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Keywords: watersheds, soil erosion, sediment tracing, fallout radionuclides. Highlights

Information on the main sources supplying deleterious sediment loads to river systems is needed to improve our understanding of soil erosion processes. In particular, it is important to quantify the respective contributions of surface and subsurface sources to material degrading waterbodies. Radiocesium ( 137 Cs), emitted during thermonuclear bomb testing (~1950-1980) and nuclear accidents provides significant discrimination between surface material exposed to atmospheric fallout and subsurface material sheltered from it. A systematic worldwide review of research articles (n=123) that used 137 Cs to trace sediment sources showed that the United Kingdom (n=24), Australia (n=23) and the United States (n=20) had the highest number of publications utilizing 137 Cs in a sediment tracing framework. In contrast, few studies were published for catchments in Africa (n=9) or South America (n=2). In the northern hemisphere, positive relationships were evident between 137 Cs activities in surface and subsurface sources and the proportion of thermonuclear bomb fallout. However, given the low proportions of fallout received in regions between 0-20°N and 0-20°S, the potential application of 137 Cs tracing techniques may be limited in this area of the world as well as in agricultural regions with severe soil erosion (i.e. Chinese Loess Plateau and South Africa). In total, 94% of the studies researching surface and subsurface sources that analyzed 137 Cs as a potential tracing property included this parameter in end-member mixing models. The main challenges for the future of this technique are mainly related to the access to ultra-low background gamma spectrometry facilities and the development of surrogate tracers. Future research should ensure that basic catchment information and details on the sampling design are properly documented to ensure studies are reproducible. Moreover, researchers should provide raw measurement data to help improve our global understanding of 137 Cs dynamics in soil erosion research.

Introduction

Exponential population growth and the concomitant expansion and intensification of our global anthropogenic footprint has resulted in an unsustainable and non-renewable loss of soil resources threatening United Nations Sustainable Goals (e.g. food security) [START_REF] Keesstra | The significance of soils and soil science towards realization of the United Nations Sustainable Development Goals[END_REF]. To limit soil loss, best management practices need to be applied to landscapes degraded by accelerated soil erosion processes generating significant sediment loads that impair downstream aquatic systems [START_REF] Owens | Fine-grained sediment in river systems: environmental significance and management issues[END_REF]. Accordingly, identifying the main areas of soil erosion is a prerequisite to improve our knowledge of the main factors driving soil erosion processes and guide the implementation of best management practices.

One approach that effectively identifies areas with elevated soil erosion rates is the sediment tracing or sediment source fingerprinting technique [START_REF] Haddadchi | Sediment fingerprinting in fluvial systems: review of tracers, sediment sources and mixing models[END_REF][START_REF] Owens | Fingerprinting and tracing the sources of soils and sediments: Earth and ocean science, geoarchaeological, forensic, and human health applications[END_REF][START_REF] Walling | The evolution of sediment source fingerprinting investigations in fluvial systems[END_REF]. This technique is increasingly used around the world to quantify sediment source contributions based on the measurement of biogeochemical and/or physical properties in both soils and sediment through the use of statistical procedures and un-mixing models [START_REF] Haddadchi | Sediment fingerprinting in fluvial systems: review of tracers, sediment sources and mixing models[END_REF]Koiter et al., 2013b;[START_REF] Walling | Tracing suspended sediment sources in catchments and river systems[END_REF]. Effective sediment tracer properties, or fingerprints, must significantly differentiate between potential sediment sources and behave conservatively during erosion, transport and deposition processes, or vary in a predictable and measurable way (Koiter et al., 2013b;[START_REF] Laceby | The challenges and opportunities of addressing particle size effects in sediment source fingerprinting: A review[END_REF][START_REF] Smith | Sediment fingerprinting in agricultural catchments: A critical reexamination of source discrimination and data corrections[END_REF]. Although a variety of tracing parameters have been utilized in sediment source fingerprinting research (e.g. element geochemistry, colour parameters, magnetic properties, organic matter parameters), fallout radionuclides that originate from the atmosphere and are quickly and strongly bound to fine particles provide a notably powerful tool to investigate soil erosion sources and sediment transfer processes [START_REF] Mabit | Comparative advantages and limitations of the fallout radionuclides 137 Cs, 210 Pb ex and 7 Be for assessing soil erosion and sedimentation[END_REF].

In particular, caesium-137 ( 137 Cs; T 1/2 = 30 y) is often used to identify whether sediment has been generated by surface or subsurface erosion processes. This fallout radionuclide was mainly supplied to exposed soils during atmospheric thermonuclear bomb testing between the 1950s and the 1970s, with a peak in 1963 and 1965 in the northern and southern hemispheres, respectively [START_REF] Arnaud | Radionuclide dating ( 210 Pb, 137 Cs, 241 Am) of recent lake sediments in a highly active geodynamic setting (Lakes Puyehue and Icalma-Chilean Lake District)[END_REF][START_REF] Cambray | Radioactive fallout in air and rain: Results to the end of 1988[END_REF][START_REF] Turney | Global Peak in Atmospheric Radiocarbon Provides a Potential Definition for the Onset of the Anthropocene Epoch in 1965[END_REF]. Accordingly, surface soils exposed to atmospheric fallout are typically enriched in 137 Cs, while subsurface soils (e.g. gullies and channel banks) that were sheltered from direct fallout are typically depleted in 137 Cs [START_REF] Campbell | Nuclear fallout as an aid to measuring soil erosion[END_REF]Loughran et al., 1982;[START_REF] Peart | Techniques for stablishing suspended sediment sources in two drainage basins in Devon, UK: a comparative assessment[END_REF].

In the 1980s, researchers investigated the utility of using 137 Cs to discriminate between potential sediment sources in Australia [START_REF] Campbell | Nuclear fallout as an aid to measuring soil erosion[END_REF]Loughran et al., 1982) and in the UK [START_REF] Peart | Techniques for stablishing suspended sediment sources in two drainage basins in Devon, UK: a comparative assessment[END_REF]. As 137 Cs is concentrated near the soil surface, sediments eroded from rill or sheet erosion processes typically have 137 Cs concentrations that are higher than sediments eroded from subsurface erosion processes, with erosion on cultivated soils plotting between these two potential studies were conducted on these continents (Africa 7%, n=9; South America 2%, n=2). When mapping locations where 137 Cs was measured (Fig. 1), a clear dominance of research conducted in the US, Europe and along the eastern coast of Australia is demonstrated.

Research Design

Most papers (93%) provided summary information on their catchments or study locations. For those catchments where the surface area was provided, the mean surface area was 3859 km² (standard deviation (SD) 17,630 km 2 ), with this relatively high value being impacted by the large surface area of several studies in Australia (up to 130,000 km²).

The study design was strongly variable with the source numbers ranging between six and 893 (mean: 123; SD: 150; median: 70), corresponding to a mean source density of 47 samples per km 2 . Although the most common sampling procedure was the collection of the uppermost 0-2 cm soil layer (n=39 articles), multiple strategies were employed including sampling the 0-5 cm (n=25), 0-1 cm (n=9), 0-10 cm (n=4) or 0-2.5 cm (n=2) of surface soils. Sediment collected on hillslopes was used as a surrogate for source material in six studies. This technique may be useful to facilitate the direct comparison of source and sediment characteristics. Soil profiles were used to characterise sources in nine articles. Unfortunately, information on the source sampling depth was not provided in a large number of studies (n=34, 28%).

Sediment samples mainly consisted of suspended matter (n=31 articles), core(s) collected in lakes, reservoirs or floodplains (n=18), bed material (n=18), material collected in sediment traps or 'timeintegrated samplers' (n=14) often based on the design proposed by [START_REF] Phillips | Time-integrated sampling of fluvial suspended sediment: a simple methodology for small catchments[END_REF], lag deposits (n=6) or a combination of a least two of the previous options (n=14). Of note, information on the type of sediment collected was not mentioned in 22 studies (18%). The number of sediment samples analysed strongly varied among studies, from four to 345 samples (mean: 48; SD: 61; median: 28). Of note, this information was not provided in 40 studies (33%).

Regarding particle size, the < 63 µm fraction was by far the most common (n=57 articles), followed by the < 2 mm fraction (n=28). A limited number of studies analysed the <10 µm fraction (n=9). Of note, among these nine studies, eight were carried out in Australian catchments. Only three studies investigated multiple particle size fractions. Occasionally, other particle size thresholds were used (<200 µm, n=2; <250 µm, n=2). Information on the particle size fraction analysed was not provided for 22 studies (18%).

Overall, the number of studies analysing 137 Cs in tracing research in order to quantify sediment source contributions increased from only 1.2 articles per year between 1988-1998 to seven articles per year between 2009-2019 (Fig. 2) demonstrating the increasing popularity of this technique.

Spatial patterns of 137 Cs deposition across the world

The deposition of 137 Cs reached a peak in 1963 and 1965 in the northern and southern hemispheres, respectively (Fig. 3). Fallout became negligible after 1980 when China stopped testing nuclear weapons. There are localized exceptions, including most regions of Europe [START_REF] Evangeliou | Reconstructing the Chernobyl Nuclear Power Plant (CNPP) accident 30 years after. A unique database of air concentration and deposition measurements over Europe[END_REF] affected by the 1986 Chernobyl fallout and several Prefectures in Japan that received significant fallout following the Fukushima Dai-ichi Nuclear Power Plant accident in 2011 [START_REF] Saito | Outline of the national mapping projects implemented after the Fukushima accident[END_REF]. However, even in areas affected by accidental fallout, this additional 137 Cs supply did not fundamentally affect the ability of this radionuclide to discriminate surface sources, enriched in 137 Cs, and subsurface sources, sheltered from the main fallout [START_REF] Evrard | Combining multiple fallout radionuclides ( 137 Cs, 7 Be, 210 Pb xs ) to investigate temporal sediment source dynamics in tropical, ephemeral riverine systems[END_REF].

Data available from the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) demonstrate that the majority of the fallout occurred in the Northern Hemisphere (~77%), relative to the Southern Hemisphere (~23%) (UNSCEAR, 2000). The results of long-term monitoring programmes of global fallout deposition were compiled to estimate the proportion of global fallout through worldwide networks operated by the Environmental Measurements Laboratory (EML) in the United States (Health and Safety Laboratory, 1977). Deposition densities at individual sites were averaged out for each 10-degree latitude band and multiplied by their area to obtain global deposition amounts. However, a significant proportion of data is lacking, and this spatial distribution should therefore be taken with caution (Fig. 4).

To compare surface and subsurface 137 Cs activities, data available from articles compiled in the current research were decay-corrected to 1 January 2019 (based on the sampling/reference date when it was provided or based on the 5-yr mean duration calculated in the current research between sampling and publication). To provide a worldwide basis for comparison of those activities, the mean 137 Cs activities reported for cultivated topsoil versus subsurface sources (i.e., gullies, badlands and channel banks) were grouped in 10° latitudinal bands and compared to the proportion of fallout received in each band after UNSCEAR (2000). Overall, a positive relationship is observed between the mean 137 Cs activities in surface (Fig. 5a) and subsurface (Fig. 5b) sources and the proportion of total fallout received in each latitudinal band of the Northern Hemisphere (0.62 < r 2 < 0.68).

In the southern hemisphere, a positive relationship between the mean activities in the topsoil sources (Fig. 5c) or the subsurface sources (Fig. 5d) and the proportion of fallout received is also found from the Equator to the southern latitude. However, given the low quantity of data compiled, these relationships should be taken with caution. The higher uncertainties are likely due to the lower quantity of data available and their concentration between 0°-10°S and 30°-40°S in the southern hemisphere where 55 and 51% of missing data were calculated, respectively (Fig. 4).

In both hemispheres, a positive relationship was found between the mean 137 Cs activities in surface/subsurface sources and the increasing latitudes. However, the relatively large dispersion of values found at similar latitudes may prevent the direct use of these relationships for characterizing 137 Cs activities in surface and subsurface sources (Fig. 6). The variations observed at similar latitudes may be explained by local factors (e.g. slope, orientation) and differences of land uses (cultivated vs. uncultivated) or farming practices (e.g. tillage vs. no-tillage) leading to varying levels of soil erosion. This data clearly demonstrates that in 2019, 137 Cs activities are sufficiently high in surface sources in areas located above 20°N and below 20°S to be relatively easily detectable with low-background gamma spectrometry equipment (Fig. 6). In contrast, for most areas located around the Equator (i.e. between 20°N and 20°S), 137 Cs activities in surface soils are likely to be very low (often < 2 Bq kg -1 ) and may therefore be increasingly difficult to differentiate from subsurface sources, which are generally lower than 1.5 Bq kg -1 .

Spatial applicability of 137 Cs based-tracing across the globe

Although most of the studies using 137 Cs were conducted in North America, Europe and along the eastern coast of Australia, evidence exists in the literature to outline areas where there is potential to use this radionuclide in sediment tracing studies and regions where 137 Cs concentrations are not sufficient and/or will soon become too low to conduct this type of research. As 137 Cs is preferentially bound to the finer particle size fractions [START_REF] He | Interpreting Particle Size Effects in the Adsorption of 137 Cs and Unsupported 210 Pb by Mineral Soils and Sediments[END_REF], the method should be applied at locations where sediment contains significant amounts of clay and silt.

In the Northern Hemisphere, where 77% of the total fallout is estimated to have occurred (UNSCEAR, 2000), this technique should be applicable to most regions of Europe and North America. In the studies reviewed, no problems were reported for the detection of 137 Cs in these regions.

Furthermore, the 137 Cs-based technique to discriminate between surface and subsurface sources should be applicable in areas exposed to Chernobyl fallout, as subsoils were sheltered from atmospheric fallout [START_REF] Belyaev | Using Chernobyl-derived 137 Cs to document recent sediment deposition rates on the River Plava floodplain (Central European Russia)[END_REF]. As the 137 Cs technique has been extensively applied in Europe and North America, our review here will focus on contexts where there has been less application of this tracing technique.

In Asia, a variety of environmental contexts may complicate the utilization of 137 Cs to trace surface and subsurface sources. On China's Loess Plateau, soil erosion is so extensive that [START_REF] Li | Identifying sediment sources from the inter-gully area and gully area in a small watershed in the Loess Hilly Region of China[END_REF] used 137 Cs to discriminate between sediment derived from gully areas (activities ~1.5 Bq kg -1 ) and inter-gully areas (activities ~0 Bq kg -1 ). These results demonstrate that 137 Cs will soon no longer be detectable in this type of environment exposed to very high erosion levels. In contrast, significantly higher 137 Cs activities were detected in the black soil region of Northeast China, both in cultivated land (mean: 2.0 Bq kg -1 ) and in gully areas (mean 0.3 Bq kg -1 ), despite the fact that this region was also exposed to high soil degradation over the last several decades. Similar 137 Cs activities (~2 Bq kg -1 ) were detected in a catchment of the Sichuan Province [START_REF] Tang | Historical sediment record of 137 Cs, δ-HCH, and δ 13 C reflects the impact of land use on soil erosion[END_REF] and the surface and subsurface tracing method was also demonstrated to be applicable in the Upper Yangtze River basin [START_REF] Long | 137Cs finger printing technique for erosion and sedimentation studies[END_REF].

In Japan, 137 Cs may still be used to discriminate between different sources of sediment, even after the Fukushima Dai-ichi Nuclear Power Plant accident in low-fallout areas [START_REF] Ochiai | Sediment transport processes in a reservoir-catchment system inferred from sediment trap observations and fallout radionuclides[END_REF]. The shorter-lived 134 Cs isotope (t 1/2 = 2 y) is also detectable in this post-accidental context, which may provide discrimination between the global fallout 137 Cs and the additional 137 Cs Fukushima fallout, as the 134 Cs deposited after the thermonuclear bomb tests conducted in the 1960s is no longer detectable. Background information on 137 Cs activities prevailing in Japanese soils before the Fukushima Dai-ichi Nuclear Power Plant accident is available in the literature as sediment tracing techniques based on fallout radionuclides were conducted in forested [START_REF] Fukuyama | Quantifying the impact of forest management practice on the runoff of the surface-derived suspended sediment using fallout radionuclides[END_REF] and agricultural [START_REF] Ahn | Elevated sedimentation in lake records linked to agricultural activities in the Ishikari River floodplain, northern Japan[END_REF] catchments in Japan before 2011. The only other region of the world where significant levels of 134 Cs (and hence of extra 137 Cs) originating from Fukushima accident were reported is Hawaii, although this 134 Cs fallout will rapidly decay to undetectable levels [START_REF] Mckenzie | Fukushima-derived radiocesium fallout in Hawaiian soils[END_REF].

In other Asian countries, sediment sources collected in a catchment in South Korea discriminated between channel banks (mean 137 Cs activities of 2.2 Bq kg -1 ) and forest soil sources (mean 13.5 Bq kg - 1 ) [START_REF] Lim | Evaluation of suspended-sediment sources in the Yeongsan River using Cs-137 after major human impacts[END_REF]. Another successful approach was conducted in a forested catchment of South Korea [START_REF] Kim | Temporal variations of reservoir sediment sources in a small mountainous catchment in Korea[END_REF]. The applicability of the approach in Taiwan was also demonstrated in a study conducted in a catchment covered with tea plantations [START_REF] Zehetner | Soil and phosphorus redistribution along a steep tea plantation in the Feitsui reservoir catchment of northern Taiwan[END_REF]. In contrast, in a catchment of Central Thailand, 137 Cs activities were systematically < 1 Bq kg -1 for all sources (i.e., uncultivated, cultivated and pasture soils) [START_REF] Srisuksawad | Spatial distribution of 137Cs in surface soil under different land uses in Chao Phraya watershed: Potential used as sediment source tracing[END_REF]. These results differed with those obtained in a study conducted in Eastern Indonesia, where surface (mean: 1.9 Bq kg -1 ) and subsurface (< 0.3 Bq kg -1 ) source contributions could be discriminated based on their 137 Cs fallout activities [START_REF] Hobgen | Creating a sediment budget in a data poor context: an example from Eastern Indonesia[END_REF]. Surprisingly, only two studies using 137 Cs for tracing sediment source contributions were found in India [START_REF] Froehlich | Soil erosion, suspended sediment sources and deposition in the Maw-Ki-Syiem drainage basin, Cherrapunji, northeastern India[END_REF][START_REF] Froehlich | The use of 137 Cs and 210 Pb ex to investigate sediment sources and overbank sedimentation rates in the Teesta River basin, Sikkim Himalaya, India[END_REF].

In the Southern Hemisphere, where less fallout is estimated to have occurred (~23%) (UNSCEAR, 2000), much less information is available regarding areas where the method is applicable. In Africa, this technique was shown to be applicable in Tunisia [START_REF] Ben Slimane | Fingerprinting sediment sources in the outlet reservoir of a hilly cultivated catchment in Tunisia[END_REF] as well as in Burkina Faso [START_REF] Rode | Subsurface sources contribute substantially to fine-grained suspended sediment transported in a tropical West African watershed in Burkina Faso[END_REF]. This suggests that the technique can be used in the Maghreb and Sahel countries, at least in areas where soils are not too sandy. In addition, sufficient 137 Cs levels were found in Zambia despite this country being located at a relatively low latitude (~16°S) [START_REF] Walling | Integrated assessment of catchment suspended sediment budgets: a Zambian example[END_REF].

Depending on the region, numerous areas in the Southern Hemisphere had high levels of soil degradation associated with the arrival of European settlers (i.e. from the early 19 th century in South Africa), which likely led to the rapid erosion of the upper soil layers tagged with 137 Cs. In South Africa, [START_REF] Foster | The potential for gamma-emitting radionuclides to contribute to an understanding of erosion processes in South Africa[END_REF] measured low and highly variable 137 Cs contents (2 ± 2 Bq kg -1 ) in topsoil, particularly in catchments having variable soil cover on steep rocky hillslopes. The difficulty in using 137 Cs as fingerprint was also demonstrated by [START_REF] Van Der Waal | Flood bench chronology and sediment source tracing in the upper Thina catchment, South Africa: the role of transformed landscape connectivity[END_REF] who detected 137 Cs in only 50% of 28 surface soil samples collected from a small catchment in the Drakensberg mountain range region.

In contrast, in South America, higher levels of fallout radionuclides were found in an agricultural catchment of Southern Brazil [START_REF] Minella | Establishing a sediment budget for a small agricultural catchment in southern Brazil, to support the development of effective sediment management strategies[END_REF] and in forested catchments of Chile [START_REF] Schuller | Using 137 Cs and 210 Pb ex and other sediment source fingerprints to document suspended sediment sources in small forested catchments in south-central Chile[END_REF]. The extremely low number of studies (n=2) considering 137 Cs as a potential source fingerprint in South America shows the large development potential existing in this region for the future. This is particularly true in those regions located below 20°S (i.e. Argentina, Chile, Paraguay, Uruguay and the southernmost part of Brazil) where 137 Cs activities exceeding 2 Bq kg -1 should be widely found in surface sources.

In Oceania, this technique was mainly applied to catchments (n = 40) located along the eastern coast of Australia [START_REF] Krause | The use of Caesium-137 to assess surface soil erosion status in a water-supply catchment in the Hunter Valley, New South Wales, Australia[END_REF]Olley et al., 2013b;[START_REF] Wilkinson | Using sediment tracing to assess processes and spatial patterns of erosion in grazed rangelands, Burdekin River basin, Australia. Agriculture[END_REF]. Significant and detectable 137 Cs activities were found in surface sources, including managed or unmanaged forests, grazed or unmanaged pastures, cropland and bushland, which were easily differentiated from subsurface sources including gullies and channel banks that were totally depleted in 137 Cs. One exception was a mining catchment of New Caledonia, South Pacific Islands, where the very low 137 Cs activities measured in mining and non-mining tributaries indicated the dominance of subsurface sources in the sediment contribution in this region. Given much higher activities were measured at similar latitudes in Australia, these low activities likely reflect the intensity of soil erosion processes and the dominance of subsoil erosion on this island [START_REF] Sellier | Investigating the use of fallout and geogenic radionuclides as potential tracing properties to quantify the sources of suspended sediment in a mining catchment in New Caledonia, South Pacific[END_REF].

Applications of 137 Cs in sediment source fingerprinting research

Fifty studies (41%) used 137 Cs to discriminate between surface and subsurface contributions (Table 1).

In contrast, 49 studies (40%) used 137 Cs to discriminate between land use contributions to sediment (Table 2). Other approaches investigated the contributions of sub-basins or tributaries (n=4), areas with different geologies (n=3), or different erosion processes (gully vs. rill or sheet erosion; n=2).

Finally, 13 studies (11%) examined multiple combinations of these approaches (Table 3).

Surface versus subsurface erosion

Subsurface sources generally included channel banks (n=27 studies) and/or gullies (n=22). Much less often, landslides (n=3), unpaved roads (n=2), or construction sites (n=2) were also considered as a dominant subsurface source (Table 1). In addition to 137 Cs, researchers often utilized other environmental radionuclides (ERNs) to discriminate between surface and subsurface sources, including: 210 Pb xs (n=32 studies), 7 Be (n=11), 226 Ra (n=5), 232 Th (n=4), 40 K (n=4; Table 4). Plutonium isotopes were also measured in three articles, with different isotopes or ratios analysed ( 238 Pu/ 239+240 Pu, 239 Pu, 239+240 Pu). In Japan, one study also detected 134 Cs emitted during the Fukushima Dai-ichi Nuclear Power Plant accident [START_REF] Ochiai | Sediment transport processes in a reservoir-catchment system inferred from sediment trap observations and fallout radionuclides[END_REF]. [START_REF] Belmont | Toward generalizable sediment fingerprinting with tracers that are conservative and nonconservative over sediment routing timescales[END_REF] also examined 10 Be concentrations to take into account the long-term deposition and remobilisation of sediment between the floodplain and the main river channel.

Often, researchers only use 137 Cs to discriminate between surface and subsoil sources. In many studies, 137 Cs alone provided powerful discrimination between sediment originating from subsurface areas or from surface material. For instance, from a catchment in Oklahoma State (US), 12-fold higher levels of this radionuclide were found in 'overland' material compared to samples collected in gully areas [START_REF] Liu | A new method for fingerprinting sediment source contributions using distances from discriminant function analysis[END_REF].

However, several small-scale studies conducted in the early 1990s in Australia showed that the combination of several radionuclide measurements (i.e. 7 Be, 210 Pb xs and 137 Cs) provided additional information to distinguish between different erosion processes (e.g. sheetwash vs. rill erosion) based on their different depths of penetration or their mixing in the soil [START_REF] Wallbrink | Relating suspended sediment to its original soil depth using fallout radionuclides[END_REF]. This approach was further developed to be effective at the catchment scale. For instance, the combination of the three fallout radionuclides was used to compare the effects of tillage vs. notillage management of cropland on soil erosion and sediment yields in the US, because these different farming practices lead to different penetration/mixing depths of the radionuclides in the soil [START_REF] Matisoff | Soil Erosion and Sediment Sources in an Ohio Watershed using Beryllium-7, Cesium-137, and Lead-210[END_REF]. In Australia, [START_REF] Hancock | Use of fallout tracers 7 Be, 210 Pb and 137 Cs to distinguish the form of sub-surface soil erosion delivering sediment to rivers in large catchments[END_REF] showed that the use of 7 Be provided a way to discriminate between vertical (i.e. channel banks, depleted in 7 Be) and horizontal (i.e., rills, scalds, gully floors, enriched in 7 Be) subsoil erosion sources.

In addition to ERNs, the most commonly used tracing properties were elemental geochemistry (n=6 studies), total carbon and/or nitrogen (n=6), magnetic properties (n=5), total phosphorus (n=3), δ 15 N and δ 13 C (n=2), and 87 Sr/ 86 Sr (n=1). From the 50 articles examining the surface vs. subsurface contributions to sediment, 18 studies did not use mixing models. Among the 32 studies that did apply a source apportionment model, only two articles did not include 137 Cs in the final tracer combination included in the mixing models.

Soil erosion on different land uses

Articles discriminating between land use contributions to sediment (n=49) mainly focused on the material supplied by cropland/cultivated land (n=40), channel banks (n=34), forests (n=24) and grassland/pasture (n=22). Other subsurface sources included gullies (n=11), roads (n=11) and badlands (n=4) along with other surface sources included shrubland (n=4) and rangeland (n=3) (Table 2).

To discriminate this variety of sources, a number of potential tracing properties were examined. In addition to 137 Cs, other ERNs considered were 210 Pb xs (n=30 articles), 226 Ra (n=16), 7 Be (n=7), 40 K (n=8), 232 Th (n=6)(Table 2). Regarding the other types of properties examined, elemental geochemistry was the most frequent (n=33) followed by total carbon and nitrogen (n=22), total phosphorus (n=13), magnetic properties (n=10) and phosphorus fractions (n=3). Only one study analysed δ 15 N [START_REF] Mukundan | Sediment Fingerprinting to Determine the Source of Suspended Sediment in a Southern Piedmont Stream[END_REF] in conjunction with 137 Cs. Only five studies remained descriptive and did not apply an un-mixing model to quantify the land use contributions to sediment. Among those that modelled the sediment source contributions, 35 articles (71%) included 137 Cs in the optimal tracer combination in at least one of the investigated catchments.

Interestingly, the use of 137 Cs was not restricted to the discrimination between surface and subsurface sources, and it sometimes provided further discrimination between other land use types such as scrubland enriched in this radioisotope compared to forest areas depleted in 137 Cs, depending on the magnitude of erosion processes occurring in these potential sources (Palazón et al., 2015). Of note, the 137 Cs signature of different land uses may change with time in response to the soil erosion processes. In Laos, the replacement of slash-and-burn traditional cultivation with commercial teak plantations on steep hillslopes generated so much soil erosion, that the corresponding source signature switched from a typical surface soil 137 Cs activity (mean: 2.5 Bq kg -1 ) to that of a subsurface soil (mean: 1.1 Bq kg -1 ) in less than 20 years [START_REF] Ribolzi | From shifting cultivation to teak plantation: effect on overland flow and sediment yield in a montane tropical catchment[END_REF].

The impact of changes in human practices on soil erosion may also be reflected by fallout radionuclide measurements. For instance, the reduction of cattle grazing pressure in Australian catchments was demonstrated to have led to a decline in both surface and subsurface soil erosion rates [START_REF] Wilkinson | Using sediment tracing to assess processes and spatial patterns of erosion in grazed rangelands, Burdekin River basin, Australia. Agriculture[END_REF]. In another context, among other properties, 137 Cs also contributed to estimate the impact of forestry operations including clearcutting, tree harvest and replantation on sediment source contributions in catchments of Chile [START_REF] Schuller | Using 137 Cs and 210 Pb ex and other sediment source fingerprints to document suspended sediment sources in small forested catchments in south-central Chile[END_REF].

Impacts of Roads on Soil Erosion

The role of unsealed or unpaved roads has been investigated in 15 articles across several regions of the world, including Australia (n=3), Brazil (n=1), Burkina Faso (n=1), France (n=1), India (n=1), Iran (n=1), Japan (n=1), Mexico (n=1), South Korea (n=1), the UK (n=1) and the US (n=2) (Table 2). The road contribution to sediment can reach 20 to 500 times the areal contributions from forests [START_REF] Motha | Unsealed roads as suspended sediment sources in an agricultural catchment in south-eastern Australia[END_REF][START_REF] Motha | Determining the sources of suspended sediment in a forested catchment in southeastern Australia[END_REF] as road construction may rapidly accelerate soil erosion. For instance, the building of a highway in Oahu, Hawaii, was shown to significantly increase the fine sediment supply to the river [START_REF] Hill | Using sediment 'fingerprints' to assess sediment-budget errors, north Halawa Valley, Oahu, Hawaii, 1991-92[END_REF]. Soil erosion was also shown to be particularly intense on the truck trail network, depleted in fallout radionuclides, in Japanese cypress plantations [START_REF] Mizugaki | Estimation of suspended sediment sources using 137 Cs and 210 Pb ex in unmanaged Japanese cypress plantation watersheds in southern Japan[END_REF]. In a catchment of Iran, it was shown that 137 Cs provided discrimination between channel bank (mean: 2.7 Bq kg -1 ) and road cuttings (mean: 1.0 Bq kg -1 ). This finding was mainly attributed to the fact that channel banks likely consisted of a mixture of surface and subsurface material originating from upstream catchment locations [START_REF] Nosrati | Tracing sediment sources in a mountainous forest catchment under road construction in northern Iran: comparison of Bayesian and frequentist approaches[END_REF].

Impacts of Wildfires

The use of 137 Cs (n=6) and plutonium isotopes (n=1) was particularly helpful in catchments exposed to wildfires, as other potential tracers including magnetic and geochemical properties were affected by variable wildfire modifications in burned soils [START_REF] Blake | Magnetic enhancement in wildfire-affected soil and its potential for sediment-source ascription[END_REF] (Table 1). Furthermore, 210 Pb xs was excluded from the list of the potential tracers because of its high apparent sensitivity to the reduction in ash content in channel deposits compared to hillslope material [START_REF] Smith | Quantifying sources of fine sediment supplied to post-fire debris flows using fallout radionuclide tracers[END_REF]. In burned soils, increases in the concentration of 210 Pb xs and 137 Cs were widely found in response to the combustion of organic matter and the redistribution of radionuclides to surface soil and ash [START_REF] Wilkinson | Fallout radionuclide tracers identify a switch in sediment sources and transport-limited sediment yield following wildfire in a eucalypt forest[END_REF], with a stronger effect for 210 Pb xs for which ~30% of the total inventory may be found in the surface litter of eucalyptus forests. In contrast, in unburned soils, 137 Cs is mainly associated with mineral soil due to bioturbation transferring decayed litter into the soil following the cessation of 137 Cs fallout in the mid-1970s [START_REF] Wilkinson | Fallout radionuclide tracers identify a switch in sediment sources and transport-limited sediment yield following wildfire in a eucalypt forest[END_REF].

However, in the framework of a rainfall experiment conducted after a major forest fire in Los Alamos, New Mexico (US), [START_REF] Johansen | Pulsed redistribution of a contaminant following forest fire[END_REF] found 137 Cs concentrations that were 40 times higher in ash deposits and three times higher in the topmost 5 cm of soil compared to pre-burned soils.

Concentration of 137 Cs in sediment was also observed when soil erosion occurred, although the levels declined rapidly with time and returned to the pre-fire levels after ~250 mm of cumulative rainfall. [START_REF] Smith | Discriminating fine sediment sources and the application of sediment tracers in burned catchments: a review[END_REF] provided a comprehensive review showing the techniques that may be used to discriminate fine sediment sources in burned catchments, with numerous examples taken in North America and in Australia. Additional sediment tracing approaches have since been conducted in catchments exposed to fires in other regions of the world including the Mediterranean region (e.g., the Balearic Islands, Spain). The occurrence of higher fallout radionuclide levels in burned material compared to unburned sources was also observed in these regions [START_REF] Estrany | Wildfire Effects on Suspended Sediment Delivery Quantified Using Fallout Radionuclide Tracers in a Mediterranean Catchment[END_REF][START_REF] García-Comendador | Source ascription in bed sediments of a Mediterranean temporary stream after the first post-fire flush[END_REF].

Use of fallout radionuclides in tile-drained catchments

Another type of environment where particularly high 137 Cs activities were detected in source material corresponds to drained catchments (n= 3) (Table 2). In a catchment located in the centre of France, [START_REF] Foucher | Quantifying the dominant sources of sediment in a drained lowland agricultural catchment: The application of a thorium-based particle size correction in sediment fingerprinting[END_REF] used 137 Cs measurements to demonstrate that sediment transferred in these drains originated predominantly from surface sources. They also outlined a substantial enrichment of very fine particles (~2-4 µm) in the drains and proposed an original correction factor based on Th concentrations estimated based on the 228 Th activities, which are analysed along with 137 Cs by gamma spectrometry. Similar substantial particle size differences were observed by [START_REF] Russell | Suspended sediment sources in two small lowland agricultural catchments in the UK[END_REF] in drained catchments of the UK, where they also found significant proportions of sediment originating from surface sources, although they underlined that their results were constrained by the representativeness of the study periods.

Use of fallout radionuclides in urban catchments

Relatively few studies (n=6) investigated sediment source contributions in urban catchments (Table 2). Among the few studies that used 137 Cs measurements, Ormerod (1998) calculated an increase in subsurface supply to sediment in downstream direction in a study conducted in New South Wales, Australia. In the UK, [START_REF] Carter | Fingerprinting suspended sediment sources in a large urban river system[END_REF] included 137 Cs among a suite of properties to discriminate between channel banks, cultivated or uncultivated topsoils and two urban sources (i.e road dust and solids from sewage treatment works). [START_REF] Devereux | Suspended-sediment sources in an urban watershed, Northeast Branch Anacostia River, Maryland[END_REF] illustrated the difficulty to define an urban signature except for the road surfaces or what was referred to as 'street residue' in a US catchment. In Laos, an increase in the contribution of subsurface material supplied by the river was also attributed to subsoil exposed to rainfall in constructions sites in suburban areas [START_REF] Huon | Suspended sediment source and propagation during monsoon events across nested sub-catchments with contrasted land uses in Laos[END_REF]. Finally, in a tributary of the Seine River (France), [START_REF] Froger | Tracing the sources of suspended sediment and particle-bound trace metal elements in an urban catchment coupling elemental and isotopic geochemistry, and fallout radionuclides[END_REF] quantified the contribution of 'road deposited sediment' to the material transiting this river. Relatively depleted in 137 Cs (median activity: 0.5 Bq kg -1 ), this source was strongly enriched in 210 Pb xs (median: 232 Bq kg -1 ) and 7 Be (median: 402 Bq kg -1 ) and was shown to supply significant quantities of metal contaminants originating from urban runoff to the river. These studies illustrate that there is potentially an untapped potential of 137 Cs research in urban catchments.

Main challenges associated with the use of 137 Cs as a tracer

Particle size

In the early 1990s, [START_REF] Walling | Use of radiometric fingerprints to derive information on suspended sediment sources. Erosion and sediment transport monitoring programmes in river basins[END_REF] already recommended the community to take into account the particle size enrichment of 137 Cs when comparing the signatures of sources and sediment material, and suggested to conduct particle size corrections [START_REF] He | Interpreting particle size effects in the adsorption of 137 Cs and unsupported 210 Pb by mineral soils and sediments[END_REF]. Indeed, the universal use of these corrections has received critiques [START_REF] Smith | Sediment fingerprinting in agricultural catchments: A critical reexamination of source discrimination and data corrections[END_REF]) and an extensive review on the challenges and the opportunities associated with the tracer particle size effect have been discussed in details [START_REF] Laceby | The challenges and opportunities of addressing particle size effects in sediment source fingerprinting: A review[END_REF]. In summary, it is well known that 137 Cs is rapidly bound to fine particle size fractions and that this enrichment must be carefully taken into account when designing sediment source tracing studies.

Heterogeneity of source signatures

Often, research has demonstrated that there may be some local scale heterogeneity caused by potential fallout deposition patterns or erosion patterns. On the one hand, 137 Cs activities were shown to vary significantly depending on the hillslope position based on a study conducted in Iran.

Accordingly, significantly higher 137 Cs activities were found on the hillslope summit compared to the shoulder position, as well as on the toeslope compared to the backslope and the shoulder. These results demonstrate that when 137 Cs is associated with other environmental radionuclides (i.e., 40 K, 232 Th) and TOC, it may provide further detailed discrimination between different hillslope compartments [START_REF] Nosrati | Ascribing soil erosion of hillslope components to river sediment yield[END_REF]. On the other hand, 137 Cs was used in a study investigating the spatial variability of source properties (i.e. metals, trace elements, organic matter parameters) at the field scale (Devon, UK) and provided information on the magnitude and the spatial patterns of soil redistribution within the field that may cause in turn spatial variability in the fingerprint properties [START_REF] Du | Fingerprinting surficial sediment sources: Exploring some potential problems associated with the spatial variability of source material properties[END_REF]. This result corroborates the research of [START_REF] Wilkinson | Sediment source tracing with stratified sampling and weightings based on spatial gradients in soil erosion[END_REF] in Australia that demonstrated how sediment contributions of surface erosion in areas affected by high erosion rates as estimated based on fallout radionuclide measurements may underestimate the topsoil supply to sediment. Accordingly, these authors recommended to conduct source sampling schemes stratified by erosion rate across the catchment, with the collection of a larger number of source samples in highly eroded areas.

Situations where 137 Cs was not selected as a relevant tracing property

Although 137 Cs was successfully used in numerous studies, in some catchments including the suburbs of Nanjing in China where extensive soil erosion occurs and several potential subsoil material sources are found (i.e. roads, mines), the fallout radionuclide was not selected as a discriminant property (Zhou et al., 2016). In an agricultural catchment of the Canadian Prairies, high 137 Cs concentrations were found in the top 0-20 cm layer of channel banks likely because this location corresponds to the edge of the riparian soil that contains both original atmospheric fallout and also potentially deposited material derived from upper parts of the catchment (Koiter et al., 2013a). Similar difficulties were experienced by [START_REF] Boudreault | Using colour, shape and radionuclide fingerprints to identify sources of sediment in an agricultural watershed in Atlantic Canada[END_REF] who measured similar 137 Cs activities in agricultural topsoil (mean: 7.2 Bq kg -1 ) and agricultural subsurface material (mean: 6.2 Bq kg -1 ) in a catchment of New Brunswick (Eastern Canada). They also attributed this unexpected result to the sampling protocol which consisted in collecting surface samples in depositional areas near the stream edge or collecting channel bank aggregate samples from the top to the bottom of the profile into a single sample.

Finding surrogate properties for 137 Cs

Given the decay of 137 Cs since the main fallout period during the last century and the difficulties to detect this radionuclide in an increasing number of regions across the globe, surrogate properties can provide discrimination of surface and subsurface sources to sediment in these environments.

Excess 210 Pb

In catchments of South Africa, [START_REF] Foster | Sediment tracing and environmental history for two small catchments, Karoo Uplands, South Africa[END_REF] demonstrated the potential for 210 Pb xs to provide an alternative to 137 Cs as the latter will soon become undetectable because of the lack of inputs and its 30-yr half-life. A good relationship between both radionuclides was also found in source and sediment samples collected in a catchment of Burkina Faso [START_REF] Rode | Subsurface sources contribute substantially to fine-grained suspended sediment transported in a tropical West African watershed in Burkina Faso[END_REF]. A similar finding was also demonstrated in a catchment of Southern England by comparing 137 Cs and 210 Pb xs activities in surface, subsurface material and sediment [START_REF] Walling | Source, storage and mobilisation of fine sediment in a chalk stream system[END_REF], although the authors outlined a greater enrichment in 210 Pb xs than in 137 Cs in suspended sediment and channel bank material compared to subsoil material. This was attributed to a higher content of suspended sediment in organic matter and the known preferential association of 210 Pb xs with the organic fraction. Other authors attributed this enrichment in 210 Pb xs in sediment compared to sources to the direct supply of additional 210 Pb xs fallout associated with rainfall in the channel [START_REF] Wallbrink | Estimating residence times of fine sediment in river channels using fallout 210 Pb[END_REF]. Olley et al. (2013b) indicated that the correlation that is often observed between 137 Cs and 210 Pb xs activities in source samples implies that they should not be used to provide independent estimates of the relative contribution of the sources to the river sediment. The comparison of the respective proportions of 137 Cs and 210 Pb xs fallout per latitudinal band across the globe interestingly shows that in low-latitude regions (0-20° latitude) where 137 Cs fallout levels are very low, atmospheric 210 Pb may provide a surrogate tracer as it is continuously deposited at significantly higher levels than the initial levels of 137 Cs fallout (Fig. 7).

Other radionuclides

In early sediment tracing studies, 226 Ra was measured along with 137 Cs to discriminate between topsoil and subsoil sources [START_REF] Murray | Determining the origins and history of sedimentation in an underground river system using natural and fallout radionuclides[END_REF]. Unlike most radionuclides, geogenic 226 Ra was found to be enriched in subsoil compared to topsoil in a catchment of Southeast Australia [START_REF] Wallbrink | Quantifying the erosion processes and land-uses which dominate fine sediment supply to Moreton Bay, Southeast Queensland, Australia[END_REF]. However, because of large variations in its concentrations, the use of this geogenic radionuclide in tracing has never become extensive, despite early studies outlined its potential to discriminate sediment sources at the plot scale in Southeastern Australia [START_REF] Murray | Determining the origins and history of sedimentation in an underground river system using natural and fallout radionuclides[END_REF][START_REF] Olley | Identifying sediment sources in a gullied catchment using natural and anthropogenic radioactivity[END_REF]. In a recent review article, [START_REF] Alewell | Suitability of 239+240 Pu and 137 Cs as tracers for soil erosion assessment in mountain grasslands[END_REF] suggested that plutonium in general and 239+240 Pu in particular may provide the next generation tracer of soil redistribution due it is longer half-life compared to 137 Cs (Table 4) and its high measurement precision.

Organic matter

In catchments of South Africa where alternative tracers are actively sought given 137 Cs in often below the detection limits in topsoils across several regions, statistically significant correlations, with r 2 values exceeding generally 90 %, were found between 137 Cs and Loss-on-Ignition (LOI), which was considered as a true reflection of organic matter and not C derived from bedrock or other sources [START_REF] Foster | The potential for gamma-emitting radionuclides to contribute to an understanding of erosion processes in South Africa[END_REF]. The good relationship found between 137 Cs and organic matter content in potential source samples was also confirmed in a more recent study conducted in Iran [START_REF] Nosrati | Tracing sediment sources in a mountainous forest catchment under road construction in northern Iran: comparison of Bayesian and frequentist approaches[END_REF]. In Laos, [START_REF] Huon | Long-term soil carbon loss and accumulation in a catchment following the conversion of forest to arable land in northern Laos[END_REF] showed that 137 Cs activities and Total Organic Carbon concentrations were better correlated in the topsoil (0-10 cm) compared to the deeper soil layers (10-20 cm, 20-30 cm), illustrating that a common process -soil erosion -controlled their progressive depletion in the surface layer. Based on a similar finding, surface and subsurface sources were very well discriminated by both Total Organic Carbon and 137 Cs in several catchments of the Tunisian Ridge [START_REF] Ben Slimane | Relative Contribution of Rill/Interrill and Gully/Channel Erosion to Small Reservoir Siltation in Mediterranean Environments[END_REF]. Similarly, 210 Pb xs activities were also shown to be well correlated (r² = 0.79) with LOI measurements conducted in Australia (Olley et al., 2013a). However, in another study conducted in Iran, uncertainties associated with sediment source contributions were higher when using organic matter properties than when including 137 Cs, likely because of the low organic matter contents (mean: 0.3 -0.4%) found in this arid region [START_REF] Nazari Samani | Application of multiple sediment fingerprinting techniques to determine the sediment source contribution of gully erosion: Review and case study from Boushehr province, southwestern Iran[END_REF], which illustrates that the validity of using this surrogate property should always be verified in the local conditions prior to its application.

Limitations of the published 137 Cs research

Only one paper provided its full dataset of raw measurement data (Le [START_REF] Gall | Quantifying sediment sources in a lowland agricultural catchment pond using 137 Cs activities and radiogenic 87 Sr/ 86 Sr ratios[END_REF] in the article or in their Supplementary Material. For 13 articles, no data was given at all, and only those results of statistical tests used for sediment tracing were provided. Often, a combination of graphs and tables (n=31 studies) or only graphs (n=10) was provided. In a significant number of articles (n=54), only statistics of the measurements were summarized in tables or simply referred to in the text. Fifteen studies (7%) did not even provide information on the catchment area. Interestingly, information on the source sampling depth was also not provided in a large number of articles (n=34). Of note, information on the type of sediment collected was not mentioned in 22 studies and the number of sediment samples was not even provided in 16 articles. Information on the particle size fraction of interest was not provided for 22 articles published between 1996 and 2017, with 15 of those published since 2010. As fallout radionuclides decay with time, the availability of the reference date and/or the sampling date used for calculating their activities is of particular importance. However, this information was lacking for 44 studies (36 % of the total), which may prevent the decaycorrection of radionuclide activities at a later date or data comparison between studies. In the future, researchers must include enough information in their articles to make them reproducible and reviewers should ensure that this minimal standard is met. Furthermore, the provision of raw data should also be encouraged in order to facilitate the incorporation of previous results when designing new research projects and help improve our global understanding of 137 Cs dynamics in soil erosion research.

Perspectives for future research

With the decrease of 137 Cs activities due to radioactive decay, the surface source activities will increasingly become closer to those found in subsurface sources. Although this situation was already observed in China's Loess Plateau, in South Africa or in mining catchments of New Caledonia (Fig. 8), its more frequent occurrence in the future will increase the uncertainties associated with this method. The use of 'well' hyperpure germanium detectors installed in underground laboratories sheltered from the cosmic rays could provide a temporary solution, but the use of these facilities will not be accessible to a variety of researchers. Furthermore, the relatively high cost of gamma spectrometry analyses and the need to collect sufficient material to conduct the analyses (e.g. using a continuous flow mobile centrifuge) were outlined as potential difficulties associated with the use of 137 Cs [START_REF] Mukundan | Sediment Fingerprinting to Determine the Source of Suspended Sediment in a Southern Piedmont Stream[END_REF]. The usual analysis time is 24 h per sample, although when low quantities of material are available or for very low activity samples, counting times of 48 h per sample are usual, which significantly decreases the analytical capacities and increases the unit cost per analysis.

Based on the data compiled in the current research, 137 Cs should theoretically provide powerful discrimination between surface and subsurface sources of sediment in a large number of countries across the world where this technique has not been tested yet (Fig. 8). In Europe, 137 Cs has been widely used for calculating sediment budgets based on the calculation of 137 Cs inventories in soil profiles [START_REF] Mabit | The usefulness of 137 Cs as a tracer for soil erosion assessment: A critical reply to Parsons and Foster[END_REF][START_REF] Parsons | What can we learn about soil erosion from the use of 137 Cs?[END_REF] although it has been less often included in sediment tracing research in Mediterranean countries as well as in the eastern and northern parts of the continent. In Northern Africa, there should be significant potential for application in other Maghreb countries as this technique was successfully implemented in Tunisia [START_REF] Ben Slimane | Relative Contribution of Rill/Interrill and Gully/Channel Erosion to Small Reservoir Siltation in Mediterranean Environments[END_REF]. In South America, the technique could be usefully tested in countries with a large agricultural surface area and located > 20°S such as Argentina, Paraguay and Uruguay. Finally, in Oceania, 137 Cs could be tested as a fingerprint in New Zealand, in regions located in western and central Australia, as well in other Pacific Islands (including French Polynesia). The applicability of the technique in regions exposed to a colder climate could also be explored to investigate the impact of glacier retreat on sediment source dynamics among other potential research topics. For example, the feasibility of 137 Cs detection has been recently demonstrated in Maritime Antarctica [START_REF] Navas | Radionuclides and soil properties as indicators of glacier retreat in a recently deglaciated permafrost environment of the Maritime Antarctica[END_REF].

Although there has been a tendency in the literature to argue in favour of the development of universal techniques and models that could be applied uniformly in catchments around the world, the current research demonstrates that this goal will likely never be achieved with 137 Cs owing to the multiple environmental conditions, land use changes and the extent and variations of the anthropogenic impacts observed in different catchments worldwide. Although universal principles should be respected when implementing the sediment source tracing methods (i.e, comparing similar particle size fractions of soils and sediment), there is no universal rule regarding the types of the sources that can be discriminated based on the 137 Cs method, whether this technique will work in all the catchments or achieve the source differentiation that was initially sought. There will always be a significant number of site-specific constraints that the researchers will have to identify and deal with when deriving their sample design and when interpreting the data, which may lead to unexpected results. For example, owing to its independence of lithology, 137 Cs was considered a useful property for distinguishing potential source types in catchments with heterogeneous geology [START_REF] Walling | Use of radiometric fingerprints to derive information on suspended sediment sources. Erosion and sediment transport monitoring programmes in river basins[END_REF]. This characteristic was thought to be universal. However, the diversity of applications and source type discriminations illustrated in the current research demonstrate that the universality of one method will never reasonably be achieved owing to the diversity of environmental contexts, anthropogenic activities and initial fallout levels found around the world.

Conclusions

The current meta-analysis of research incorporating 137 Cs in sediment source fingerprinting research included 123 articles. Fifty-two percent of these articles provides results obtained in catchments located in Europe or in Northern America. The three countries in the world with the highest numbers of publications are the UK (n=24), Australia (n=23) and the US (n=20). In contrast, very few articles reported research from Africa (n=9) and South America (n=2). The research design of these studies was strongly variable, regarding the number and the size of the catchments investigated, or the amount and the type of source and sediment samples analysed. The increasing number of studies observed throughout time demonstrates the growing popularity of this technique. The atmospheric thermonuclear bomb testing that reached a peak between 1963 (Northern Hemisphere) and 1965 (Southern Hemisphere) provided the main source of 137 Cs fallout except in those few regions of the world where nuclear accidents occurred (Chernobyl, Fukushima). However, this accidental fallout does not prevent the use of 137 Cs for discriminating surface vs. subsurface source contributions to sediment in these regions. Overall, positive relationships were found between the 137 Cs activities found in surface/subsurface sources and the proportion of global fallout received. Given the low proportions of global fallout received in those latitudinal regions located between 0-20°N and 0-20°S, the applicability of the method may be increasingly limited in this part of the world. Furthermore, the very low 137 Cs activities found in surface soils analysed in China's Loess Plateau and in South Africa may prevent the use of this sediment fingerprinting technique in these regions and reflect the severity of soil erosion processes occurring in these environments.

Forty-one percent of the reviewed studies included 137 Cs for discriminating surface vs. subsurface erosion, while 40% of the articles investigated land use contributions to sediment. The power of 137 Cs to distinguish between surface vs. subsurface sources was demonstrated by the fact that among those studies that use un-mixing models, 94% included 137 Cs in the optimal fingerprints included in the models. For land-use based studies, 71% of those that modelled sediment source contributions included 137 Cs in the optimal tracer combination. The usefulness of this tracing property was also demonstrated in catchments exposed to wildfires, urban environments and tile-drains.

Among the main challenges associated with this method, the ongoing decay of 137 Cs to undetectable levels raises the need to develop the use of detectors installed in underground laboratories and that of alternative tracers that may include 210 Pb xs , plutonium or organic matter properties. In the future, researchers need to systematically include basic catchment information in their articles as well as reproducible details on the sampling design including the number and the type of the source and sediment samples collected, the sampling depth, the sampling/reference dates and the particle size fraction considered. Furthermore, researchers should provide access to the raw data in order to facilitate the incorporation of previous research results. Despite previous suggestions regarding the development of universal techniques and models that could be applied uniformly in catchments across the globe, the current meta-analysis demonstrates that this goal will likely never be achieved as a result of the diversity of the environmental conditions and fallout levels found in catchments around the world.
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 4 Figure 4. Distribution of radionuclide fallout from thermonuclear bomb testing with latitude in the world, after UNSCEAR (2000), and the proportion of monthly bomb fallout data missing between for each 10-degree latitude based on records from those available monitoring stations(Health and Safety Laboratory, 1977). Overall, 50% of data were missing for this period, as most of the monitoring stations did not show continuous records. Of note, the global fallout period(1963- 1967) is that with the lowest proportion of missing data, ranging from 20 to 30% in both hemispheres, compared to higher proportions between1954-1959 (~89%) and 1967-1976 (~40%) .
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 5 Figure 5. Evolution of the 137 Cs activities in (a) cultivated topsoil and (b) subsurface soils of the northern hemisphere and (c) in cultivated topsoil and (d) subsurface soils of the southern hemisphere depending on the proportion of 137 Cs worldwide fallout after UNSCEAR (2000). Data decay-corrected to January 1, 2019.
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 6 Figure 6. Box-plots of 137 Cs activities (decay-corrected to January 1, 2019) in surface and subsurface sources across the globe.
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 7 Figure 7. Comparison of the proportion of the global fallout of atmospheric 210 Pb (Baskaran, 2011) and 137 Cs (after UNSCEAR, 2000).
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 8 Figure 8. Applicability of sediment fingerprinting techniques including 137 Cs for discriminating surface and subsurface sources around the world.

  

  

Table 2 .

 2 Studies including137 Cs to trace land use-based source contributions to sediment around the world.

	Nagle et al.	USA	2041	Channel	Cultivated,	ERNs	137Cs	Yes	Yes	Yes
	(2007)			bank	pasture,					
					forest					
	Mizugaki et	Japan	0.3, 0.6	Landslide	Forest floor	ERNs	137Cs, 210Pb	Yes	Yes	No
	al. (2008)			scar, truck						
				trail						
	Smith (2008) Australia	1.6	Gully and	Slopes	ERNs	137Cs, 210Pb	Yes	Yes	Yes
				channel						
				walls						

Table 2

 2 Collins et al.Figure1. Location of catchments and number of studies where 137 Cs was used to discriminate sediment source contributions across the world.

		UK	580; 87	Chann	Cultivated,	FRNs,	137Cs, 210Pb	Yes	Yes	No	n/a
	(1997a)			el	pasture	Elemental					
				banks		Geochemis					
						try, C+N,					
						total P					
	Collins et al.	UK	46; 8.7	Chann	Cultivated,	FRNs,	137Cs, 210Pb	Yes	Yes (in 1	No	n/a
	(1997b)			el	pasture,	Elemental			of the 2		
				banks	forest	Geochemis			catchme		
						try, C+N,			nts)		
						total P,					
						particle					
						size					
	Wallbrink et al.	Australia	13500	Chann	Cultivated,	FRNs	137Cs, 210Pb	Yes	Yes	Yes	n/a
	(1998)			el	pasture						
				banks,							
				gullies							
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