 287–297. 626 
https://doi.org/10.1016/j.geomorph.2009.01.017 627 

Pusch, M., Behrendt, H., Gancarczyk, A., Kronvang, B., Sandin, L., Stendera, S., Wolter, C., 628 
Andersen, H.E., Fischer, H., Hoffmann, Carl.C., Nowacki, F., Schöll, F., Svendsen, L.M., Bäthe, 629 
J., Friberg, N., Hachoł, J., Pedersen, M.L., Scholten, M., Wnuk-Gławdel, E., 2009. Chapter 14 - 630 
Rivers of the Central European Highlands and Plains, in: Tockner, K., Uehlinger, U., Robinson, 631 
C.T. (Eds.), Rivers of Europe. Academic Press, London, pp. 525–576. 632 
https://doi.org/10.1016/B978-0-12-369449-2.00014-X 633 

Remo, J.W.F., Pinter, N., Heine, R., 2009. The use of retro- and scenario-modeling to assess effects 634 
of 100+ years river of engineering and land-cover change on Middle and Lower Mississippi River 635 
flood stages. Journal of Hydrology 376, 403–416. https://doi.org/10.1016/j.jhydrol.2009.07.049 636 

Remo, J.W.F., Ryherd, J., Ruffner, C.M., Therrell, M.D., 2018. Temporal and spatial patterns of 637 
sedimentation within the batture lands of the middle Mississippi River, USA. Geomorphology 638 
308, 129–141. https://doi.org/10.1016/j.geomorph.2018.02.010 639 

Richardson, J.M., Fuller, I.C., Holt, K.A., Litchfield, N.J., Macklin, M.G., 2014. Rapid post-settlement 640 
floodplain accumulation in Northland, New Zealand. CATENA 113, 292–305. 641 
https://doi.org/10.1016/j.catena.2013.08.013 642 

Rollet, A.J., Piégay, H., Dufour, S., Bornette, G., Persat, H., 2014. Assessment of Consequences of 643 
Sediment Deficit on a Gravel River Bed Downstream of Dams in Restoration Perspectives: 644 

https://doi.org/10.3394/0380-1330(2007)33%5b127:TLSRWT%5d2.0.CO;2
https://doi.org/10.1016/0341-8162(95)00047-X
https://doi.org/10.1016/j.geomorph.2018.09.018
https://doi.org/10.1016/S0341-8162(03)00118-8
https://doi.org/10.1016/j.geomorph.2017.05.018
https://doi.org/10.1016/j.ancene.2015.09.003
https://doi.org/10.1016/j.geomorph.2016.07.033
https://doi.org/10.1016/j.geomorph.2014.04.033
https://doi.org/10.1016/j.geomorph.2009.01.017
https://doi.org/10.1016/B978-0-12-369449-2.00014-X
https://doi.org/10.1016/j.jhydrol.2009.07.049
https://doi.org/10.1016/j.geomorph.2018.02.010
https://doi.org/10.1016/j.catena.2013.08.013


Application of a Multicriteria, Hierarchical and Spatially Explicit Diagnosis. River Research and 645 
Applications 30, 939–953. https://doi.org/10.1002/rra.2689 646 

Rothenberger, M., Hoyt, V., Germanoski, D., Conlon, M., Wilson, J., Hitchings, J., 2017. A risk 647 
assessment study of water quality, biota, and legacy sediment prior to small dam removal in a 648 
tributary to the Delaware River. https://doi.org/10.1007/s10661-017-6060-x 649 

Royall, D., Kennedy, L., 2016. Historical erosion and sedimentation in two small watersheds of the 650 
southern Blue Ridge Mountains, North Carolina, USA. CATENA 143, 174–186. 651 
https://doi.org/10.1016/j.catena.2016.03.020 652 

Rustomji, P., Pietsch, T., 2007. Alluvial sedimentation rates from southeastern Australia indicate post-653 
European settlement landscape recovery. Geomorphology 90, 73–90. 654 
https://doi.org/10.1016/j.geomorph.2007.01.009 655 

Rykiel, E.J., 1985. Towards a definition of ecological disturbance. Australian Journal of Ecology 10, 656 
361–365. https://doi.org/10.1111/j.1442-9993.1985.tb00897.x 657 

Sabater, S., Muñoz, I., Feio, M.J., Romaní, A.M., Graça, M.A.S., 2009. Chapter 4 - The Iberian Rivers, 658 
in: Tockner, K., Uehlinger, U., Robinson, C.T. (Eds.), Rivers of Europe. Academic Press, 659 
London, pp. 113–149. https://doi.org/10.1016/B978-0-12-369449-2.00004-7 660 

Smith, L.M., Winkley, B.R., 1996. The response of the Lower Mississippi River to river engineering. 661 
Engineering Geology 45, 433–455. https://doi.org/10.1016/S0013-7952(96)00025-7 662 

Sommerwerk, N., Hein, T., Schneider-Jacoby, M., Baumgartner, C., Ostojić, A., Siber, R., Bloesch, J., 663 
Paunović, M., Tockner, K., 2009. Chapter 3 - The Danube River Basin, in: Tockner, K., 664 
Uehlinger, U., Robinson, C.T. (Eds.), Rivers of Europe. Academic Press, London, pp. 59–112. 665 
https://doi.org/10.1016/B978-0-12-369449-2.00003-5 666 

Surian, N., Rinaldi, M., 2003. Morphological response to river engineering and management in alluvial 667 
channels in Italy. Geomorphology 50, 307–326. https://doi.org/10.1016/S0169-555X(02)00219-2 668 

Tang, Q., Bao, Y., He, X., Fu, B., Collins, A.L., Zhang, X., 2016. Flow regulation manipulates 669 
contemporary seasonal sedimentary dynamics in the reservoir fluctuation zone of the Three 670 
Gorges Reservoir, China. Science of The Total Environment 548–549, 410–420. 671 
https://doi.org/10.1016/j.scitotenv.2015.12.158 672 

Tang, Q., Bao, Y., He, X., Zhou, H., Cao, Z., Gao, P., Zhong, R., Hu, Y., Zhang, X., 2014. 673 
Sedimentation and associated trace metal enrichment in the riparian zone of the Three Gorges 674 
Reservoir, China. Science of The Total Environment 479–480, 258–266. 675 
https://doi.org/10.1016/j.scitotenv.2014.01.122 676 

Teal, M.J., 2011. Upper Missouri River mainstream reservoirs: Sedimentation and sustainability 677 
issues. Presented at the Dams and Reservoirs under Changing Challenges - Proceedings of the 678 
International Symposium on Dams and Reservoirs under Changing Challenges - 79 Annual 679 
Meeting of ICOLD, Swiss Committee on Dams, pp. 379–386. 680 

Tena, A., Piégay, H., Seignemartin, G., Barra, A., Berger, J.F., Mourier, B., Winiarski, T., 2020. 681 
Cumulative effects of channel correction and regulation on floodplain terrestrialisation patterns 682 
and connectivity. Geomorphology 107034. https://doi.org/10.1016/j.geomorph.2020.107034 683 

Timm, H., Olšauskytė, V., Druvietis, I., SpriņĢe, G., Aleksandrov, J.V., Łapińska, M., Skorupskas, R., 684 
Gavrilova, Ģ., Gaumiga, R., Zalewski, M., Briede, A., Parele, E., Mel’nik, M.M., 2009. Chapter 16 685 
- Baltic and Eastern Continental Rivers, in: Tockner, K., Uehlinger, U., Robinson, C.T. (Eds.), 686 
Rivers of Europe. Academic Press, London, pp. 607–642. https://doi.org/10.1016/B978-0-12-687 
369449-2.00016-3 688 

Uehlinger, U., Arndt, H., Wantzen, K.M., Leuven, R.S.E.W., 2009. Chapter 6 - The Rhine River Basin, 689 
in: Tockner, K., Uehlinger, U., Robinson, C.T. (Eds.), Rivers of Europe. Academic Press, 690 
London, pp. 199–245. https://doi.org/10.1016/B978-0-12-369449-2.00006-0 691 

https://doi.org/10.1002/rra.2689
https://doi.org/10.1007/s10661-017-6060-x
https://doi.org/10.1016/j.catena.2016.03.020
https://doi.org/10.1016/j.geomorph.2007.01.009
https://doi.org/10.1111/j.1442-9993.1985.tb00897.x
https://doi.org/10.1016/B978-0-12-369449-2.00004-7
https://doi.org/10.1016/S0013-7952(96)00025-7
https://doi.org/10.1016/B978-0-12-369449-2.00003-5
https://doi.org/10.1016/S0169-555X(02)00219-2
https://doi.org/10.1016/j.scitotenv.2015.12.158
https://doi.org/10.1016/j.scitotenv.2014.01.122
https://doi.org/10.1016/j.geomorph.2020.107034
https://doi.org/10.1016/B978-0-12-369449-2.00016-3
https://doi.org/10.1016/B978-0-12-369449-2.00016-3
https://doi.org/10.1016/B978-0-12-369449-2.00006-0


Vanwalleghem, T., Bork, H.R., Poesen, J., Dotterweich, M., Schmidtchen, G., Deckers, J., Scheers, 692 
S., Martens, M., 2006. Prehistoric and Roman gullying in the European oess belt: a case study 693 
from central Belgium. The Holocene 16, 393–401. https://doi.org/10.1191/0959683606hl935rp 694 

Vauclin, S., Mourier, B., Tena, A., Piégay, H., Winiarski, T., 2019. Effects of river infrastructures on the 695 
floodplain sedimentary environment in the Rhône River. J Soils Sediments. 696 
https://doi.org/10.1007/s11368-019-02449-6 697 

Vázquez-Tarrío, D., Tal, M., Camenen, B., Piégay, H., 2019. Effects of continuous embankments and 698 
successive run-of-the-river dams on bedload transport capacities along the Rhône River, France. 699 
Science of The Total Environment 658, 1375–1389. 700 
https://doi.org/10.1016/j.scitotenv.2018.12.109 701 

Volke, M.A., Scott, M.L., Johnson, W.C., Dixon, M.D., 2015. The Ecological Significance of Emerging 702 
Deltas in Regulated Rivers. BioScience 65, 598–611. https://doi.org/10.1093/biosci/biv040 703 

Vorogushyn, S., Merz, B., 2013. Flood trends along the Rhine: the role of river training. Hydrology and 704 
Earth System Sciences 17, 3871–3884. https://doi.org/10.5194/hess-17-3871-2013 705 

Walter, R.C., Merritts, D.J., 2008. Natural Streams and the Legacy of Water-Powered Mills. Science 706 
319, 299–304. https://doi.org/10.1126/science.1151716 707 

Webb-Sullivan, L.D., Evans, J.E., 2014. Sediment budget approach to understanding historical stages 708 
of the Ottawa River in the context of land-use change, northwestern Ohio and southeastern 709 
Michigan, USA. Anthropocene 7, 42–56. https://doi.org/10.1016/j.ancene.2015.03.005 710 

Weitzman, J.N., Forshay, K.J., Kaye, J.P., Mayer, P.M., Koval, J.C., Walter, R.C., 2014. Potential 711 
nitrogen and carbon processing in a landscape rich in milldam legacy sediments. 712 
Biogeochemistry 120, 337–357. https://doi.org/10.1007/s10533-014-0003-1 713 

Weller, P., Lutschinger, G., Dister, E., Haraszthy, L., 2002. Waterway Transport on Europe’s Lifeline, 714 
the Danube: Impacts, Threats and Opportunities. Part A: River Ecosystem, Part B: Waterway 715 
Transport Needs. 716 

Williams, M., Zalasiewicz, J., Davies, N., Mazzini, I., Goiran, J.-P., Kane, S., 2014. Humans as the 717 
third evolutionary stage of biosphere engineering of rivers. Anthropocene 7, 57–63. 718 
https://doi.org/10.1016/j.ancene.2015.03.003 719 

Wohl, E., 2018. Rivers in the Anthropocene: The U.S. perspective. Geomorphology. 720 
https://doi.org/10.1016/j.geomorph.2018.12.001 721 

Wohl, E., 2017. Connectivity in rivers: Progress in Physical Geography. 722 
https://doi.org/10.1177/0309133317714972 723 

Wohl, E., 2015. Legacy effects on sediments in river corridors. Earth-Science Reviews 147, 30–53. 724 
https://doi.org/10.1016/j.earscirev.2015.05.001 725 

Wohl, E., Angermeier, P.L., Bledsoe, B., Kondolf, G.M., MacDonnell, L., Merritt, D.M., Palmer, M.A., 726 
Poff, N.L., Tarboton, D., 2005. River restoration. Water Resources Research 41. 727 
https://doi.org/10.1029/2005WR003985 728 

Yossef, M.F.M., 2002. The effect of groynes on rivers: Literature review. Delft Cluster 729 
publicatienummer 03.03.04. 730 

Zawiejska, J., Wyżga, B., 2010. Twentieth-century channel change on the Dunajec River, southern 731 
Poland: Patterns, causes and controls. Geomorphology, Introduction to Management of Large 732 
Rivers 117, 234–246. https://doi.org/10.1016/j.geomorph.2009.01.014 733 

 734 

https://doi.org/10.1191/0959683606hl935rp
https://doi.org/10.1007/s11368-019-02449-6
https://doi.org/10.1016/j.scitotenv.2018.12.109
https://doi.org/10.1093/biosci/biv040
https://doi.org/10.5194/hess-17-3871-2013
https://doi.org/10.1126/science.1151716
https://doi.org/10.1016/j.ancene.2015.03.005
https://doi.org/10.1007/s10533-014-0003-1
https://doi.org/10.1016/j.ancene.2015.03.003
https://doi.org/10.1016/j.geomorph.2018.12.001
https://doi.org/10.1177/0309133317714972
https://doi.org/10.1016/j.earscirev.2015.05.001
https://doi.org/10.1029/2005WR003985
https://doi.org/10.1016/j.geomorph.2009.01.014

