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Short Abstract 

The soil is a natural precious resource to defend because soil erosion represents an important 

threat to the long-term sustainability of agriculture and forestry in many areas of the world. 

During the last decades, a number of methods have been employed to predict soil erosion rates 

in different countries of the world, including southern Italy. One of the techniques that proved 

to be very successful in this field of research is based on the use of the radionuclide 137Cs. The 
137Cs measurements are able to document rates of soil erosion for the past ca. 60 years since the 

commencement of the nuclear fallout in 1954. 

The work undertaken in this thesis aims at monitoring and predicting erosion rates in three small 

Calabrian catchments using an improved theoretical approach, proposed to exploit the potential 

of the classic 137Cs technique. 

These catchments are equipped since 1978 for measuring rainfall, runoff and sediment yield. A 

number of field campaigns, undertaken during the period 1998-2001, provided the basis for a 

first application of the novel technique based on 137Cs measurements. 

The first application of this technique allowed a comparison between the predicted values of 

erosion rates provided by the radionuclide measurements (1954-2001) and the long-term values 

of measured soil erosion representative of the first monitored period (from 1978 to 2001). The 

results of these investigations are published elsewhere in the literature. 

The activity carried out for this PhD Project and described in this dissertation is based on a 

second set of field campaigns, undertaken during the period from 2013 to 2015 within the same 

catchments. This strategy, better known as Re-sampling approach, consists in repeating the 

same sampling campaigns in order to recollect the soil samples, from the same sampling points, 

after a number of years. The new measurements of 137Cs, looking back at an extended time 

window (1954-2015) allowed a comparison of soil erosion rates for different periods. 

The main results obtained during this PhD Project demonstrated that two of the three 

catchments showed a significant increase in net soil loss in recent years and this was consistent 

with the increase shown by the annual sediment yields from the two catchments. The third 

catchment provided no clear evidence of a change in net soil loss and this was again consistent 

with the records of annual sediment yield. The overall results suggest that the recent period 

represents a period of changing sediment response within the study catchments. This suggestion 

is consistent with independent evidence provided by the available records of sediment yield 
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from the catchments and the trend of increasing annual erosivity demonstrated by the records 

from two rainfall measuring stations in the vicinity of the study catchment. 

The results from the study confirmed the viability of using the Re-sampling approach for 137Cs 

measurements within areas with uncultivated soils, in order to document changing rates of soil 

redistribution in response to Global Change and more particularly changes in land use and 

precipitation erosivity. 

Keywords: 137Cs; re-sampling approach; soil loss; sediment yield; uncultivated soils; 

environmental change.  
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Extended Abstract 

The research PhD project deals with the use of a novel technique aimed at predicting erosion 

rates in three small catchments (W1, W2 and W3) located in Calabria, Southern Italy. An 

improved theoretical method, consisting of a re-sampling approach, is proposed to exploit the 

potential of the classic 137Cs technique. The re-sampling technique was applied to investigate 

erosion rates during the period 1999-2015. Comparison of the inventory documented by the 

initial sampling campaign (1998-2001) for each sampling with the second campaigns of 

sampling (2013-2015) at the same points provided the basis for estimating the mean annual soil 

redistribution rate for that point over the period between the two sampling campaigns (1999-

2015). 

In order to fulfill the proposed goals, the activity was carried out in several phases that required: 

a) a review of the literature about the existing works concerning the re-sampling technique 

related to the use of 137Cs for predicting soil erosion rates in uncultivated soils - this 

review includes also the use of the laboratory equipment (gamma detectors) useful to 

measure the radionuclide activity in soil samples; 

b) the field work within the experimental catchments that included the ordinary sediment 

sampling to monitor the erosion processes at event scale on the three catchments (W1, 

W2, and W3) and two field campaigns within the catchments W1 and W3 devoted to 

collection of soil samples from selected points - to complete the scenario of the 

application of the radionuclides technique in different physical habitats, further research 

at University of Maryland Baltimore County was required; 

c) the laboratory analyses for measuring the 137Cs content in the soil samples collected 

within the experimental sites; 

d) the processing of the new datasets obtained during the field campaigns to calculate the 

erosion rates at event, annual, and mean annual scale - to cover some of the gaps existing 

in the local database of soil erosion measurements available at the experimental sites, 

the application of a rainfall-runoff model was necessary at the Warsaw University of 

Life Sciences; therefore, it was possible to refine the procedures of reading and 

interpretation of rainfall and hydrometric data; 

e) the comparison of the results with existing database in the area to set up a first 

experimental protocol for the application of this methodology; 

f) a final calculation in order to estimate the mean annual soil redistribution rate for the 

three catchments in the recent time window between the two field campaigns.  
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Three experimental catchments (W1, W2 and W3) located near Crotone (39°09’10’’N, 

17°08’10’’E) in the ephemeral headwaters of the larger Crepacuore basin were used for this 

purpose. These catchments, in view of their large existing databases in terms of rainfall, runoff 

and sediment yield measurements, represent a unique example of experimental site to test this 

new technique. They are equipped since 1978 for measuring rainfall, runoff and sediment yield. 

Each catchment has been instrumented by the National Research Council of Italy (CNR) “Soil 

Conservation Project” to monitor the effects of afforestation on their hydrological response and 

sediment yield. Runoff from the catchments is measured using H-flume structures equipped 

with mechanical stage recorders. The sediment load passing the gauging structure is measured 

using a Coshocton wheel sampler installed below the H-flume. This sampler collects an aliquot 

of ca. 1/200th of the flow that is diverted to a tank. After each storm event, representative 

samples are collected from the tank to determine the mean sediment concentration in the tank 

and the sediment yield is calculated as the product of this concentration and the total runoff 

volume for the event measured by the H-flume. The annual sediment yield is in turn calculated 

as the sum of the sediment loads for all storm events occurring during the year. 

These three catchments (W1, W2 and W3) have never been cultivated and they originally 

supported a rangeland vegetation cover. W1 catchment still supports a rangeland vegetation 

cover dominated by Lygeum spartum and Atriplex halimus. In 1968, W2 and W3 were planted 

with Eucalyptus occidentalis trees. These trees were cut in 1978 and 1990 in catchment W2 and 

in 1986, 2006 and 2016 in catchment W3 with the tree cover being subsequently restored by 

natural re-growth. Within catchment W2, the tree cover is not uniform, and about 20% of its 

area, primarily along its northern margin, is characterized by discontinuous trees and a sparse 

grass cover. Elsewhere, the tree cover is relatively uniform. In catchment W3 the forest cover 

is currently almost continuous and only about 2-3% of the area is characterized by a grass cover. 

The fieldwork related to this PhD programme consists of two types of activity: the ordinary 

sediment sampling campaigns and the soil sampling campaigns. 

The ordinary sediment sampling campaigns was carried out within the experimental sites (W1, 

W2 and W3) and consisted of several field activities, most of them devoted to the measurements 

of rainfall, runoff and sediment yield after each natural storm event. These measurements 

concern collection of sediment samples, after each storm event, from the tank located at the 

catchments outlet. These measurements allowed to establish the mean sediment concentration 

in the tank at the event scale. The sediment concentrations associated with these samples are 

determined by oven drying at 105°C. The event sediment yield from the catchments is then 

calculated as the product of the mean sediment concentration and the total runoff volume for 
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the event measured by the H-flume. These measurements, together with the existing dataset 

available for the previous monitoring period (1978-2015), served for validating the re-sampling 

technique proposed in this project. 

The soil sampling campaigns consist of field activities directed to collect soil samples within 

the catchments in order to apply the re-sampling technique. A first application of the re-

sampling technique was carried out in catchment W2 in 2013. The activity undertaken during 

this PhD programme related the catchments W1 and W3. In this respect, a first field campaign 

was undertaken in September 2014 and the second one in July 2015. These field activities 

concerned the collection of soil samples in 68 sites within the catchment W1 and in 83 sites 

within the W3. Soil sampling was carried out using a steel core tube (0.1 m diameter) driven 

into the ground by a motorized percussion corer to a depth of 30 cm. These samples were 

compared with those collected during a field campaign undertaken in 2001 for the catchment 

W1 and in 1998 for the W3, based on the same sampling locations. 

An adjacent area of undisturbed rangeland with minimal slope and similar altitude was selected 

as the reference site. In this case, one set of samples was collected using a scraper plate, in order 

to provide samples from a larger and therefore more representative area. 

All soil samples were initially oven dried at 105°C for 48 hours, disaggregated and passed 

through a 2 mm sieve. A representative sample of this fraction of each sample was then placed 

in a 0.5 kg Marinelli beaker or a plastic pot (in the case of smaller samplers) in order to measure 

its 137Cs activity by gamma spectrometry. This set of samples was analyzed using 2 high 

resolution HPGe detectors in the Laboratory of the Department of Agriculture at the University 

“Mediterranea” of Reggio Calabria, Italy. Count times were ca. 40,000 s providing a precision 

of ca. ±10% at the 95% level of confidence. The efficiency of the detection system was 

calibrated using standard samples prepared by adding known amounts of radionuclide standards 

to representative soil samples. 

The analysis consisted of the complete reading of the spectrum, identifying peaks (identified 

by the detector through the gamma rays emission produced by the caesium inside the sample) 

related to 660 keV, and in the calculation of these areas underneath. The information provided 

by the above analysis was used to calculate the 137Cs content of the sample. This was expressed 

in two ways: 

a) 137Cs activity, the concentration of 137Cs per unit mass (expressed as Bq kg-1);  

b) 137Cs inventory, the total amount of 137Cs present in the entire soil profile per unit surface 

area (usually expressed as Bq m-2). 
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For the catchment W1, the calculation of the mean annual sediment yield from the study 

catchments for the two periods for which sediment yield data are available gives 11.6 t ha-1 yr-

1 for the period 1978-1994 and 35.9 t ha-1 yr-1 for the period 2009-2014. For the catchment W2, 

the mean annual sediment yield for the period 1978-1994 is estimated to be 17.5 t ha-1 yr-1 and 

for the period 2006-2012 is 31.02 t ha-1 yr-1. For catchment W3, the corresponding values are 

7.4 t ha-1 yr-1 for the periods 1978-1994 and 37.5 t ha-1 yr-1 for the period 2006-2015. 

In this study, a diffusion and migration model has been used for the purpose of estimating the 

soil redistribution rates indicated by the 137Cs inventories measured at the sampling sites. For 

the first sampling campaigns (1998-2001), the estimates of soil redistribution rate relate to 

periods from 1954 to 1998-2001 - where 1954 is assumed to represent the onset of bomb fallout. 

For the second sampling campaigns, these estimates relate to periods from 1954 to 2013-2015. 

By subtracting the total soil loss for the period 1954 to 2013-2015 from the total soil loss for 

the period 1954 to 1998-2001, it was possible to estimate the total soil loss, and thus the mean 

annual soil loss, for the period 1998-2001 to 2013-2015. 

For the first sampling, the estimated mean annual soil redistribution rates for the catchment W1 

was of -8.6 t ha-1 yr-1, for the catchment W2 it was of -14.0 t ha-1 yr-1 and for the catchment W3 

it was of -11.3 t ha-1 yr-1 (negative values indicate erosion). For the second sampling the 

estimates of mean annual soil redistribution rates for the catchment W1 is of -9.4 t ha-1 yr-1, for 

the catchment W2 it is -13.6 t ha-1 yr-1 and for the catchment W3 it is -12.4 t ha-1 yr-1. By 

calculating the total soil loss for the period 1954-2001 as the product of the soil redistribution 

rate and the period involved in years, and subtracting this from the total soil loss for the period 

1954-2015, it is possible to estimate the total soil loss and thus the mean annual soil loss for the 

period 2001-2015. This latter value was estimated to be -12.3 t ha-1 yr-1 for the catchment W1, 

-12.6 t ha-1 yr-1 for the catchment W2 and -16.4 t ha-1 yr-1 for the catchment W3. 

The overall results suggest that the recent period represents a period of changing sediment 

response within the study catchments W1 and W3. For the W2 catchment, the estimates 

provided by the 137Cs measurements do not show significant difference between the two 

periods. The higher magnitude of the values of sediment yield could reflect an additional 

contribution to the sediment output from the study catchment from channel erosion, which is 

not included in the estimates of mean annual soil loss from the catchment slopes provided by 

the 137Cs measurements. This apparent contrast is more likely to reflect the uncertainties 

associated with the two different approaches to characterizing sediment output from the study 

catchment, which have been captured by the uncertainty attributed to the estimates. 
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The results from the study demonstrate the viability of using a re-sampling approach for 137Cs 

measurements within areas with uncultivated soils, in order to provide information on changing 

rates of soil redistribution in response to Global Change and more particularly changes in land 

use and precipitation erosivity.   
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INTRODUCTION 

 

1.1 Overview 

Soil erosion and associated sedimentation are natural landscape forming processes. However, 

they can be accelerated by human activities (deforestation, overgrazing, urban sprawl, change 

in land use and non-sustainable farming practices) that can have negative impacts on 

agricultural production as well as watershed management and conservation of natural resources 

(Lal, 2000; Walling, 2001). 

Erosion can be caused by geological factors and by exogenous processes, like water, wind and 

ice. In particular, the water erosion is the process of disintegration of the soil surface that occurs 

as a result of rainfall and runoff. 

About the erosion phenomenology, these processes consist in the detachment of soil particles, 

their entrainment, the transport and the deposition of these particles termed sediments. The 

erosion process begins when the tangential forces are exerted by the impact of raindrops on the 

soil surface and the current generated by water runoff. This phenomenon depends on the amount 

of these efforts, the resistance to separation of the particles from the soil mass, the 

transportability of the sediment and the transport capacity of the agent erosive (Bagarello and 

Ferro, 2006). 

In order to understand perfectly the dynamics of this phenomenon, it is important to know the 

water erosion factors: the climate, the soil, the morphology, the covering and the land use. These 

main factors influencing soil erosion can be grouped into three categories: 

a) Energy factors - These are related to the capacity of several agents such as 

rainfall, runoff, wind, ice, gravity and also mechanical tools (machinery) to 

generate erosion. In this regard, erosivity is the potential aggressivity of the 

causal agent. Landscape morphological features (e.g. slope gradient, aspect, 

form and length) are intrinsically linked to these energy factors (Mabit et al., 

2014a). Water erosion has been identified as one of the major causes of soil 

degradation in both developed and developing countries (FAO, 2005; Mabit et 

al., 2000, 2002). On any given slope, surface runoff characteristics, and hence 

water erosivity, are closely related to rainfall event characteristics (e.g. rainfall 

intensity, event duration, raindrop size), antecedent conditions and the 
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hydrological properties of the soil surface and shallow subsurface (Morgan, 

2005). Water erosion occurs as laminar or sheet erosion, rill or interrill erosion 

and gully erosion. Changes in vegetation and soil hydrological conditions can 

also produce superficial mass movements on sloping lands and lands with low 

soil stability (Torri, 2004). Wind velocity and evaporation are the main factors 

controlling spatial patterns and rates of wind erosion. Wind selectively mobilizes 

and transports soil particles to nearby areas via processes of rolling and saltation 

as well as to remote locations as dry deposition/dust carried in suspension 

(Goosens, 2002). 

b) Resistance factors - These are related to the soil erodibility or the susceptibility 

of the soil to be eroded. Soil erodibility is directly dependent on the physico-

mechanical properties of the soil (e.g. degree of aggregate stability) and 

indirectly dependent on other properties (linked to chemical, physico-chemical, 

and biological factors) that affect the former (Mabit et al., 2014a). 

c) Protection factors - In practice, several types of erosion can occur in a given 

location according to the local land use and management practices (Torri, 2004) 

but there are also a range of factors that can reduce erosivity. Interception of 

rainfall is a major factor in this regard and good cover of plant biomass 

(vegetation or crop residues) will protect the soil from water and wind and the 

erosion losses will accordingly be reduced. In contrast, removal of vegetation by 

deforestation and overgrazing will result in enhanced erosion and deposition off-

site. The loss/removal of scarce natural vegetation in arid zones leaves the soil 

prone to wind and water erosion and promotes desertification. In many parts of 

the developing world, resource-poor farmers who practice subsistence 

agriculture on communal lands do not have sufficient economic and technical 

resources to permit adequate soil management and conservation, and they cannot 

make investments to improve soil quality. It is therefore necessary to consider 

the importance of socio-economic and political factors that are drivers of the 

degradation of soil resources by (a) (b) erosion. The availability of resources and 

the economic incentives provided by relevant bodies and associated agricultural 

policies also exert a very important influence on land use and its intensification. 

These factors can have a great influence on soil erosion (Stocking, 2003; 

Boardman et al., 2003). 
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Soil erosion results not only in a loss of surface soil and thus a reduction in soil depth and water 

holding capacity, but it can also cause changes in soil properties, due to selective mobilisation 

and redistribution of soil constituents as well as loss of topsoil. Changes in soil properties can 

result in reduced crop productivity and a deterioration in soil quality, which may impact on 

ecosystem functioning and the longer term sustainability of the soil resource (Karlen et al., 

1997). Accelerated erosion decreases soil productivity (on-site impacts), increases downstream 

sedimentation, and is related to environmental pollution problems (off-farm impacts) in 

agroecosystems (Pimentel et al., 1994; Schmitter et al., 2010). On-site and off-site impacts of 

erosion can be summarised as follows: 

a) On-site effects - Soil erosion affects farmers particularly through soil (including 

colloidal particles), nutrient and organic matter losses with consequent decline in soil 

fertility/productivity and crop yield reduction. These problems may occur as a 

consequence of two major processes. First, continual removal of surface soil by erosion 

leads to soil degradation reflected in the reduction of soil fertility and breakdown of soil 

structure (Elwell, 1984; Mabit & Bernard, 1998). Compaction and poor internal 

drainage can act to exacerbate this problem by reducing the infiltration capacity of the 

soil and enhancing surface runoff. Secondly, extensive rills and gullying may lead to a 

reduction of the cultivable areas. The impact of this process has been widely recognised 

and various estimates of its severity have been established (Whitlow, 1986; Valentini et 

al., 2005). In the long-term, soil redistribution leads to spatial variability in soil quality, 

i.e. depletion or removal of soil particles and constituents, such as nutrients and organic 

matter, in eroding areas and enrichment in depositional areas (Mabit & Bernard, 1998; 

Mabit et al., 2008; Pansak et al., 2008). 

b) Off-site effects - Sediment and associated potential pollutants (mainly nutrients, 

pesticides, and pesticide metabolites) can reach watercourses and contribute to the 

eutrophication and contamination of water resources affecting aquatic ecosystems and 

wetlands. They can also increase or create siltation problems and other major off-site 

impacts such as muddy floods and mudflows which can damage human infrastructure 

and habitation. In both developed and developing countries, the problem of 

sedimentation in water conveyance systems and reservoirs increases costs of water 

treatment and management of dams. Land degradation by soil erosion and deposition 

also has wider negative ecological and socioeconomic impacts. These are directly 

related to food insecurity and increased malnutrition leading often to higher levels of 

poverty, rural migration, social unrest and overall poor economic development 

(Pimentel, 2006; UNEP, 2007). 
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Therefore, soil erosion and sedimentation cause not only on-site degradation of a non-

renewable natural resource, but also off-site problems such as downstream sediment deposition 

in fields, floodplains and water stream (Zapata et al., 2003). These problems and concern over 

the degradation of the landscape by erosion, and their impact on soil fertility and crop 

productivity in agriculture land, water pollution, and sedimentation in lakes, reservoirs, and 

floodplains are well documented (Brown and Wolf, 1984; UNEP, 1992; Lal, 1994; Walling, 

1989, 2000). 

In summary, soil erosion is one of the most serious environmental problems in the world today 

because it seriously threatens agriculture and the natural environment. Adequate food supplies 

depend on productive land. Soil erosion throughout the world is proceeding largely 

uncontrolled, with minimal conservation. This is in part because the amount of soil that erodes 

with each rain or windstorm is almost imperceptible. For instance, 15 tonnes of soil lost from a 

hectare of land during a single storm removes only about 1 mm of soil from the surface. Such 

soil losses are measurable by a number of standard methods, but quantitative monitoring is 

almost a non-existent feature of development programs (Pimental et al., 1993). 

1.2      Introduction 

Recent concern for problems of accelerated soil erosion and associated land degradation in 

many areas of the world (Pimentel, 1993) and recognition of the many adverse off-site impacts 

of soil erosion (Clark et al., 1985) have emphasized the need for improved information on rates 

of soil loss and thus for reliable means of assessing soil erosion rates across a range of 

environments (Porto et al., 2001). In the case of erosion, attention focused largely on soil 

erosion on agricultural land and emphasized the assessment of rates of soil loss and their 

implications for crop productivity and the sustainability of land use practices, as well as the 

design of soil conservation measures. In general, the degree of attention given to the study of 

erosion and sediment transport was broadly proportional to the magnitude of erosion rates and 

sediment loads. (Walling et al., 2011). Current concerns about both on-site and off-site adverse 

effects associated with accelerated soil loss, generate an urgent need for obtaining reliable 

quantitative data on the extent and actual rates of soil erosion worldwide. Such data are required 

for a more comprehensive assessment of the magnitude of erosion effects, to obtain a better 

understanding of the processes and the main controlling factors, validate new soil 

erosion/sedimentation prediction models, and provide a basis for developing scientifically 

sound land use policies and selecting effective soil conservation measures and land 
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management strategies, including assessment of their economic and environmental impacts 

(Toy et al., 2002; Walling, 2001). 

For Southern Italy, Sorriso-Valvo et al. (1995) suggested that soil erosion rates as high as 10 

mm year-1 (ca. 100-150 t ha-1 year-1) can occur in the mountainous Calabrian region. In such 

contexts, there has been a drive to reduce soil erosion by implementing improved management 

practices and erosion control measures. In some agricultural areas, where soil erosion is 

particularly severe, land use change and afforestation have been seen as the most appropriate 

means of reducing erosion risk. Some uncertainty does, however, exist regarding the 

effectiveness of afforestation programmes in reducing soil loss and catchment sediment yields, 

including the most appropriate forest species, particularly when the climate and soil conditions 

mean that the resulting forest cover may be sparse and not well-developed. Eucalyptus trees 

have, for example, been widely planted, but the canopy cover provided by such trees is 

generally less dense than that associated with other tree species. Furthermore, the need to obtain 

some economic return from the afforested land means that forest harvesting, frequently 

involving clearcutting, is an essential feature of the changed land management (Porto et al., 

2009). To examine and thus validate the effectiveness of afforestation in reducing soil erosion 

and catchment sediment yields, a number of catchment experiments were initiated in southern 

Italy, near Crotone in Calabria, from 1978 within the framework of the National Research 

Council of Italy (CNR) ‘Soil Conservation Project’. 

Traditional soil erosion monitoring is dealt with using three different ways: direct erosion 

measurements (erosion plots, experimental catchments), erosion modelling and prediction 

methods (using mathematical and empirical models) and indirect measurements (using 

conventional markers as tracers to estimate soil translocation). The selection of the method to 

be used basically depends on the objectives of the study and the availability of resources (Elliot 

et al., 1991). 

The quest for alternative techniques of soil erosion assessment to complement existing methods 

and to meet new requirements has directed attention to the use of radionuclides, as tracers for 

documenting rates and spatial patterns of soil redistribution within the landscape (Ritchie & 

McHenry, 1990; Walling & Quine, 1995). The use of fallout radionuclides to obtain information 

on soil and sediment redistribution rates within a catchment is founded on the existence of a 

number of natural and manmade radionuclides that reach the land surface as fallout, primarily 

as wet fallout in association with rainfall, and are rapidly and strongly fixed by the surface soil 

or sediment. The subsequent redistribution of these radionuclides within a catchment or river 

system is a direct reflection of the movement of the soil or sediment particles to which the 
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radionuclides are attached. By studying the post-fallout redistribution and fate of the selected 

fallout radionuclide, it is possible to obtain information on soil and sediment redistribution and, 

therefore, on erosion and deposition rates. The fallout radionuclide most widely used for this 

purpose is cesium-137 (137Cs) (Ritchie JC and Ritchie CA, 2008). 

The 137Cs technique has been used worldwide in soil erosion studies and is considered one of 

the best technique available to assess medium-long term average soil erosion rates for disturbed 

points in a field (Loughran, 1989; Quine, 1999; Walling et al., 2003; IAEA, 2006). This 

technique only provides the estimates of total soil erosion. In order to better control soil erosion, 

it is also important to assess the relative contributions of each erosion process toward the total 

soil erosion and the variation of their contributions across the landscape. To do so, the 137Cs 

technique has to be used in conjunction with erosion models (e.g., Van Oost, et al., 2003; Li et 

al., 2008; Tiessen et al., 2009). Traditionally, the use of the 137Cs technique involves a 

comparison of 137Cs inventory measured at the study site to that measured at a reference site, 

ideally an adjacent non-eroded site vegetated with perennial grass or low herb (Pennock and 

Appleby, 2002). 

Further recent application of fallout radionuclide measurements in investigations of soil 

redistribution rates directed attention to permit documenting of changing erosion rates. In this 

PhD dissertation, a Re-sampling approach was also used. Using this novel approach, it is 

possible to compare the estimates of soil redistribution rate derived for the locations sampled 

in a first sampling period with a new recent time window. The period between the two sampling 

campaigns needs to be sufficiently long to make sure that there is a change in inventory (due to 

the soil redistribution and the radioactive decay) and to exceeds the uncertainty that can be 

ascribed to the precision of the laboratory measurements and sampling variability. One first 

activity in using the re-sampling approach employed by Porto et al. (2014) in this study area, 

located near Crotone, but others many Authors employed this novel technique worldwide (see 

§2.7).  
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State-of-the-art 

 

2.1 Introduction to radionuclides 

In the investigations of soil erosion and sedimentation, work has focused on the use of a 

particular group of environmental radionuclides, namely fallout radionuclides (FRNs), which 

include artificial radionuclides such as 137Cs originated from thermonuclear weapon tests in the 

1950s-1960s, and geogenic radioisotopes such as 210Pb and also more recently cosmogenic 

radioisotopes such as 7Be. They have been used worldwide to obtain rates and patterns of soil 

erosion and deposition at several temporal and spatial scales (Mabit et al., 2008; Zapata et al., 

2003; Zapata & Nguyen, 2009). The need for improved management of erosion- and sediment 

related problems has necessarily directed attention to the development of an alternative 

technique for assessing erosion rates and documenting soil and sediment redistribution in the 

landscape. The use of fallout radionuclides, including caesium-137 (137Cs), excess lead-210 

(210Pbex), and beryllium-7 (7Be), has attracted much interest. It provides an essentially unique 

means of assembling retrospective, spatially distributed information on rates of soil loss and 

soil and sediment redistribution within the landscape over different timescales, without the need 

for expensive long-term monitoring (Zapata et al., 2003; Walling, 2006, 2012; Mabit et al., 

2008; Zapata & Nguyen, 2010; Matisoff & Whiting, 2011). Most studies employing fallout 

radionuclides in soil erosion and sediment redistribution investigations have been based on the 

use of 137Cs (half-life 30.17 yr) and 137Cs measurements have now been successfully used in 

soil erosion and sediment budget investigation worldwide (Ritchie and Ritchie, 2005; Mabit et 

al., 2013). 

The International Atomic Energy Agency (IAEA) has played a key role in these methodological 

developments and applications. The Soil and Water Management and Crop Nutrition 

(SWMCN) Sub-programme of the Joint FAO/IAEA Division of Nuclear Techniques in Food 

and Agriculture has strengthened national capacities for using these nuclear-based techniques 

and has disseminated them through international co-operation in research, training and other 

outreach activities in FAO and IAEA Member States. In this way, both UN organizations meet 

their mandates and contribute to their commitment towards achieving the UN Millennium 

Development Goals of Extreme Poverty and Hunger Eradication and Environmental 

Sustainability (United Nations, 2009). 

Early applications of the 137Cs technique in soil erosion research were made by several groups 

in Australia (Loughran et al., 1988; Campbell et al., 1982; Elliot et al., 1990; Wallbrink & 

Murray, 1993), Canada (De Jong et al., 1983; Kachanoski, 1993; Pennock et al., 1995), England 
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(Walling & Quine, 1991; Walling & Bradley, 1988; Walling & He 1999a and 1999b), and the 

USA (Ritchie & McHenry, 1973, 1975 and 1990). These pioneering groups provided a solid 

foundation for the application of the 137Cs technique to measure soil redistribution in 

agricultural and natural landscapes. One important lesson learned from these early studies was 

that there is a need for harmonized protocols for a worldwide and consistent application of this 

technique. 

The development, refinement and calibration of the 137Cs technique have provided a universal 

tool to quantify soil redistribution rates in a range of natural and agro-ecosystems, and have 

paved the way for a wider application of the technique, particularly in assessing the 

effectiveness of soil conservation technologies in controlling or mitigating soil erosion and 

associated degradation processes (Mabit et al., 2014a). 

2.2 General information and basis of the nuclear technique 

An atom consists of a central nucleus (proton and neutron), which is relatively heavy and carries 

a positive electrical charge (proton), surrounded by a cloud of low mass, negatively-charged 

electrons. A complete atom is electrically neutral, which means that the number of electrons or 

their negative charge are equal to the amount of (opposite) positive charge on a proton in the 

nucleus, and there is no overall charge on the neutral atom. 

The nucleus of an atom is made of particles collectively named nucleons. There are two types 

of nucleons: protons and neutrons. They have practically equal masses but protons carry a 

positive electrical charge and neutrons possess no charge. The number of proton plus 11 

neutrons is referred to as the mass number (A). The number of protons (Z) determines the charge 

of the nucleus and is referred to as the atomic number. The neutron number (N) is defined as A 

minus Z. Isotopes of a particular element are defined as containing the same number of protons 

but may have different numbers of neutrons. Thus, isotopes with different numbers of neutrons 

in their nuclei but the same number of protons have similar chemical properties. 

Most of the approximately one thousand known isotopes are stable and do not disintegrate with 

time. The presence of neutrons keeps the proton together and so stabilizes the nucleus. 

However, when the ratio of neutrons to protons is outside a particular value, which varies with 

each isotope, the nucleus becomes unstable and spontaneously emits particles and/or 

electromagnetic radiation. This phenomenon, which characterizes radionuclides, is called 

radioactive decay and is a statistical process in which the decay rate is proportional to the 

number of radioactive nuclei of a particular type present at any time (t) and is usually 

accompanied by the emission of charged particles and/or gamma rays. 
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Three main types of emitted radiation exist: alpha, beta and gamma. Since most commonly used 

radionuclides in soil erosion studies are gamma-emitters, we describe in this study only gamma 

radiation (γ). Alpha or beta decay processes may leave the product nucleus either in its ground 

state or more frequently in an excited state. A nucleus in an excited state may give up its 

excitation energy and return to ground state in a variety of ways. The most commonly used 

radionuclides in soil erosion studies are gamma-emitters. These gamma radiations are photons 

or quanta packages of energy transmitted in the form of wave motion with energies typically 

from several keV to several MeV. They are distinguished from only by the fact that they come 

from the nucleus. Most gamma rays are somewhat higher in energy than x-rays and are, 

therefore, very penetrating. Gamma radiation can travel very large distances and lose its energy 

by interacting with atomic electrons. Depending on their energies, they can be stopped by a thin 

piece of aluminium foil, or can penetrate through several centimeters of lead. 

The SI unit of activity is the Becquerel (Bq), which is defined as one nuclear disintegration per 

second. Before the introduction of SI units, the most commonly used radioactivity unit was the 

Curie (Ci) corresponding to 3.7 x 1010 nuclear disintegrations per second (Mabit et al., 2014a). 

2.2.1 137Cs origin and characteristics 

Caesium (Cs) is the fifty-fifth atomic element of Mendeleev’s periodic table. It is the most 

electropositive and the most alkaline element among alkali metals. Its atomic mass is variable 

from 125 to 145. Only the stable isotope of caesium, 133Cs, is natural. The most well-known 

radioactive isotopes of caesium are 134Cs (t1/2 = 2.06 years) and 137Cs (t1/2 = 30.17 years). 

There are no natural sources of 137Cs. Indeed, it is an artificial or ‘man-made’ radionuclide 

generated as a product of nuclear fission. 137Cs is a component of the 137I decay chain as outlined 

in Equation (2.1). It emits a strong gamma-ray (662.66 KeV) making its measurement in 

environmental samples using gamma detector facilities relatively easy without the need for 

special chemical preparation or separation (Ritchie & McHenry, 1990). 

137I → 137Xe → 137Cs → 137 m Ba → 137Ba    (2.1) 

The main sources of 137Cs present in the environment are (i) atmospheric nuclear weapons tests 

carried during the period from the late 1950s to the 1970s, (ii) releases from the Chernobyl 

nuclear power plant accident in 1986 and (iii) local releases from nuclear reactor and waste 

reprocessing plants (Mabit et al., 2014b). 

Bomb-derived 137Cs was injected into the stratosphere where it circulated globally before 

reaching the soil surface as fallout (Carter & Moghissi 1977). The fallout was associated 
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primarily with precipitation, but locally, around the nuclear test sites, dry fallout was also 

significant (Ritchie & McHenry, 1990). The global deposition of 137Cs fallout extended from 

the mid-1950s until the 1970s, with maximum fallout occurring in 1963 in the northern 

hemisphere and slightly later in the southern hemisphere. After moratoriums on testing and the 

Test Ban Treaty signed in 1963, global radioactive fallout rates decreased steadily, except for 

minor periods in 1971 and 1974 caused by nuclear testing by non-treaty countries. 

2.3 Fallout radionuclides in soils 

Fallout radionuclides have been widely used as environmental tracers in studying sediment and 

associated erosion, transport and deposition processes in drainage basins. More particularly 

they have been used for evaluating soil erosion rates by estimating the residence times of 

radionuclides in top soils (e.g. de Jong et al, 1986; Loughran et al., 1987; Walling & Quine, 

1990,1991,1992; Ritche & McHenry, 1991).  

This approach is able to overcome several of the limitations associated with more traditional 

methods. Of particular importance is its potential to provide retrospective information on 

medium-term average rates of soil redistribution on the basis of a single site visit and 

representative distributed data for fields and larger areas, without the need to disturb the system 

by installing measuring equipment. For some applications, particularly those requiring spatially 

distributed information on soil redistribution rates, fallout radionuclides arguably provide an 

essentially unique means of assembling data that cannot be obtained using alternative 

approaches (Porto & Walling, 2012). 137Cs measurements are primarily used to generate 

information on mean annual erosion rates over the past ca. 50 years. They have been use data 

range of scales, extending from studies of individual fields (Garcia-Oliva et al., 1995; Porto & 

Walling, 2012), through studies of small and intermediate-sized catchments (Golosov et al., 

2008; Mabit et al., 2007; Navas et al., 2005; Porto et al., 2001, 2003) to national scale soil 

erosion surveys (Walling & Zhang, 2010). 

The application of the 137Cs technique is based on several assumptions: 

1. 137Cs was deposited as fallout in association with precipitation, during and shortly after 

the period of thermonuclear weapons testing (i.e. mid-1950s to mid-1970s); 

2. Fallout 137Cs reaching the ground surface was rapidly and strongly adsorbed by soil and 

sediment particles with the result that subsequent redistribution of 137Cs reflects the 

movement of these particles; 

3. By assuming that the initial spatial distribution of 137Cs fallout inputs was uniform, any 

deviations in the measured 137Cs content of soil and sediment samples from the local 
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fallout inventory represent the net impact of soil redistribution during the period since 

fallout occurred; 

4. Estimates of soil erosion and sedimentation can be derived from establishing 

relationships between 137Cs loss or gain and soil erosion or deposition. 

 

Figure 2.1. Example of the basis of the 137Cs approach 

The artificial radionuclide 137Cs (half-life = 30.2 year) was introduced into the environment by 

the atmospheric testing of thermonuclear weapons during a period extending from the mid-

1950s to the mid-1970s. After release into the stratosphere, 137Cs was distributed globally and 

deposited as fallout, usually in association with precipitation. The temporal variation in fallout 

closely resembled the temporal variation of 137Cs concentrations in the atmosphere, which in 

turn reflected the frequency of the bomb tests. Because most of the weapons tests were located 

in the USA and the former USSR, the fallout of 137Cs was higher in the northern than the 

southern hemisphere. At the regional scale, fallout data indicate that there is a close relationship 

between 137Cs concentrations and total annual precipitation (Cawse & Horrill, 1986). Although 

little empirical data exists concerning potential local variations in the 137Cs fallout from 

weapons testing, a central assumption of the approach is that there is uniform total deposition 

at the local scale. This assumption is based upon the principle that although precipitation varies 

locally during individual storms, the net effect of the superposition of this rainfall over several 

years is in an essentially uniform local pattern of total precipitation and therefore of total fallout. 

An additional input of 137Cs was provided by the accident at the Chernobyl nuclear power plant 

on 26 April 1986. This released 137Cs as a debris cloud at ground level, with the result that most 

of the 137Cs deposition occurred as wet fallout in association with precipitation above this cloud. 

Most of this 137Cs is found in the northern hemisphere, with only very small quantities occurring 
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outside of Europe and the former USSR (Pourchet et al., 1988). In contrast to the fallout 

resulting from weapons testing, the 137Cs derived from Chernobyl exhibits marked local spatial 

variation, reflecting the fact that the Chernobyl plume did not reach the stratosphere and also 

that the subsequent fallout was short-lived and associated with a small number of rainfall events 

(Walling & Collins, 2000). 

2.3.1 Behaviour of 137Cs in soil   

For the use of 137Cs as a soil erosion tracer it is important that 137Cs has a limited mobility in 

soil. After its deposition at the soil surface it is rapidly and strongly adsorbed on the cation 

exchange sites of fine soil particles (clay and organic particles) and can thus be considered as 

being essentially non-exchangeable (Ritchie & McHenry, 1990; Davis, 1963; Eyman & 

Kevern, 1975; Lomenick & Tamura 1965). The 137Cs intercepted by the plant canopy can be 

transferred to the soil via wash-off and the biological uptake from soils by vegetation can be 

considered negligible (Dahlman et al., 1975). If adsorbed by the vegetation, the 137Cs is released 

to soils when the vegetation dies and decays (Davis, 1963; Dahlman et al., 1975; Rogowski & 

Tamura, 1970a and 1970b). The rapid and effective adsorption of 137Cs by soil and sediment 

particles is supported by empirical evidence from numerous laboratory and field investigations 

(Livens and Baxter, 1988; Livens and Rimmer, 1988; He and Walling, 1996). Strong adsorption 

is often associated with clay particles (Livens and Loveland, 1988), but has also been observed 

for a range of different mineral soils (Livens and Baxter, 1988). The likelihood of strong 

adsorption is further supported by the low rates of vertical migration of 137Cs observed for many 

soil types in both laboratory and field experiments (Squire and Middleton, 1966; Frissel and 

Pennders, 1983). 

The vertical distribution or profile of 137Cs in soils reflects a range of physical, physicochemical 

and biological processes operating in the soil system (He & Walling, 1997).  Due to the 

operation of various physical, chemical and biological processes in the soil system, fallout 

radionuclides can be redistributed in soil profiles. The processes involved are as follows (He, 

1993): 

 The physical processes: In the soil solution, soil particles, and therefore the associated 

fallout radionuclides, can be redistributed by physical processes, such as the movement 

of soil particles by the flow of pore water or the diffusion of soil particles in the pore 

water. Both the external conditions, such as the rainfall intensity, and the soil 

characteristics, such as the soil physical properties can influence such processes; 
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 The physic-chemical processes: If ion exchange is responsible for the adsorption of 

fallout Cs-137 and Pb-210 by soil particles and the reaction is reversible, then both Cs-

137 and Pb-210 can be replaced by other ions from soil particles and re-enter the soil 

solution. Fallout radionuclides in solution can move in the soil solution due to molecular 

diffusion. Radionuclides released from one site in the soil can be re-adsorbed at another 

site. Pore water can move fallout radionuclides in solution released from soil particles 

further down in the soil profile. These processes are affected by the soil chemical 

properties as well as physical properties. 

 Biological processes: Bioturbation associated with vertical mixing by soil fauna can 

also redistribute fallout radionuclides by redistributing soil particles containing fallout 

radionuclides in the soil profiles. The intensity of these processes is controlled by the 

biological activity within the soil system. 

The importance of physico-chemical processes is higher in some extreme environments, where 

the biological activity is low and climatic or geological factors play a key role. In most 

undisturbed soils, physico-chemical processes and bioperturbation are the major factors 

responsible for the redistribution of fallout 137Cs in the soil profile, while in cultivated soils, the 

redistribution of 137Cs is primarily the result of mechanical mixing associated with cultivation. 

Lateral redistribution of 137Cs in soils by biological and chemical processes is insignificant in 

comparison with the movement of 137Cs by physical processes i.e. erosion and transport by 

water and wind (Ritchie & McHenry, 1990). For these reasons, and since 137Cs fallout was 

relatively uniformly distributed across the landscape and strongly adsorbed by soil particles, it 

can be used as a tracer for studying the physical processes of erosion and sedimentation. The 

spatial variability of 137Cs inventories can provide quantitative information on rates and patterns 

of erosion and sedimentation. 

A fundamental assumption of the 137Cs approach is that after the initial adsorption of 137Cs by 

the mineral fraction, all subsequent vertical and lateral redistribution occurs in association with 

the erosion, transport and deposition of soil and sediment particles. This assumption has been 

supported by numerous studies (Evans & Dekker, 1966; Rogowski & Tamura, 1970; Ritchie & 

McHenry, 1990; Walling & Quine, 1993). 

2.4 The application of the 137Cs method 

The application of the 137Cs technique for determining rates and patterns of soil loss is based 

on several assumptions. The key assumptions and requirements of the 137Cs technique have 

been fully described in many publications (Ritchie & McHenry, 1990; Walling & Quine, 1991, 
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1993; De Jong et al., 1983; Loughran et al., 1988). Essentially, the use of 137Cs measurements 

in the assessment of catchment erosion and sedimentation is based upon three main 

acceptances: 

 the distribution of the total atmospheric fallout of 137Cs is uniform; 

 fallout 137Cs is rapidly and strongly adsorbed by soil and sediment particles upon 

reaching the ground surface; 

 subsequent redistribution of 137Cs occurs in association with soil erosion and 

sedimentation. 

The basic principle of the method is simple, but there are some methodological issues which 

require careful consideration and some pitfalls which can present serious obstacles for the 

successful use of this method, if the user is not aware of them. The representativeness and 

accuracy of the results obtained, depends heavily on the correct implementation of the 137Cs 

method (Mabit et al., 2014b). 

The key feature of 137Cs behavior in the soil, on which the method is founded, is the strong 

bonding of 137Cs to soil particles and its chemical stability in soil environments. This makes it 

possible to make the fundamental assumption that 137Cs can move only together with soil 

particles to which it is bound and that the major processes causing its redistribution in the 

landscape are key mechanical processes such as water, wind and tillage 

The redistribution assessment is commonly based on the 137Cs inventory (total radionuclide 

activity per unit area) measured at a given sampling site compared with a reference site 

(inventory representing the cumulative atmospheric fallout input at the site, taking due account 

of the different behaviour of cultivated and non-cultivated soils). Because direct long-term 

measurements of atmospheric fallout are rarely available, the cumulative input or reference 

inventory is usually established by sampling adjacent stable and nearly undisturbed sites, where 

neither significant erosion nor additional deposition have occurred (Fig. 2.2). 

The determination of 137Cs inventories requires soil cores to be taken according to a carefully 

planned field sampling design. Measurement of 137Cs concentration vs. depth is required for 

cores representative of each landscape unit within the study site. It is essential to determine the 

inventory of 137Cs at a reference site (i.e. a location undisturbed by erosion or sedimentation) 

near to the study area (Mabit et al., 2008). Sampling sites can be characterized as erosional or 

depositional by comparing the 137Cs inventory of the given site with that of the reference site. 

Inventories lower than the reference value represent soil losses by erosion and those in excess 

of the reference level indicate deposition/accumulation of soil (Walling et al., 2002). 
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Fig 2.2 - Diagram illustrating the application of the 137Cs method to study soil erosion and deposition within a 

landscape (Walling & Quine, 1990). 

To derive quantitative estimates of soil erosion and deposition rates from 137Cs measurements, 

it is necessary to use conversion models that are developed on the basis of physical processes 

influencing the relationship between magnitude of the reduction or increase in the 137Cs 

inventory and the soil redistribution (Walling et al., 2002; Walling & He, 1999a). The soil 

redistribution data obtained (soil erosion and sedimentation rates and patterns) represent an 

integrated measurement of all effects leading to soil redistribution occurring during the period 

extending from the main phase of atmospheric fallout input to the time of sampling. When using 

several FRNs, soil redistribution data over different time scales can be obtained using a single 

sampling campaign, thereby avoiding time-consuming, costly installations and procedures 

commonly required to monitor study sites over extended periods. The 137Cs method is the most 

widely used and validated for medium-term (50 years) soil erosion assessment. The use of 
210Pbex has been extended from the previous sediment dating application to provide a method 

for longer term (100 years) soil and sediment redistribution studies (Walling & He, 1999b). 

Recent developments of the 7Be application permit short-term (days to months) soil erosion 

assessment in connection to individual rainfall events and seasonal changes in land 

use/management practices (Blake et al., 1999; Sepulveda et al., 2008; Walling et al., 2009). 
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2.5 Description of the conversion models 

Use of environmental radionuclide measurements to estimate rates of erosion and deposition is 

founded on comparison of the inventories at individual sampling points with a reference 

inventory, representing the local fallout input and thus the inventory to be expected at a site 

experiencing neither erosion nor deposition. A measured inventory for an individual sampling 

point less than the reference value is indicative of erosion, whereas an inventory greater than 

the reference value is indicative of deposition. Although such comparisons of measured 

inventories with the local reference value provide useful qualitative information on the spatial 

distribution of erosion and deposition in the landscape and on the relative magnitude of the 

values involved, in most instances quantitative estimates of erosion and deposition rates are 

required. The derivation of quantitative estimates is heavily dependent upon the existence of a 

reliable means of converting the magnitude of the measured inventory at a specific sampling 

point, relative to the local reference inventory, to an estimate of the rate of erosion or deposition 

at that point. 

Many different approaches have been used to convert 137Cs measurements to quantitative 

estimates of erosion and deposition rates (Walling & He, 1999(b), 2000). These methods 

include both empirical relationships, and theoretical models and accounting procedures. The 

models varied in complexity from the simple proportional model to more complex mass balance 

models and models which attempt to describe the key processes controlling the distribution of 
137Cs in the soil profile. Models applicable to both cultivated and undisturbed (e.g. rangeland 

and permanent pasture) soils were included. 

It is also possible to adapt some of conversion procedures and models used for 137Cs to 210Pbex 

and 7Be, provided key contrasts with 137Cs are take into account. It has been shown that together 

these three radionuclides are able to provide information on soil redistribution over temporal 

scales ranging from a few days (7Be), through decades (137Cs) to around 100 years (210Pbex). 

Furthermore, use of the individual radionuclides in combination offers potential to identify 

temporal trends in soil erosion and sedimentation rates and to elucidate the erosional history of 

a study site. 

Each model has its specific set of parameters although some of these parameters are common 

between models. It is important to recognize that the individual models are different in their 

underlying assumptions, processes descriptions and representation of temporal variation. A 

sound understanding of the models and their parameters is an essential precursor to their 

applications. In order to avoid the possible misuse of the models, these issues will be addressed 

in the following sections. 
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A brief description of the theoretical basis of the models and some guidelines regarding the 

advantages and limitations of the individual models are presented. The first three models 

described below are for application to cultivated soils and the last two for use with uncultivated 

soils (rangelands or permanent pasture) (Walling et al., 2006). 

2.5.1 The proportional model 

The proportional model is probably the simplest of the conversion models used for 137Cs 

measurements (De Jong et al., 1983; Fredericks & Perrens, 1988; Martz & de Jong, 1987; 

Walling & Quine, 1990; Di Stefano et al., 1999). It is based on the premise that 137Cs fallout 

inputs are completely mixed within the plough or cultivation layer and the simple assumption 

that the depth of soil removed by erosion is directly proportional to the fraction of the original 
137Cs inventory removed from the soil profile by erosion since the beginning of 137Cs fallout or 

the onset of cultivation, whichever is later. Thus, if half of the 137Cs input has been removed, 

the total soil loss over the period is assumed to be 50% of the plough depth. Division of this 

depth by the number of years elapsed since the beginning of significant 137Cs fallout provides 

an estimate of the annual rate of surface lowering. Inclusion of a value for the bulk density of 

the soil makes it possible to calculate an erosion rate in units of mass per unit time (i.e. t ha-1 

yr-1). A particle size correction factor is often incorporated into the model to make allowance 

for the size selectivity of sediment mobilization and the preferential association of 137Cs with 

the finer fractions of the soil. The model can be represented as follows: 

PT

XdB
Y

100
10               (2.2) 

where: 

Y is the mean annual soil loss (t ha-1 yr-1); 

d is the depth of plough or cultivation layer (m); 

B is the bulk density of soil (kg m-3); 

X is the percentage reduction in total 137Cs inventory (defined as [(Aref-A)/Aref]×100); 

Aref is the local 137Cs reference inventory (Bq m-2); 

A is the measured total 137Cs inventory at the sampling point (Bq m-2); 

T is the time elapsed since the initiation of 137Cs accumulation or the commencement of 

cultivation whichever is later (yr); 

P is the particle size correction factor for erosion (see below). 
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In cases where the 137Cs inventory A for a sampling point is greater than the local reference 

inventory Aref, deposition of sediment may be assumed and the annual deposition rate Y′ (t ha-1 

yr-1) may be estimated using the following equation: 

'100

'
10'

PT

XdB
Y                 (2.3) 

where: 

X′ is the percentage increase in total 137Cs inventory (defined as [(A–Aref)/Aref]×100); 

P′ is the particle size correction factor for deposition. 

The particle size correction factors P and P′ are introduced to take account of the potential 

particle size selectivity of erosion and deposition processes. If erosion results in selective 

removal of fines, the eroded sediment is likely to be enriched in 137Cs, since in most 

environments 137Cs is preferentially associated with the fine fraction. Failure to take account of 

this in the conversion model will result in overestimation of erosion rates, because the reduction 

in the inventory will reflect the loss of a smaller mass of soil, by virtue of its increased 137Cs 

content. Equally, deposition will frequently involve the deposition of coarser particles, which 

is likely to be characterized by a reduced 137Cs content, when compared with the eroded soil. If 

this is not taken into account, deposition rates could be under estimated. P represents the ratio 

of the 137Cs concentration in the sediment mobilized by erosion to that in the original soil and 

its value is generally 1.0 or greater. Similarly, P′ represents the ratio of the 137Cs concentration 

in deposited sediment to that of the mobilized sediment and its value is commonly less than 1.0. 

Advantages and limitations: The proportional model requires very little information to provide 

an estimate of the erosion or deposition rate at the sampling point. In addition to the values of 
137Cs inventory for the sampling points and the local reference inventory, only an estimate of 

the plough depth and a value for the bulk density of the soil are required. It is therefore easy to 

apply. However, the assumptions of this model are a considerable oversimplification of reality 

in terms of the accumulation of 137Cs in the soil. The accumulation of 137Cs takes place over 

several years and some of the fallout input will remain at the soil surface prior to incorporation 

into the soil profile by cultivation. If some of the 137Cs accumulated on the surface is removed 

by erosion prior to incorporation into the profile the estimates of soil loss provided by the model 

will overestimate actual rates of soil loss. Perhaps more importantly, however, this model does 

not take into account the fact that the depth of the plough layer is maintained by incorporating 

soil from below the original plough depth as the surface is lowered by erosion. This in turn 

causes a progressive dilution of 137Cs concentrations in the soil within the plough layer. As a 
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result, the model is likely to underestimate the actual rates of soil loss. Similarly, if the model 

is used to estimate deposition rates, the values obtained will underestimate the actual deposition 

rates, since no account is taken of the progressive reduction in the 137Cs content of the deposited 

soil as erosion proceeds upslope. In view of these fundamental limitations, use of the 

proportional model is not generally recommended. It is included in the software package to 

permit comparison of the results obtained with those provided by other more reliable models 

(IAEA, 2011). 

2.5.2 A simplified mass balance model 

Mass balance models attempt to overcome some of the limitations of the simple proportional 

model by taking account of both inputs and losses of 137Cs from the profile over the period since 

the onset of 137Cs fallout and the progressive lowering of the base of the plough layer in response 

to removal of soil from the soil surface by erosion (Zhang et al., 1990) proposed a simplified 

mass balance model, which assumes that the total 137Cs fallout occurred in 1963, instead of over 

the longer period extending from the mid-1950s to the mid-1970s. In its original form this 

simplified mass balance model did not take account of particle size effects but a correction 

factor P. The erosion rate Y (t ha-1 yr-1) can be calculated as: 




















 

1963

1

100
11

10 tX

P

Bd
Y      (2.4) 

where: 

d is the depth of the plough or cultivation layer (m); 

B is the soil bulk density (kg m-3); 

X is the percentage reduction in total 137Cs inventory (defined as [(Aref–A)/Aref]×100); 

P is the particle size correction factor. 

For a depositional site (A(t) >Aref), assuming a constant deposition rate R′ (kg m-2 yr-1) at the 

site, the sediment deposition rate can be estimated from the 137Cs concentration of the deposited 

sediment Cd(t′) (Bq kg-1) according to: 
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where: 
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Aex(t) is the excess 137Cs inventory of the sampling point over the reference inventory at 

year t (the measured inventory less the local reference inventory) (Bq m-2); 

Cd(t′) is the 137Cs concentration of deposited sediment at year t′ (Bq kg-1); 

λ is the decay constant for 137Cs (yr-1); 

P′ is the particle size correction factor. 

Generally, the 137Cs concentration Cd(t′) of deposited sediment can be assumed to be 

represented by the weighted mean of the 137Cs concentration of sediment mobilized from the 

upslope contributing area. Cd(t′) and can therefore be calculated as: 
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where: 

S is the upslope contributing area (m2); 

Ce(t′) is the 137Cs concentration of sediment mobilized from an eroding point (Bq kg-1), 

which can be calculated according to: 
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where: 

Aref(t) is Aref in year t. 

Advantages and limitations: The simplified mass balance model takes into account the 

progressive reduction in the 137Cs concentration of the soil within the plough layer due to the 

incorporation of soil containing negligible 137Cs from below the original plough depth and thus 

represents an improvement over the proportional model. This model is also easy to use and 

requires only information on plough depth. However, this model does not take into account the 

possible removal of freshly deposited 137Cs fallout before its incorporation into the plough layer 

by cultivation, which may occur during rainfall events which produce surface runoff and 

therefore erosion. The assumption that the total 137Cs fallout input occurs in 1963 is also an 

oversimplification (IAEA, 2011). Since the model requires information on the 137Cs 

concentration of soil eroded from upslope, the sampling points used with the model must be 

arranged along a downslope transect. Normally, a uniform spacing of sampling points is 

assumed. The first (upper) point on the transect should represent an eroding point (Walling et 

al., 2014). 
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2.5.3 Mass balance model 

A more comprehensive mass balance model requires consideration of the time-variant fallout 
137Cs input and the fate of the freshly deposited fallout before its incorporation into the plough 

layer by cultivation. For an eroding point (A(t)<Aref), the change in the total 137Cs inventory A(t) 

with time can be represented as (Walling & He, 1997): 
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where: 

t0 represents the year when cultivation started (yr); 

 is the proportion of the annual 137Cs input susceptible to removal by erosion; 

H is the relaxation mass depth of the initial distribution of fallout 137Cs in the soil 

profile (kg m-2). 

A(t0) (Bq m-2) is the 137Cs inventory at t0 (yr):  
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where: 

I (t’) is the annual 137Cs deposition flux (Bq m-2 yr-1).  

The erosion rate R can be estimated by solving Equation 2.7 numerically, when the 137Cs 

deposition flux and values of the relevant parameters are known. The 137Cs concentration of 

mobilized sediment Ce(t′) can be expressed as: 
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For a depositional point (A(t) >Aref), the mean soil deposition rate R′ can be calculated from the 

following Equation: 
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where: 

Cd(t’) (Bq kg-1) essentially comprises two components, the first of which is 

associated with the removal of the freshly deposited 137Cs, and the second is 

associated with erosion of the accumulated 137Cs stored in the soil. Again, it can 

be estimated from the 137Cs concentrations of the mobilized sediment from the 

upslope eroding area S; Cd(t’) can be expressed as: 
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Advantages and limitations: The mass balance model described here takes account of both the 

temporal variation of the 137Cs fallout input and its initial distribution in the surface soil, prior 

to incorporation into the plough layer by tillage. Results obtained using this model are likely to 

be more realistic than those provided by the simplified mass balance model presented in the 

previous section. However, in order to use this model, information on the plough depth h, 

relaxation mass depth H and the parameter γ is required. Although the first is relatively easy to 

estimate from the 137Cs depth distribution at a non-eroding point, the latter two are more 

difficult to specify. The relaxation mass depth H is best estimated experimentally for the local 

soil type and the parameter γ can be estimated from available long-term rainfall records and 

information on the timing of tillage operations at the study site. Since the model requires 

information on the 137Cs concentration of soil eroded from upslope, the sampling points used 

with the model must be arranged along a downslope transect (IAEA, 2011). Normally, a 

uniform spacing of sampling points is assumed. The first (upper) point on a transect should 

represent an eroding point (Walling et al., 2014). 

2.5.4 The Profile Distribution Model (for uncultivated soils) 

For uncultivated soils, the depth distribution of 137Cs in the soil profile will be significantly 

different from that in cultivated soils, where the 137Cs is mixed within the plough or cultivation 

layer. In many situations, the depth distribution of 137Cs in an undisturbed stable soil will exhibit 

an exponential decline with depth that may be described by the following function (cf. Zhang 

et al., 1990; Walling & Quine, 1990): 

   A x A eref
x h( ) ( )/1 0       (2.13) 

where: 

A′ (x) is the amount of 137Cs above the depth x (Bq m-2); 
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Aref is the 137Cs reference inventory (Bq m-2); 

x is the depth from the soil surface (kg m-2); 

h0 is the coefficient describing profile shape (kg m-2). 

If it is assumed that the total 137Cs fallout occurred in 1963 and that the depth distribution of 

the 137Cs in the soil profile is independent of time, the erosion rate Y for an eroding point (with 

total 137Cs inventory Au (Bq m-2) less than the local reference inventory Aref (Bq m-2)) can be 

estimated as: 
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where: 

Y is the annual soil loss (t ha-1 yr-1); 

t is the year of sample collection (yr); 

X is the percentage 137Cs loss in total inventory in respect to the local 137Cs reference 

value (defined as [(Aref–Au)/Aref]×100); 

Au is the measured total 137Cs inventory at the sampling point (Bq m-2); 

P is the particle size correction factor. 

For a depositional location, a tentative estimate of the deposition rate R′ can be estimated from 

the excess 137Cs inventory Aex(t) (Bq m-2) (defined as Au–Aref) and the 137Cs concentration of 

deposited sediment Cd: 
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Advantages and limitations: The profile shape model is simple and easy to use. However, this 

model involves a number of simplifying assumptions. Most importantly, it does not take 

account of the time-dependent behaviour of the 137Cs fallout input and the progressive 

development (downward movement) of the depth distribution of the 137Cs within the soil profile 

after deposition from the atmosphere. As such, it is likely to overestimate rates of soil loss, 

since the amount of 137Cs removed with a given depth of soil is likely to be greater than 

suggested by the present-day depth distribution of 137Cs in the soil (IAEA, 2011). 
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2.5.5 The diffusion and migration model (for uncultivated soils) 

Although the depth distribution model described above can be used to obtain approximate 

estimates of soil erosion or deposition rates for uncultivated soils, a more realistic approach 

needs to consider the time-dependent depth distribution behavior, which will reflect the time-

dependent 137Cs fallout input and the progressive redistribution of 137Cs in the soil profile after 

deposition from the atmosphere (e.g. Pegoyev & Fridman, 1978; Walling & He, 1993; He & 

Walling, 1997). In many situations, the redistribution of 137Cs in uncultivated soils can be 

described using a one-dimensional diffusion and migration model characterised by an effective 

diffusion coefficient and migration rate (cf. Pegoyev & Fridman, 1978; Reynolds et al., 1982; 

He & Walling, 1997). For example, in some situations, the 137Cs depth profile in uncultivated 

soils exhibits a broad concentration peak with the maximum concentration located below the 

soil surface. The variation of the 137Cs concentration Cu(t) (Bq kg-1) in surface soil with time t 

(yr) may be approximated as: 
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where: 
D is the diffusion coefficient (kg2

 m-4
 a-1); 

V is the downward migration rate of 137Cs in the soil profile (kg m-2
 a-1). 

For an eroding point, if sheet erosion is assumed, then the erosion rate R may be estimated from 

the reduction in the 137Cs inventory Als(t) (Bq m-2) (defined as the 137Cs reference inventory Aref 

less the measured total 137Cs inventory Au (Bq m-2)) and the 137Cs concentration in the surface 

soil Cu(t’) given by Equation 2.16 according to: 
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For a depositional location, the deposition rate R’ can be estimated from the 137Cs concentration 

of deposited sediment Cd(t’) and the excess 137Cs inventory Aex(t) (defined as the total measured 
137Cs inventory Au less the local reference inventory Aref) using the following relationship 

(Walling & He, 1999b): 
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where Cd(t) can be calculated from: 
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Advantages and limitations: Since the diffusion and migration model described here takes into 

account the time-dependent behaviour of both the 137Cs fallout input and its subsequent 

redistribution or downward movement in the soil profile, it therefore represents an improvement 

over the profile shape model presented in the previous section. However, to use this model, 

more information on the behaviour of 137Cs in undisturbed soils is needed. More particularly, 

estimates of the diffusion coefficient D and the migration rate V are required. These can be 

derived from detailed measurements of the 137Cs depth distribution (Walling et al., 2014). 

2.6 Particle size correction factors for eroding and deposition site 

The particle size correction factors aim to take account of the grain size selectivity of erosion 

and sedimentation processes. For an eroding site, the correction factor is a function of the ratio 

of the 137Cs concentration of mobilised sediment to that of the original soil (cf. He & Walling, 

1996). The particle size correction factors P and P’ provide a means of taking account of the 

particle size selectivity of erosion and deposition processes and thus the enrichment or depletion 

of eroded and deposited sediment in 137Cs relative to the original soil. The correction factor P, 

which is applied when estimating erosion rates, is defined as the ratio of the 137Cs concentration 

in mobilized sediment to that of the original soil, whereas P’, which is used when estimating 

deposition rates, is defined as the ratio of 137Cs content of deposed sediment to that of the 

mobilized sediment. Both factors could be estimated directly by measuring the 137Cs 

concentration of the relevant soil or sediment, but, since such data are unlikely to be available, 

they are more commonly estimated indirectly, by comparing the particle size distributions of 

the two components of the ratio. It is well known that particle size exerts a strong influence on 

the 137Cs content. One useful approach to estimating P and P’ from particle size data is that 

reported by He and Walling (1996), which makes use of measurements of the specific surface 

area of the soil or sediment involved. An estimate of the specific surface area of a sediment 

sample can be readily derived from its particle size distribution, by assuming spherical particles 

(Walling et al., 2002). In order to estimate values for the particle size correction factor for 

eroding sites (P) and depositional sites (P’), information on the grain size distribution of the 

soils and the mobilised sediment is needed. Values of P and P’ can be estimated using the 
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procedures described by He and Walling (1996). If the specific surface area of mobilised 

sediment is Sms (m2 g-1), and that of the original soil is Ssl (m2 g-1), P can be calculated as: 
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where v is a constant with a value of ca. 0.65. If the specific surface area of deposited sediment 

is Sds (m2 g-1), P’ can be calculated as: 
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The value of v in Equation (2.21) is the same as that in Equation (2.20). The following 

relationship therefore exists: 
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2.7 Sampling objectives 

The design of effective and appropriate sampling strategies is an important and critical step for 

successfully applying 137Cs or other FRNs in soil erosion and sedimentation studies. The 

strategy will depend on the study objectives. According to Pennock and Appleby (2002), 

investigations can be classified into three different categories: soil redistribution studies, 

floodplain/lake and reservoir sedimentation studies, and integrated catchment studies. 

Further the selection of the study site and the background data collection are very important. 

The selection of an appropriate site is a key requirement in any study. It is recommended that 

several sites are visited to support selection of a site that is representative of the wider landscape 

or land use type under investigation. If the study is to be carried out in a country or region where 

the 137Cs method has not previously been applied, or if the study is to be carried by a research 

team which does not have experience of the method, it is recommended that a small site is 

selected and that geographical conditions and the dynamics of soil redistribution are not too 

complex. Application of the 137Cs method and interpretation of the results obtained is much 

easier for smaller sites with relatively simple geographical conditions and limited variability of 

soil redistribution processes (Mabit et al., 2014b). 

Before formulating the sampling strategy, a reconnaissance survey to include background data 

collection will be required. This requires two main actions: 
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1. Enquiries, collection and compilation of background environmental and socio-

economic information like using existing references, official documents and 

governmental reports; the major datasets can be included as follows (see Anderson & 

Ingram, 1993): climatic data over several years (rainfall, temperature, etc.); 

geomorphology and pedology (topography, typical landforms of the region, soil type 

and texture); land use (type of land use since the 1950s, type and frequency of tillage, 

specific soil conservation practices if applied); messages or records (earlier erosion 

events, flooding or extreme weather events, conditions of their occurrence and their 

characteristics). 

2. A reconnaissance survey of the selected study area, because the objective is to recognize 

the specific environmental conditions of the study area including the identification of 

potential suitable reference sites, the typical topography of the study area, soil types and 

land use. This is a key step that will allow refinement of the sampling strategy. 

2.8 Advantages and limitations 137Cs techniques for assessing erosion and 

sedimentation 

The 137Cs technique possesses a number of major advantages over traditional approaches to 

document erosion and deposition rates. They can be summarized as follows (Walling & Quine, 

1995; Mabit et al., 2008, Zupanc & Mabit, 2010): 

a) The approach provides retrospective information. Past erosion rates can be estimated 

from samples collected at the present time; 

b) The technique provides estimates of medium-term average (50 years) rates of soil 

redistribution and therefore integrate land use and climatic variability, including 

extreme events; 

c) The technique provides information on both erosion and deposition and therefore 

permits quantification of net erosion and sediment export; 

d) The assessment of soil redistribution provided by 137Cs integrates all processes 

involving soil particle movements (water, wind and tillage erosion); 

e) The technique permits the quantification of soil loss and deposition associated with 

sheet erosion, which is difficult to assess using other classical approaches at the field 

scale, due to the limited depths of soil removal and accumulation commonly involved; 

f) Estimates are based on individual sampling points within the landscape, and spatially 

distributed information on rates and patterns of soil redistribution can therefore be 

generated; 
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g) The technique does not require costly and labour intensive long-term monitoring 

programs. The results can be obtained from a single visit to the site for soil sampling; 

h) Although 137Cs is commonly used retrospectively, by comparing the inventories 

measured at a study site with the local reference inventory, it can also be used for 

ongoing monitoring of soil redistribution by comparing the inventories measured at 

specific points within the study site between successive sampling campaigns separated 

by a period of several years e.g. (Lobb & Kachanoski, 1999; Loughran & Balog, 2006; 

Tiessen et al., 2009); 

i) Sampling is relatively simple and cost-effective and can be completed in a relatively 

short time, depending on the sampling density and the size of the area investigated; 

j) The site disturbance during sampling is minimal and will not interfere with seeding and 

cultivation operations. Furthermore, there is no disturbance of natural runoff and erosion 

processes, such as might occur with the installation of bounded erosion plots. Whole 

fields and the complete slope profile can be sampled. 

The main constraints or limitations are listed below (Mabit et al., 2008): 

a) In some areas, especially in the southern hemisphere, 137Cs inventories are low and 

gamma analyses will require greater count times to obtain an acceptable precision for 

the measurements; 

b) The Chernobyl accident provided additional fallout inputs in some areas. These inputs 

must be taken into account, when using 137Cs measurements to estimate soil 

redistribution rates. Unless the Chernobyl input is considerably greater than the input of 
137Cs associated with “bomb fallout”, such that the 137Cs measurements will primarily 

reflect erosion occurring after 1986, the conversion models used must be modified to 

take account of both bomb fallout and the additional Chernobyl fallout input in 1986; 

c) The technique is primarily suited to estimating medium-term (i.e. 50 years) average 

erosion rates and cannot readily provide the information needed to document changes 

in erosion rates linked to short-term changes in land use and management practice; 

d) The commonly used approach involves comparison of measured inventories with a 

reference value, representing the inventory associated with a point experiencing neither 

erosion nor deposition. In view of its central importance to the reliability of the estimates 

of soil redistribution rates obtained, it is important that the reference inventory should 

be accurately determined. It is important to ensure that the sampling site used to 

establish the reference inventory provides a representative estimate of the local 

reference inventory (Sutherland, 1996). This may cause problems in mountain regions, 
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where rainfall may be characterized by high spatial variability, in areas with stony soils, 

in areas under intensive cultivation where few undisturbed areas exist, in areas where 

snow represents a substantial proportion of the annual precipitation and where 

significant drifting may occur, and in arid and semi-arid areas with poor vegetation 

cover, where redistribution of soil by aeolian processes can cause the accumulation of 

additional 137Cs labelled sediment at the reference site; 

e) There is a need to take account of sampling representativeness and sample variability 

(see Owens & Walling, 1996). Multiple or replicate samples are normally collected to 

determine the reference inventory value. A guideline on the number of reference 

samples required will be discussed in the following section. 

2.9 Re-sampling approach 

In reference to some points above-named (the first a) and h)), it is possible to describe the re-

sampling approach. It has been used by de Jong and Kachanoski (1988), Lobb and Kachanoski 

(1999), and Tiessen et al. (2009). But a degree of confusion has occurred regarding the exact 

meaning of the terms Re-sampling and Repeated-sampling. In the studies reported by 

Kachanoski and de Jong (1984), de Jong and Kachanoski (1988), Lobb and Kachanoski (1999), 

Li et al. (2011) and Tiessen et al. (2009), the term repeated-sampling has been used to describe 

an alternative approach to establish the reference inventory. The reference inventory is usually 

established by sampling an area with undisturbed soils and minimum slope, where soil 

redistribution is not probable to have occurred during the period between the bomb fallout input 

and the time of sampling, but in some locations it can be difficult to identify appropriate 

reference sites. The Repeated-sampling approach uses an initial sampling campaign to establish 

the inventory at each sampling point within a study area and the area is sampled again, usually 

a decade or more later, to document the inventories at the same sampling points. The inventory 

documented by the initial sampling campaign for each sampling point is used as the reference 

inventory for that point. Comparison of the inventory measured by the repeat sampling for a 

given point with the reference inventory for the same point provides the basis for estimating the 

mean annual soil redistribution rate for that point over the period between the two sampling 

campaigns. The success of this approach is related to a number of requirements: the period 

between the two sampling campaigns must be of sufficient length to produce a significant 

change in the inventories measured at the individual sampling points; soil redistribution rates 

must be high enough to produce a significant change in the 137Cs inventory at a sampling point, 

taking account of measurement precision; it is necessary to relocate the original sampling points 

but there is a need do not collect precisely the same point because they were disturbed by the 
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previous sampling operation; its use has been limited to cultivated areas where erosion rates are 

commonly higher than in uncultivated areas and where the mixing of the soil by tillage reduces 

small-scale variability in soil inventories - which could complicate or even preclude direct 

comparison of the inventories measured on the two occasions; both sets of samples may have 

high uncertainties due to measurement errors. The repeated-sampling approach described above 

does not generate estimates of soil redistribution rates for different periods, although the 

potential to do this could exist if it was possible to establish a local reference inventory and this 

was used with the results of the first sampling campaign to estimate the soil redistribution rate 

for the period between the bomb fallout and the time of the first sampling campaign. This soil 

redistribution rate could then be directly compared with that relating to the period between the 

two sampling campaigns. Subsequent re-sampling could provide estimates of soil redistribution 

rates for successive periods (Porto et al., 2014). 

Loughran and Balog (2006) reported a study where the Re-sampling was used to indicate a 

different approach with estimates of soil redistribution rates for different periods that could be 

directly compared. 137Cs sampling campaigns were undertaken in a vineyard (in Australia) 

firstly in 1984-1985 and then in 2004. This vineyard had been cultivated and planted in 1971. 

A similar sampling scheme was used for the two campaigns but the sampling points were not 

collected closely and the two sets of results were treated independently. The measurements of 
137Cs inventory given by the two sampling campaigns were compared with an estimate of the 

local reference inventory to estimate mean annual soil redistribution rates for the periods 1971-

1985 and 1971-2004. The values for the time window 1986-2004 were obtained by time-

weighted subtraction and these were compared with those for the period 1971-1985. The results 

showed a substantial reduction in the mean annual net erosion rate during the second time 

window. This reduction was connected to a progressive reduction in soil erodibility through 

time because of incorporation of subsoil into the plough layer and the cessation of clean till 

cultivation in 1998. The Re-sampling approach employed by Loughran and Balog (2006) is 

seen as probably offering the greatest potential for generating information on changing erosion 

rates, because it provides estimates of soil redistribution rates for two discrete periods. These 

can be compared and further re-sampling in the future could add further periods. Furthermore, 

it is not dependent upon direct comparison of the 137Cs inventories measured at identical 

individual sampling points on the two occasions (Porto et al., 2014). A re-sampling approach 

using 137Cs in soil erosion and sediment delivery investigations can be employed to subdivide 

the period between the occurrence of bomb fallout and the present, in order to document 

changes in rates of soil loss or soil redistribution within this period. Therefore, it is possible to 
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compare the estimate of mean annual erosion from the period 1954 to the first time of sampling 

with the recent measurements (usually a decade or more later).  
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Materials and Methods 

3.1 The study catchments 

The study focuses on three small catchments, W1, W2 and W3, located near Crotone (35 m 

a.s.l., 39°09′02″N, 17°08′10″E) in Calabria, southern Italy. These catchments are located in the 

ephemeral headwaters of the larger Crepacuore basin (Fig. 3.1) which are incised into the Upper 

Pliocene and Quaternary clays, sandy clays and sands underlying the local area (Sorriso-Valvo 

et al., 1995). The entire Crepacuore basin area is 1860 ha with a mean slope of 11.7% and a 

mean altitude of 80.51 m a.s.l. (PAI Regione Calabria). 

 

Fig. 3.1 – The study area (Porto et al., 2016a). 

These three catchments (W1, W2 and W3) have never been cultivated and they both originally 

supported a rangeland vegetation cover (Avolio et al., 1980). The details concerning their 

percentage sand, silt and clay content of the soils are presented in Table 3.1.  

Tab. 3.1 – The texiture characteristics of the study catchments. 

Mean soil content W1 W2 W3 

Sand % 14 14.6 20.7 

Silt % 44.5 49.2 45.5 

Clay % 41.5 36.2 33.8 
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The area of W1 catchments is 1.47 ha with mean altitude of 122 m a.s.l. and a mean slope of 

53%. Below a digital elevation model of this catchment is showed (Fig. 3.2a). W1 catchment 

still supports a rangeland vegetation cover dominated by Lygeum spartum and Atriplex halimus 

(Avolio et al., 1980) (Fig.3.2b).  

 

Fig. 3.2a – The DEM of the W1 catchment. 

 

Fig. 3.2b – The W1 catchment vegetation cover. 

The W2 catchment area is 1.375 ha with a mean altitude of 103 m a.s.l. and a mean slope of 

35%. The W3 catchments areas is 1.654 ha with a mean altitude of 98 m a.s.l. and a mean slope 

of 24%. Although the two catchments are of a similar size, the relief of catchment W3 is more 

subdued than that of catchment W2 and the mean slope angles are significantly lower. Below 

two digital elevation model of both W2 and W3 catchment are showed (Fig. 3.3a and Fig. 3.3b). 
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Fig. 3.3a – The W2 catchment DEM. 

 

Fig. 3.3b – The W3 catchment DEM. 

In 1968, both W2 and W3 were planted with Eucalyptus occidentalis trees while the W1 was 

left unmodified and under rangeland vegetation cover (Cinnirella et al., 1998) comprising both 

grass and shrubs. The trees were cut in 1978 and 1990 in catchment W2 (Fig. 3.4a) and in 1986, 

2006, and 2016 in catchment W3 (Fig. 3.4b), respectively, with the tree cover being 

subsequently restored by natural re-growth. 
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Fig. 3.4a – The cutting in 1978 and in 1990 in the catchment W2. 

 

Fig. 3.4b – The cutting in 2006 and in 2016 in the catchment W3. 

Logging operations took place across the entire area of the catchments and involved the removal 

of ca. 25–40 m3 of biomass during each cutting campaign. The harvested timber was extracted 

from the catchments manually, in order to minimize the impact on the soil surface. In catchment 

W3 the forest cover is currently almost continuous and only about 2–3% of the area is 

characterized by a grass cover (Porto et al., 2009). Within catchment W2, the tree cover is not 

uniform, and about 20% of its area, primarily along its northern margin, is characterized by 

discontinuous trees and a sparse grass cover. Elsewhere, the tree cover is relatively uniform. 

The soils under the eucalyptus trees are largely devoid of ground cover and much of the surface 

beneath the trees and sparse grass cover is therefore bare. The bare soils are exposed to 

rainsplash and surface runoff during heavy rainfall and significant sheet erosion occurs at such 

times. The area with discontinuous tree cover is the area of greatest soil loss (Porto et al., 2005). 

The climate of the study area is typically Mediterranean, with a mean annual rainfall of about 

670 mm for the period 1954–2012 at Crotone (10 km distant) (Porto et al., 2014). Most of the 
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rainfall falls between October and March. The annual potential evapotranspiration in this 

location is estimated to be 1100-1200 mm (based on the Penman-Monteith formula) (Porto et 

al., 2016b). 

3.2 Catchment instrumentation 

The study catchments have been instrumented for measuring rainfall (Fig. 3.5), runoff and 

sediment yield since 1978 by the National Research Council of Italy (CNR) “Soil Conservation 

Project” to monitor the effects of afforestation on their hydrological response and sediment 

yield (Avolio et al., 1980; Iovino and Puglisi, 1991). 

  

Fig. 3.5 – The mechanical pluviograph and the digital pluviograph in catchment W3. 

Runoff from the catchments is measured using an H-flume structure (Brakensiek et al., 1979), 

equipped with a mechanical stage recorder. The sediment load passing the gauging structure is 

measured using a Coshocton wheel sampler installed below the H-flume (Figg. 3.6a and 3.6b). 

This sampler collects an aliquot of ca.1/200th of the flow, which is diverted to a tank. After each 

storm event, samples are collected from the tank to determine the mean sediment concentration 

in the tank and the sediment yield is calculated as the product of this concentration and the total 

runoff volume for the event measured by the H-flume. The annual sediment yield is in turn 

calculated as the sum of the sediment loads for all storm events occurring during the year (Porto 

et al., 2003). 
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Fig. 3.6a – The H-flume structure, the stream gauge and the Coshocton wheel sampler. 

 

Fig. 3.6b – A particular of the gauging structure (hydrometer) installed in the catchments. 

Due to malfunctioning of the sampling device, full records of sediment yield at the catchment 

outlet are not available for the years 1995-2005. In December 2005, the sampling equipment 

was refurbished and the monitoring activity recommenced, with no loss of data to date (Porto 

et al., 2009). The values of annual sediment yield provided by this instrumentation are estimated 

to have a precision of ca. ±15% at the 95% level of confidence. 

Further, it was decided to refine the procedures of reading and interpretation of rainfall and 

hydrometric data at the Warsaw University of Life and Science during the period from February 

to May 2016. At the Faculty of Civil and Environmental Engineering, a rainfall-runoff sediment 

yield model was used to cover the lack of runoff measurements due to the malfunctioning of 

the streamgauge stations during the period 2014-2015. In view of the data of the rainfall events 

available for that period, the SN computer programme developed at the Department of Water 
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Engineering of WULS-SGGW was applied. This model was able to generate simulated 

hydrographs to cover this gap, so the database of runoff and sediment yield during this period 

is complete. 

3.3 Soil sampling strategy 

3.3.1 Sampling design 

Concerning the sampling strategy at the reference site, one of the major issues related to the use 

of 137Cs as a soil tracer is the choice of the reference site which is used to estimate the total 
137Cs fallout input or reference inventory, which is a key component of the conversion models 

used to estimate erosion and sedimentation rates from the assembled data. Hence, before 

implementing any study, a suitable reference site should be identified (Mabel et al., 2014b). 

The estimation of net erosion from 137Cs measurements is founded on the hypothesis that the 

local fallout of 137Cs was uniform in space. The 137Cs activities of individual sampling points 

are compared with that of the control or reference site to estimate the amount of erosion or 

deposition that has occurred since initial fallout. Measurements undertaken for reference sites 

usually show some variability in 137Cs inventory (Owens & Walling, 1996). This variability in 
137Cs reference values could be related to:  

 random spatial variability in soil properties that influence 137Cs micro-variability (e.g. 

infiltration capacity linked to soil bulk density, cracking and stoniness), the effects of 

vegetation cover and roots, micro-topography, and human and animal disturbance; 

 apparent systematic spatial variability at a regional scale, where variations in rainfall 

and wind flows may have affected the initial 137Cs fallout; 

 sampling variability, a function of the surface area over which the samples are collected; 

 measurement precision. 

To minimize the variability and to maximize the representativeness of the reference inventory 

value the following selection criteria have to be applied (Mabel et al., 2008):  

a) The reference site should not have been cultivated or disturbed since the beginning of 

the 1950s. The site should have been stable since the first global occurrence of 137Cs 

fallout (1954). These undisturbed sites should ideally be selected in protected areas of 

permanent grassland, abandoned pasture which have not been ploughed for the last 60 

years; 
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b) In order to represent the initial 137Cs input, the site needs to be selected within the study 

area (field or watershed) or near it (e.g. around 1 km). The stable area should be located 

as close as possible to the area under investigation; 

c) The reference site should not have been influenced by erosion processes, which 

generally implies the need for a flat area; 

d) Highly bio-disturbed areas should be avoided. 

The two key objectives of soil sampling at the reference site are to establish the reference 

inventory (Bq m-2) and to determine the depth distribution of the 137Cs activity to support 

application of conversion models. In the first case, sampling commonly involves the use of bulk 

cores, whereas depth incremental sampling is required to establish the depth distribution as well 

as using of a scraper plate, sectioned cores or the excavation of a soil pit and collection of 

samples from the exposed face of the pit. 

For reference inventory samples, the maximum penetration depth of 137Cs should first be 

determined to ensure that the complete 137Cs inventory will be represented by the core samples. 

This is achieved through depth incremental sampling. At undisturbed pasture and forest sites 

most of the 137Cs should be concentrated within the top 10 cm of the soil profile. At a typical 

reference site, no 137Cs will be found below 25-30 cm (Walling & Quine, 1995; Owens et al., 

1996; Wallbrink et al., 1999). When the depth distribution of 137Cs is known, bulk core samples 

can be collected. The depth of the core samples should exceed the actual depth of the 137Cs 

layer by at least 5 cm, in order to ensure that all 137Cs inventory is included in the sample 

To express the spatial distribution of 137Cs resulting from post-fallout soil redistribution, the 

sampling strategy must integrate the micro-scale spatial variability in 137Cs inventories and the 

spatial variability of soil redistribution processes (Walling & Quine, 1993). In uncultivated 

sites, where there is a potential for local variability due to bioperturbation or variability in 

vegetation cover, it is recommended that multiple cores (2 to 3) are collected to represent the 

individual sample points. The key factor in designing a suitable sampling strategy is to collect 

representative samples within the field, which reflect the spatial variability of soil redistribution 

processes. In this context, two approaches are commonly adopted: 

1. Transect approach - This approach is based on the hypothesis that there is lateral 

uniformity in 137Cs distribution along parallel transects and is suitable for fields or small 

areas characterized by simple topography where no significant across-slope curvature 

exists and where each point along the transect receives flow from only those points 

immediately upslope. This method is especially suited to relatively steep, short and 

homogeneous slopes. In these situations, a single transect can represent the variability 
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of 137Cs inventories. If significant plan curvature exists, a single transect is not sufficient 

and a series of equally spaced parallel transects should be used. Transects are generally 

aligned along the axis of greatest slope, and consist of a sequence of sampling points 

from the upslope to the down-slope boundary. A distance of 10 to 20 m between the 

sampling points is generally used. The multiple transect approach is particularly 

convenient if resources are limited. It allows a more rational use of resources than the 

grid approach, because the variability is usually much higher along the slope than across 

the slope. 

2. Grid approach - When the topography is more complex, it is necessary to collect 

samples from a grid framework, covering the field with regularly spaced sampling 

points. Usually a square grid is used, but rectangular grids are also sometimes used. It 

is then possible to define effectively the spatial distribution of 137Cs and the resulting 

soil redistribution pattern. The sampling density depends on the total area and is 

conditioned by the resource availability. However, a minimum density is required to 

establish the spatial distribution of the 137Cs inventories. The number and spacing of the 

samples will influence the 137Cs pattern obtained and the resulting assessment of the 

pattern of soil redistribution. Mabit et al., 2002) reported a range of different grid sizes 

from published studies (e.g. 10 by 10 m; 15 by 20 m; 20 by 25 m; 30 by 30 m; 50 by 50 

m; and 100 by 100 m) (Mabel et al., 2014b). 

As the use of 137Cs measurements in soil erosion and sedimentation investigation requires 

information on both bulk 137Cs inventories (Bq m-2) and the 137Cs vertical depth distribution, 

two methods are commonly used to collect soil samples: 

1. Bulk sampling using cores - Generally, a steel cylinder is used as the corer. The diameter 

of the tube is usually 7 to 10 cm (Wallbrink et al., 2002) (Fig. 3.7) with a wall thickness 

of 2-5 mm. The corer is constructed to cope with stony and compacted soil. To facilitate 

both the insertion of the core tube and sample extraction, the cutting edge of the tube 

should have a smaller internal diameter than the tube itself (Walling & Quine, 1993). 

The tube can be inserted into the soil manually (e.g. using a hammer) or coupled with a 

mechanical percussion (Fig. 3.8) driver in hard soils.  
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Fig. 3.7 – Some steel cylinder tube cores used for sampling. 

 

Fig. 3.8 – The motorized percussion hammer. 
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2. Depth incremental sampling - Depth incremental sampling provides important 

information on the depth distribution (vertical distribution or profile) of 137Cs. This is 

key information for the reference site as well as the study site. It is needed to determine 

the appropriate depth of bulk sampling at both reference and study sites, to ensure that 

the samples include the whole 137Cs inventory. For the reference site, the shape of the 
137Cs vertical distribution provides valuable confirmation that the site is undisturbed and 

thus appropriate for establishing the local 137Cs fallout input. 

A sectioned core provides the simplest means of defining the 137Cs depth distribution. 

However, in order to provide a sufficient mass of sample from each depth increment for 

subsequent radiometric analysis, the diameter of the core tube generally needs to be 

greater than those used to collect bulk cores. A cylindrical steel tube with a diameter of 

10 to 15 cm is commonly used (Fig. 3.9). Once collected, the core is then sectioned into 

incremental samples which can be counted separately. To easily extract the soil core, 

one of the best options is to use a specially designed core tube which splits into two 

longitudinal sections to allow access of the contents. Soil increments of 2 to 5 cm are 

generally used. However, for a precise 137Cs profile shape, it is better to cut the core at 

2 cm intervals (Mabel et al., 2014b). 

 

Fig. 3.9 – An example of the sectioning into incremental samples. 

3.3.2 Field sampling 

A re-sampling approach can be employed to subdivide the period between the events of bomb 

fallout and the present, in order to document the changes in rates of soil loss or the soil 

redistribution within this time slots. 
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The re-sampling approach is seen as probably offering the greatest potential for generating 

information on changing erosion rates, because it provides estimates of soil redistribution rates 

for two discrete periods (Loughran et al. 2006). 

The first soil sampling within the W1, W2 and W3 study catchments involved several 

campaigns undertaken from 1998 to 2001. Nowadays, the three catchments were sampled again 

and the samples were collected from points very close to the original sampling points in the 

campaigns undertaken from 2013 to 2015. In this way, it was possible to compare the estimate 

of mean annual erosion for the period 1954-1998 with that for the period 1954-2015 (Fig. 3.10). 

Thus, the difference in erosion rates between the two periods provides the average erosion rate 

of this short time (1998-2015). 

 

Fig. 3.10 – The time window of re-sampling approach. 

The campaigns focused on catchment W1 were undertaken in 1999 and 2001 and involved the 

collection of 68 bulk cores within the catchment using a steel core tube (6-9 cm diameter) driven 

into the soil by a motorized percussion corer and subsequently extracted using a hand-operated 

winch (Porto et al., 2011). In September 2014, the catchment W1 was sampled again and the 

same 68 sampling points used during the previous field campaigns were revisited (Fig. 3.11). 

Because the actual sampling points could not be relocated precisely, their locations were 

displaced by about 2 m to avoid the area that was disturbed during the first campaign. Each site 

was re-sampled using a steel core tube (10 cm diameter) driven into the ground by a motorized 

percussion corer to a depth of ca. 30 cm. 
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Fig. 3.11 – The sampling points within the W1 catchment. 

For the W2 and W3 catchments, a first sampling campaign was undertaken in the study 

catchment in 1998-2001, in order to collect information on 137Cs inventories within the 

catchment. 

In the campaign undertaken within the W2 catchment, 55 replicate bulk cores were collected at 

the intersections of an approximately 20 m x 20 m grid, with additional cores collected to take 

account of topographic variability. The cores were collected using a steel core tube (8.6 cm 

diameter) driven into the ground by a motorized percussion corer to a depth of 15 cm. A number 

of additional 45 cm cores was collected and sectioned into 15 cm depth increments, in order to 

confirm that no 137Cs content was detectable below the depth of 15 cm. The two cores collected 

for each sampling point were bulked. Where tree cover existed in the vicinity of the sampling 

points, care was taken to ensure that cores were collected from points located between the trees, 

rather than close to their trunks (Porto et al., 2014). 

The samples used to establish the local reference inventory were collected during a field 

campaign undertaken in 1999 (Porto et al., 2001). An adjacent area of undisturbed rangeland 

with minimal slope and similar altitude was selected as the reference site. In this case, one set 

of samples was collected using a scraper plate (cf. Campbell et al., 1988), in order to provide 

samples from a larger and therefore more representative area. The sampling frame isolated a 

surface area of 652 cm2 for sample collection and depth incremental samples were collected at 

increments ranging from 1 to 4 cm (progressively increasing with depth) to a depth of 50 cm. 

In addition, six 8.6 cm diameter soil cores were collected from the reference site and sectioned 

into 2 cm depth increments, in order to assess the local spatial variability of the 137Cs inventory 

and the associated depth distributions. Because of the greater surface area associated with the 
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scraper plate (652 cm2), the areal activity density indicated by these samples was assumed to 

provide the best estimate of the local reference inventory (Porto et al., 2014). 

In 2013, the catchment was sampled again and the same 55 sampling points used during the 

field campaign undertaken in 1998 were revisited (Fig. 3.12). Anyway, in the absence of high 

precision survey data it was not possible to locate the previous sampling points precisely. 

Furthermore, the new sampling point was displaced laterally by ca. 2 m to avoid sampling soil 

that might have been disturbed during the first campaign. Each site was re-sampled using a steel 

core tube (10 cm diameter) driven into the ground by a motorized percussion corer to a depth 

of ca. 15 cm, in order to ensure consistency with the previous sampling programme. However, 

in areas where deposition might be expected, additional 45 cm cores were also collected and 

sectioned into 15 cm depth increments, in order to confirm that no 137Cs content was detectable 

below the depth of 15 cm (Porto et al., 2014). 

 

Fig. 3.12 – The sampling points within the W2 catchment. 

Soil sampling for 137Cs analysis associated with catchment W3 encompassed two separate 

sampling programmes. The first was designed to establish the magnitude and spatial 

distribution of erosion rates within the catchment and involved two campaigns. During the first 

campaign, undertaken in 1999, 47 bulk soil cores were collected at the intersections of an 

approximate 20 m x 20 m grid using the procedure outlined above. These cores were 

supplemented by a further 34 bulk cores collected from sites selected to improve the coverage 

of topographic variability during an additional campaign in 2001. The second sampling 

programme, undertaken in 2001, aimed to establish the depth distribution of 137Cs at 

undisturbed reference sites with minimum slope. One such site was located within a small 
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clearing between the trees (Reference site 2). Because of the difficulty of locating another 

reference site within the catchment, a second site was selected at a similar altitude to the 

catchment within an adjacent area of undisturbed rangeland with some scattered oaks (Quercus 

pubescens) (Reference site 3). In both cases sampling was undertaken using a 652 cm2 surface 

area scraper plate and the procedure outlined above. As before, six additional bulk cores were 

collected in the immediate vicinity of each site in order to confirm the representativeness of the 

inventory derived from the scraper plate samples (Porto et al., 2003). 

On July 2015, this catchment was sampled again and the same sampling points used during the 

field campaign undertaken in 1999 and 2001 were revisited. Each site was sampled again using 

a steel core tube (10 cm diameter) driven into the ground by a motorized percussion corer to a 

depth of ca. 30 cm (Fig. 3.13). 

 

Fig. 3.13 - The sampling points within the W3 catchment. 

3.4 Laboratory analyses 

3.4.1 Sample preparation and pre-treatment 

Based on the protocol proposed (Walling & Quine, 1993; Pennock & Appleby, 2002) sample 

preparation has been involved the following steps: 

a) each soil sample is firstly oven dried at 105°C for 48 hours; 

b) the weight of the dried sample is recorded; 

c) the sample is lightly ground or hand disaggregated. It is important to disaggregate 

mineral particles, organic concretions and any porous material; 
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d) the sample is passed through a 2 mm sieve to separate soil particles (<2 mm) from the 

coarser rock fragments (>2 mm). The bulk density of the soil sample (fine fraction) is 

accurately calculated for determining the 137Cs areal activity or inventory; 

e) a representative of <2 mm fraction of each samples is then taken and packed for analysis. 

It is placed in a 500 g “Marinelli” beaker, or in the case of smaller samplers a plastic 

dish (65 mm diameter, 15 mm high) or a plastic pot (100 g), in order to measures its 

activity by gamma spectrometry. 

3.4.2 Gamma spectrometry measurements 

Gamma spectrometry using germanium detectors (HPGe or Ge-Li) is an excellent analytical 

technique for measuring low level activities of natural (e.g. 226Ra, 210Pb, 40K, etc.) or artificial 

radionuclides (e.g. 137Cs, 60Co, etc.) in environmental samples (e.g. soil, sediment, vegetation, 

water, etc.). The method allows both qualitative and quantitative determination of the 

radionuclides directly in the original sample, through the detection of gamma rays (photons), 

without the need for chemical separations. The simultaneous detection of several gamma 

emitters in the same sample material is possible using a shielded high resolution germanium 

semiconductor detector connected to a multichannel analyzer (MCA). The interaction of 

gamma rays (photons) with the germanium crystal produces electric signals corresponding to 

the energy of the incoming photons. Signals are amplified and transmitted to the MCA. A 

gamma energy spectrum, characteristic of the gamma-emitting nuclides is produced. This is the 

result of the three effects (Photoelectric, Compton and Pair production effects) due to the 

interaction of gamma rays with the germanium crystal. The photoelectric effect is characterized 

by the presence of high resolution peaks (called fullenergy peaks) associated with the γ-rays 

emitted by the radionuclides while the Compton effect is characterized by a continuum due to 

the interaction of the gamma rays with electrons of the atom. The conversion of the net peak 

area (counts per second) of the nuclide of interest, associated with the Photoelectric effect on 

activity (Bq kg-1) as well as the processing of the overall collected spectral data are performed 

using a selected software package (Mabel et al., 2014b). 

The different components of a gamma ray spectrometry system can be described as follows (see 

also Fig. 3.14): 

(a) A high purity germanium detector (HPGe) with cryostatic cooling: A liquid nitrogen Dewar 

or electrically powered cryostat will be needed. The performance of the detector is given by its 

relative efficiency, its energy resolution and the Peak-to-Compton ratio. The relative efficiency 

is a measure relative to that of a 75 x 75 mm NaI (sodium iodide) crystal and is normally based 
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on the measurement of the 1.33 MeV peak of 60Co. Its value depends on the crystal volume and 

the detector configuration. The energy resolution of the detector which is considered as the full 

energy peak at half maximum (FWHM) of the full energy peak of 1.33 MeV peak should be 

between 1.8 and 2.2 keV. The Peak-to-Compton ratio is the ratio of counts in the highest photo-

peak channel to the counts in a typical channel just below the associated Compton edge and is 

conventionally quoted for the 1.33 MeV gamma ray photo-peak of 60Co; 

(b) Shielding: A detector shield with a cavity large enough to accommodate samples (up to 2 

litres) will be needed. It is generally constructed of lead. The wall thickness is usually 10 cm in 

order to attenuate high-energy photons from all external sources. In addition, to attenuate lead 

photons coming from the lead shield, it is recommended to install inside the lead shielding a 

lining of either copper or steel with a thickness of 10 mm; 

(c) A preamplifier: This is generally an integral part of the detector unit which takes the charge 

produced from the detector, integrates and amplifies this to produce a pulse, the amplitude of 

which is proportional to the total energy. The amplifier is located near the detector in order to 

take advantage of the cooling which is necessary for the operation of the detector with low 

noise; 

(d) A high voltage power supply: A bias voltage is applied across the detector volume to collect 

created charges within the germanium detector. This is usually in the range of ± 1000 to 5000 

V; 

(e) A linear amplifier: This primarily takes the pulse signal from the preamplifier and 

considerably amplifies it. It also filters and shapes the incoming pulse to enhance the signal-to-

noise ratio. High resolution spectroscopy amplifiers with a pile-up rejection and life-time 

correction are now commercially available; 

(f) An analogue to digital converter (ADC). The detector produces an analogue signal which is 

shaped by the amplifier. The ADC converts this analogue signal to a digital signal and can 

usually only process one incoming pulse at a time (from one detector). When several detectors 

are used, it is advisable to use a multiplexer or mixer-router which takes the separate counting 

chains from several individual inputs and routes them through to a single ADC; 

(g) A multichannel analyser (MCA). Usually incorporated into the computer system, an MCA 

registers the pulses emerging from the ADC in one of its channels according to their amplitudes 

i.e. the energies of gamma rays. It can operate with a minimum of 1024 channels and a 

maximum of 8192 channels. The number of channels usually used is 4096. 
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Fig. 3.14 - The electronic components of a gamma spectrometry system. 

3.4.3 Laboratory procedures 

Measurements of Caesium-137 activity were made on all the samples collected from the three 

catchments. Each sample was analyzed for 137Cs radioactivity using a gamma spectroscopy. 

Then the 137Cs radioactivity for each sample was converted to determine the 137Cs inventory for 

each point. 

For the W1 catchment, Caesium-137 activities of the 68 samples were measured using high 

resolution HPGe detectors in the Laboratories of Geography of the University of Exeter (UK). 

Count times were typically approx. 80 000 s, providing an analytical precision of about ±10% 

at the 95% level of confidence. The 137Cs activities in the samples were obtained from the counts 

at the 662 keV peak in the measured γ-ray spectrum. In 2014 the same 68 sampling point was 

sampled again and their 137Cs activity was measured using high resolution HPGe detectors 

provided by the Department of Agriculture of University “Mediterranea” of Reggio Calabria. 

The 137Cs activities in the samples were obtained from the counts for the 662 keV peak and the 

count times were typically ~80 000 s, providing results with an analytical precision of ca. ±10% 

at the 95% level of confidence. 

For the W2 catchment, the 137Cs activity of the first set of samples consisting of the 55 replicate 

cores collected during the sampling campaign undertaken in 1998 was measured using a high 

resolution HPGe detector in the Laboratory of the Department of Nuclear Engineering at the 

University of Palermo, Italy. Count times were ca. 30,000 s, providing a precision of ca. ±10% 

at the 95% level of confidence. The second set of samples collected from the catchment in 1999, 

which included both the depth incremental samples provided by the scraper plate and the 

sectioned cores collected from the reference area, was analysed using a high resolution HPGe 

detector in the Laboratory of the Department of Geography at the University of Exeter, UK. 
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Count times were again ca. 30,000 s, providing a precision of ca. ±10% at the 95% level of 

confidence. The third set of samples, collected in 2013, during the repeat-sampling campaign, 

was analysed using high resolution HPGe detectors in the Department of Physics at the 

University of Basel and the State Laboratory Basel-City, Switzerland. Because of the expected 

lower activity of these samples, counting times were increased to ca. 80,000 s providing a 

precision of ca. ±10% at the 95% level of confidence. The total inventory or areal activity 

density (Bq m-2) of each bulk core was calculated as the product of the measured 137Cs activity 

(Bq kg-1) and the dry mass of the <2 mm fraction of the bulk core (kg), divided by the surface 

area of the core or cores associated with the sample (m2) (Porto et al., 2014). 

For the W3 catchment, Caesium-137 activities were measured using high resolution HPGe 

detectors in the Laboratories of the Department of Nuclear Engineering at the University of 

Palermo (Italy) and the Department of Geography of the University of Exeter (UK). Count 

times were typically c. 30000 s, providing a precision of ca. 10% at the 95% level of confidence 

(Porto et al., 2003). In the re-sampling campaign undertaken in 2015, the samples were analysed 

using high resolution HPGe detectors in the Department of Agriculture of University 

“Mediterranea” of Reggio Calabria and the same analysis process was followed as above. 

3.4.4 Particle size analysis 

The size distribution of the soil samples was determined using a size analyzer named Laser 

Particle Sizer analysette 22 provided by the Department of Agriculture of University 

“Mediterranea” of Reggio Calabria. A standard procedure for preparing soil samples for 

absolute particle size analysis is as follows (Walling & Collins, 2000): 

a) 5 g of soil is weighed into a beaker; 

b) 10 ml of distilled water is added to each sample + 5 ml of Hydrogen peroxide; this 

reaction may need to be controlled by adding a few drops of IMS (Industrial Methylated 

Spirit); 

c) after 2-3 hours, if frothing has ceased, a further 5 ml of Hydrogen peroxide is added and 

the sample is allowed to stand overnight; 

d) the beakers are warmed on a hotplate (starting the process at 80 °C and gradually 

increasing the temperature to 100 °C) until the reaction is complete and there is a clear 

supernatant; 

e) the whole contents of the beaker are transferred to a centrifuge tube, using a glass rod 

to clean the sides of the beaker; 
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f) the tubes are centrifuged at 2500 rpm for 1 hour; 

g) the supernatant is discarded and the samples are washed with 2 ml of IMS, before being 

recentrifuged at 2500 rpm for 30 minutes; 

h) the supernatant is discarded and the contents of the centrifuge tube are transferred to a 

container, using as little distilled water as possible; 

i) as soon as the analytical instrument has been set up for use, 10 ml of Sodium 

hexametaphosphate (6.7 g Sodium hexametaphosphate and 1.3 g Sodium carbonate to 

2 litres with distilled water) is added to each sample, which is then subjected to 

ultrasonic dispersion for ca. 2 minutes; 

j) finally, the samples are then analyzed for their grain size composition. 

The Laser Particle Sizer analysette 22 (Fig. 3.15) is an all-purpose measuring device that can 

be used to determine the particle size distribution of solids in either fluids or gases (suspensions, 

aerosol) or in drops of liquid (emulsions). The analysette 22 is controlled using the MaScontrol 

software. The exact measurement process is defined using SOPs (Standard Operating 

Procedures), which permit standardized performance of measurements for frequently recurring 

sample systems under identical analysis conditions. The analysis of the measurements as well 

as graphical display of the results can be predefined using templates, allowing standardised 

reports containing the specific values of interest to be generated as well. MaScontrol is a 

database-supported program. In other words, all measurements, SOPs, directories and results 

folders or reports are saved in an SQL database that allows for simple, clear and efficient access 

to all data. 

 

Fig. 3.15 – The Laser Particle Sizer analysette 22. 
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Laser light encountering particles is deflected from its original direction and scattered at 

specific angles determined by the size and optical properties of the particles. The scattered light 

is collected with the help of what is termed a Fourier lens and the angle-dependent intensity 

distribution of the scattered light is measured by a sensor within the focal plane of the lens. 

Using the Fourier spectrum obtained in this way, the particle size distribution is calculated in a 

kind of backward process making use of inversion. Through the application of special 

algorithms, MaScontrol permits an analysis according to either Fraunhofer or Mie theory (See 

Fig. 3.16). 

 

Fig. 3.16 – Example of Fraunhofer or Mie theory. 

In other words, when an expanded parallel laser beam illuminates a collection of particles, a 

specific pattern is projected onto the focal plane of a convex lens situated further down the 

beam path. The scattered light pattern is the Fourier transform of the diffracting object and 

clearly describes the shape and size of the particles. Using an appropriate detector for measuring 

the pattern, a suitable physical model and the right mathematics for solving the resulting system 

of equations, one arrives at the particle size distribution. 

The convex lens is also called a “Fourier transform lens” and is adapted to a single, precisely 

defined measurement range. As a result, changing of the measurement range also requires 

changing of the lens. It applied a known fact of Fourier optics to particle measurement and 

showed that the Fourier transform of the diffracting object can also be obtained by placing a 

convex lens in front of the object within a convergent laser beam (“reverse Fourier optics”). 

Moving the measurement cell (see Figg. 3.17 and 3.18) causes an effect similar to a zoom 

function in the Fourier plane. By simply moving the measurement cell along the laser beam, 
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the measurement range of the analysette 22 can be optimised and individually adapted to the 

sample being measured. 

   
Fig. 3.17 - The position of the sample cell between 

the Fourier lens and the sensor for the fine 

measuring range. 

Fig. 3.18 - The position of the sample cell between 

the Fourier lens and the sensor for the coarse 

measuring range. 

The position of the sample cell between the Fourier lens and the sensor determines the detected 

particle size range. For the fine measuring range, the measuring cell is located only a few 

millimetres from the focal point of the Fourier lens, while large measuring cell to detector 

distances are used for taking measurements in the coarse range. 

The particle-size distribution determines the coarseness or the fineness of soils. Soil separates 

are the size groups of mineral particles less than 2 mm in diameter or the size groups that are 

smaller than gravel (Foth, 1990). According to the WRB (World Reference Base for soil 

resources) classification, it’s possible to identify the following classes size: clay, silt, very fine 

sand, fine sand, medium sand, coarse sand and very coarse sand. The diameters of each separate 

are showed in Tab. 3.2. 

Tab. 3.2 – The diameter limits of Soil Separates. 

Name of soil separate Diameter limits (mm) 

Clay < 0.002 

Silt 0.002 – 0.063 

Very fine sand 0.063 – 0.125 

Fine sand 0.125–0.20 

Medium sand 0.20–0.63 

Coarse sand 0.63–1.25 

Very coarse sand 1.25-2.00 
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The largest separates are sand particles and are the 2.0 to 0.063 millimeters fraction. 

Furthermore, large sand particles can be described as very coarse and coarse, intermediate as 

medium, and the smaller as fine. The next smallest particles are silt particles and have diameters 

between 0.063 mm and 0.002 mm. At the 0.063 mm particle size separation, between sand and 

silt, it is difficult to distinguish by feel the individual particles. In general, if particles feel coarse 

or abrasive when rubbed between the fingers, the particles are larger than silt size. Silt particles 

feel smooth like powder. Neither sand nor silt is sticky when wet. Sand and silt differ from each 

other on the basis of size and may be composed of the same minerals, indeed, the sand and silt 

separates of many soils are dominated by quartz. There is usually a significant amount of 

weatherable minerals, such as feldspar and mica, that weather slowly and release ions that 

supply plant needs and recombine to form secondary minerals, such as clay. The greater specific 

surface (surface area per gram) of silt results in more rapid weathering of silt, compared with 

sand, and greater release of nutrient ions. The result is a generally greater fertility in soil having 

a high silt content than in soils high in sand content (Foth, 1990).  

The smallest separates are clay particles with diameters of less than 0.002 mm. Clay particles 

tend to be plate-shaped, rather than spherical, and very small in size with a large surface area 

per gram. Because the specific surface of clay, is many times greater than that of sand or silt, a 

gram of clay adsorbs much more water than a gram of silt or sand, because water adsorption is 

a function of surface area. Their plate-shaped nature contributes to very large specific surface. 

Films of water between plate-shaped clay particles act as a lubricant to give clay its plasticity 

when wet. Conversely, when soils high in clay are dried, there is an enormous area of contact 

between plate-shaped soil particles and great tendency for very hard soil clods to form. 

Although the preceding statements apply to most clay in soils, some soil clays have little 

tendency to show stickiness and expand when wetted. The clay fraction usually has a net 

negative charge. The negative charge adsorbs nutrient cations, including Ca2+ Mg2+ and K+, and 

retains them in available form for use by roots and microbes (see Foth, 1990). 

Soil texture refers to the weight proportion of the separates for particles less than 2 mm as 

determined from a laboratory particle-size distribution (USDA,1993). In other words, soil 

textures are classified by the fractions of each soil separate (sand, silt and clay) present in a soil. 

Once the percentages of sand, silt, and clay have been determined, the soil can be placed in one 

of 12 major textural classes, as showed in Fig. 3.19. Each name classification derived from the 

primary constituent particle size or a combination of the most abundant particles sizes.  
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Fig. 3.19 - The textural triangle shows the limits of sand, silt, and clay contents of the various texture classes. 

3.5 Conversion model to estimate soil redistribution rates from 137Cs measurements 

Two theoretical conversion models applicable to uncultivated soils can be used to derive 

estimates of soil erosion rates within the three study catchments from the 137Cs measurements. 

These models are commonly referred to as the exponential profile distribution model and the 

diffusion and migration model (Walling and Quine, 1990; Walling and He, 1999a). Both models 

use information on the 137Cs inventory from the depth distribution at the reference site and from 

the 137Cs inventory of the sampling points within the study area. The profile distribution model 

assumes an exponential 137Cs depth distribution and the depth of soil removed by erosion over 

the period covered by the 137Cs measurements is estimated by establishing the reduction in the 
137Cs inventory, relative to the reference inventory, and calculating the depth of soil which 

would need to be removed to produce the calculated reduction in inventory. One limitation of 

the depth distribution model is that the exponential depth distribution is assumed to be time-

invariant over the period covered by the 137Cs measurements. In reality the inventory will have 

increased over the period of fallout and the depth distribution can be expected to have changed 

through time as a result of downward diffusion and migration of the 137Cs fallout input to the 

soil surface. The diffusion and migration model takes account of the time dependent record of 

fallout input and the evolution of the 137Cs depth distribution through time in response to 

downward diffusion and migration (Porto et al., 2003). Further details of the two conversion 

models are given below. 
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The first of these models is the Profile Distribution Model. It is the simplest and take into 

account the erosion rate at a given sampling point estimated by considering the reduction in 

inventory relating to the reference inventory. This model is mainly used to estimate soil loss 

but estimates of deposition can be obtained for sampling points too. Porto et al. (2001) 

employed this model to estimate soil redistribution rates in the study catchment based on the 

samples collected in 1998 and 1999. That investigation proved a similarity between the 

measured sediment yield from the catchment and the estimated mean annual net soil loss and. 

However, one potential limitation of the Profile Distribution Model is that it assumes that the 
137Cs fallout occurred as a single input in 1963 and that the depth distribution documented at 

the reference site was in existence from that time. In reality, the depth distribution will have 

been time-dependent, in response to the temporal pattern of 137Cs fallout and the ongoing post-

fallout redistribution of the 137Cs fallout in the soil. The latter would have resulted in a slow 

downward movement. In addition, during the period of active fallout fresh fallout can be rapidly 

removed by erosion before moving down into the soil. In contrast, when fallout ceases and the 
137Cs moves progressively deeper into the soil, removal of a given amount of 137Cs will involve 

removal of a greater amount of soil. As a result, the Profile Distribution Model is likely to 

overestimate the mean annual rate of soil loss (Porto et al., 2014). This limitation assumes more 

importance in a re-sampling study where two overlapping periods are considered. In fact, even 

if actual erosion rates during the entire period were to be essentially constant, the mean annual 

erosion rate estimated for the longer period is likely to be lower than that for the shorter period. 

This could potentially prompt misleading conclusions concerning changes in soil redistribution 

rates. 

The second conversion model to estimate soil redistribution rates for areas with uncultivated 

soils is the Diffusion and Migration Model (see Walling and He, 1999a; Walling et al., 2002). 

For the three study catchments, this conversion model was used to derive estimates of soil 

erosion and redistribution rates from the 137Cs measurements because it overcomes the 

limitations of the Profile Distribution Model summarized above. This model takes account of 

the temporal distribution of fallout input, the progressive post-depositional redistribution of 
137Cs in the soil profile and the contrast in the interaction between fallout and soil loss associated 

with periods of active fallout and later periods with no new fallout. 

According to Walling and He (1993), by treating the soil as a semi-infinite homogeneous porous 

medium, so that it can be characterized by a constant effective diffusion coefficient and a 

constant migration rate, and assuming that fallout inputs are initially uniformly distributed at 
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the soil surface, the vertical distribution of 137Cs concentration from the surface downwards can 

be represented by the following partial differential equation (Crank, 1975): 
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where: 

D = the effective diffusion coefficient (kg2 m-4 yr-1); 

V = the downward migration rate (kg m-2 yr-1); 

λ = the decay constant for 137Cs (0.023 yr-1); 

x = the mass depth from the soil surface downwards (kg m-2); 

t = the time since the first deposition of 137Cs (years); 

C(x,t) = the activity of 137Cs at time t and cumulative mass depth x (Bq kg-1). 

The initial condition for equation (3.1) for an instantaneous input I(t’) can be approximated by 

the following equation (He - unpublished thesis, University of Exeter - 1993): 
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where: 

I(t’) = a pulse input (Bq m-2 yr-1) at time t’ 

H = the relaxation depth expressed as a mass depth (kg m-2). 

If the post-depositional movement of 137Cs in the soil is restricted to the soil profile itself, mass 

conservation requires the following boundary conditions for equation (3.1) for an initial input 

I(t’): 
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A solution C(x,t,t’) of equation (3.1) for an undisturbed soil, for any cumulative mass depth and 

time under initial condition equation (3.2) and boundary conditions equation (3.3), and after t–

t’, can be expressed (Lindstrom and Boersma, 1971; Officer and Lynch, 1982; Walling and He, 

1993) as: 
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where erfc(u) is the error-function complement defined as (Crank, 1975): 
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Taking account of a continuous input I(t’), the 137Cs concentration distribution C(x,t) (Bq kg-1) 

in the soil profile at time t can be obtained by integrating C(x,t,t’) over time t’ (Walling and He, 

1993): 
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The ability of equations (3.4) and (3.6) to model the 137Cs concentration distribution in the soil 

profile has been demonstrated elsewhere (Walling and He, 1993; He and Walling, 1997).  

For a soil affected by sheet erosion, with a constant annual erosion rate R (kg m-2 yr-1), the 

concentration of 137Cs in the eroded sediment Cu(t) (Bq kg-1), assuming no enrichment, may be 

approximated by that of the surface soil Cu (0, t) obtained from equation (3.6). According to 

Walling and He (1999), the erosion rate R may be estimated from the reduction in the 137Cs 

inventory Au,ls(t) (Bq m-2), defined as the 137Cs reference inventory Aref less the measured total 

inventory Au, and the 137Cs concentration in the surface soil Cu(t’) according to: 
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The same authors tested the validity of equations (3.6) and (3.7), with a wide range of values 

assumed for the parameters D, V, and H. This exercise (Walling and He, 1999) showed that the 

predicted erosion rates are positively related to these parameters, although the model is more 

sensitive to D than to V and H (Porto et al., 2003). 

According to Walling and He (1999), equations (3.4) and (3.6) are applicable only to soils 

where the erosion rate is relatively low. In this situation, the concentration of 137Cs in the eroded 

sediment Cu(t) (Bq kg-1) can be approximated by that of the surface soil Cu (0, t) obtained from 

equation (3.6) and erosion rates can be estimated using equation (3.7). Where erosion rates are 

higher the concentration of 137Cs in the eroded sediment Cu(t), cannot be approximated by that 

of the surface soil obtained from equation (3.6), since the decline in concentration with depth 

must be taken into account (Porto et al., 2003). 
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Assuming a constant rate of lowering of the surface by erosion E (kg m-2) and diffusional 

transport, the vertical distribution of 137Cs within a soil (equation 3.4), for any cumulative mass 

depth and time t’, can be expressed as: 

 

            (3.8) 

where: 

Ce(x,t,t’) = the concentration of 137Cs for any cumulative mass depth x and time t’ (Bq 

kg-1); 

D = the effective diffusion coefficient (kg2 m-4 y-1); 

H = the relaxation depth of the initial distribution of fallout expressed as a mass depth 

(kg m-2); 

λ = the decay constant for 137Cs (0·023 y-1); 

x = the mass depth from the soil surface downwards (kg m-2); 

t = the time since the first deposition of 137Cs (years); 

I(t’) = the annual fallout deposition flux (Bq m-2 y-1) at time t’. 

The 137Cs concentration Ce(x,t) (Bq kg-1) in the soil profile at time t can be obtained by 

integrating Ce(x,t,t’) over time t’: 
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Integration of Ce(x,t) over mass depth x gives the total 137Cs inventory Au (Bq m-2) for an eroding 

site at time t: 
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Assuming a constant value of H (5 kg m-2), as suggested by Walling and He (1999a), equations 

(3.8) and (3.10) can be solved simultaneously for E (kg m-2), with Au (Bq m-2) representing the 

measured inventory corresponding to an eroding point. The erosion rates R (kg m-2 yr-1) may 

then be estimated by dividing the quantity E by the time t–t’ (years) since the commencement 

of 137Cs fallout (Porto et al., 2014). 

For a depositional site, the deposition rate DR can be estimated from the 137Cs concentration in 

deposited sediment Cd(t’) and the excess 137Cs inventory (defined as the total measured 137Cs 

inventory Au less the local reference inventory Aref) using the following relationship: 
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Assuming that the 137Cs concentration Cd(t’) of deposited sediment can be represented by the 

weighted mean of the 137Cs concentration of the sediment mobilized from the upslope 

contributing area, Cd(t’) can be calculated (Porto et al., 2014) as: 
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where: 

S (m2) = the upslope contributing area 

Ce(t’) = the 137Cs concentration of sediment mobilized from an eroding point (Bq kg-1), 

which can be calculated from equation (3.8), assuming x = 0. 

3.6 Particle size correction factors P and P’ for selectivity of erosion and deposition 
processes 

The particle size factors are particularly important as water erosion/deposition triggers a 

selective and preferential loss/increase of small grain size fractions. Usually reference sites 

show the original grain size composition, while eroded sites are depleted in small particle 

fractions. Small grain size fractions in soil samples tend to be enriched in 137Cs concentrations 

and might be preferentially transported during sheet erosion processes (see IAEA, 2014). To 

take into account the preferential transport of smaller grain size particles with higher specific 

surface area, and thus higher 137Cs content, a particle size correction factors (P or P’ in case of 

deposition) is usually proposed by most conversion models. Since information on the 137Cs 

concentration in soil mobilized by erosion and deposition with the sediments may be very 

difficult to obtain, estimates of these parameters can be deduced from the information obtained 

on the grain size composition of the surface soil, eroded sediment and deposited sediment 

(Arata et al., 2016). 

As described in §2.6, because the grain size composition of mobilized sediment is usually 

enriched in fines compared with the original soil, the correction factor is generally great than 

1.0, due to the strong affinity of 137Cs for fine soil particles. Its value is therefore a function of 

the grain size composition of both mobilised sediment and the original soil. For a depositional 

site, the correction factor is a function of the ratio of the 137Cs concentration of deposited 

sediment to that of the mobilised sediment. Because the grain size composition of deposited 



 

70 
 

sediment is frequently depleted in fine fractions compared with the mobilised sediment, the 

value of the correction factor is generally less than 1.0 (Walling et al., 2006). 

In this study, several analyses for all soil samples have been conducted to investigate the 

transport of the different grain size due to soil erosion/deposition processes. The theoretical 

Diffusion and Migration Model applicable to uncultivated soils was used to derive estimates of 

soil erosion rates within the three study catchments from the 137Cs measurements. For many of 

the analysis, the eroded soil has a similar grain size composition to the surface soil, being 

slightly coarser for some soil samples and slightly finer for others. However, the size 

distribution of the sediment eroded from the three catchments is consistently coarser than that 

of the surface soil. Thus, a particle size correction factor of 1 for the selected conversion model 

was assumed and also the Diffusion and Migration Model with no correction factor was used. 

It’s important to compare both the measurements because many workers have highlighted the 

need to take account of the grain size selectivity of erosion processes when using 137Cs 

measurements to estimate rates of soil redistribution, since contrasts in grain size composition 

of eroded sediment relative to the parent soil will influence its 137Cs content (e.g. Sutherland, 

1991; Walling and Quine, 1990; Walling and He, 1999a, 2001). 
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Results and Discussion 

 

4.1 The results of the ordinary sampling and sediment yield at the catchment outlets 

The ordinary sediment sampling campaigns, carried out within the three experimental 

catchments W1, W2 and W3, consisted of several field activities, most of them devoted to the 

measurements of rainfall, runoff and sediment yield after each natural storm event. These 

measurements concerned collection of sediment samples, after each storm event, from the tanks 

located at the catchments outlet. These measurements allowed to establish the mean sediment 

concentration in the tank at the event scale. The sediment concentration associated with these 

samples is determined by oven drying at 105°C. The event sediment yield from the catchments 

is then calculated as the product of the mean sediment concentration and the total runoff volume 

for the event measured by the H-flume. These measurements (2013-2015), together with the 

existing dataset available for the previous monitoring period (1978-2012), served for validating 

the re-sampling technique proposed in this project. 

The whole time window of sediment yield data provided by the monitoring programmes in the 

three catchments relates to the periods 1978-1994 (Porto et al., 2001) and 2006-2015. These 

measurements are shown in Fig. 4.1. In the catchment W2, due to some periodic malfunctioning 

of the sediment sampling equipment, values of annual sediment yield are not available for the 

years 1981, 1988 and 1989. In the catchments W2 and W3, the inter-annual variation of the 

values of sediment yield reveal both variations in rainfall intensity and changes in the density 

of the forest cover associated with forest harvesting and regrowth.   

In the catchment W2, the dataset for the first monitoring period contains two outliers recorded 

in 1990 and 1992 associated with some extreme rainfall events occurred when the trees of the 

catchment have been cut. During the second monitoring period, three years (2009-2011) are 

characterized by values with above average sediment yield; it is probably linked to high 

magnitude rainfall events in those years. The other two catchments do not present significant 

changes in the sediment dynamics for the first monitoring period; during the second monitoring 

period catchments W2 and W3 also show an increase of values of sediment yield linked to high 

magnitude rainfall events. 
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Fig. 4.1 - The records of annual suspended sediment yield available for the three study catchments at the 
catchments outlet (Porto et al., 2016a). 
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As showed in Tab. 4.1, for the catchment W1, the calculation of the mean annual sediment yield 

at the catchment outlet for the two periods for which sediment yield data are available gives 

11.6 t ha-1 yr-1 for the period 1978-1994 and 35.9 t ha-1 yr-1 for the period 2009-2014. For 

catchment W3, the values of mean annual sediment yield are 7.4 t ha-1 yr-1 for the period 1978-

1994 and 37.5 t ha-1 yr-1 for the period 2006-2015. 

For the catchment W2, calculation of the mean annual sediment yield at the catchment outlet 

for the first period is complicated by the lack of data for the years 1981, 1988 and 1989. 

However, annual rainfall in these three years was below average and sediment yields are likely 

to have been relatively low. The mean annual sediment yield for the period 1978-1994 has 

therefore been estimated by interpolating values for the missing years based on the annual 

rainfall and the values of annual sediment yield for adjacent years with a similar rainfall total. 

Using this approach, the mean annual sediment yield for the period 1978-1994 is estimated to 

be 17.5 t ha-1 yr-1. The equivalent value for the period 2006-2012 is 31.02 t ha-1 yr-1 (Porto et 

al., 2014). These mean annual values of sediment yield for catchment W2 have been estimated 

with a precision of ca. ± 15% at the 95% level of confidence.  

Table 4.1: Mean annual sediment yield recorded during the two different monitoring periods from the three study 
catchments. 

 Measured values of the mean annual sediment yield at the catchment outlets 

Catchments 
First monitoring period Second monitoring period 

Years t ha-1 yr-1 Years t ha-1 yr-1 

W1 1978-1994 11.6 2009-2014 35.9 

W2 1978-1994 17.5 2006-2012 31.2 

W3 1978-1994 7.4 2006-2015 37.5 

One of the aims of this study is to compare the estimates of mean annual net soil loss from the 

study catchments, provided by the 137Cs measurements, for the period from 1954 to the year of 

the first sampling campaign (1998-2001) and for the time window between the two sampling 

campaigns (from 1999-2001 to 2013-2015), with equivalent sediment yields values. Therefore, 

the sediment yield data for the three catchments have been extrapolated using information on 

the values of rainfall erosivity for the missing years to include the period from 1954 to 1998-

2001. Like this, a relationship between annual sediment yield and annual rainfall erosivity 

established using the data for the years when sediment yields were measured has been used. 

This relationship is reported in Fig. 4.2 for each catchment. 
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Fig. 4.2 – Relationship between erosivity factor R and the sediment yield for the three catchments. 
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For catchment W1, the resulting estimates of mean annual sediment yield are 11.6 t ha-1 yr-1 for 

the period 1954-2000 and 22.4 t ha-1 yr-1 for the period 2001-2014. For catchment W2, the 

estimates are 16.2 t ha-1 yr-1 for the period 1954-1998 and 20.6 t ha-1 yr-1 for the period 1999-

2013. For catchment W3, the estimates are 9.8 t ha-1 yr-1 for the periods 1954-2000 and 29.3 t 

ha-1 yr-1 for the period 2001-2015 (see Tab. 4.2). The uncertainty attributed to these values 

includes both the ± 15% related to the methods employed by the measurement programme and 

the additional uncertainty related to the extrapolation of the data to cover the entire period. For 

both periods, ca. 50% of the values used to calculate the mean annual sediment yield were 

extrapolated using the record of annual precipitation and taking account of this and the likely 

errors introduced by the estimated values, an uncertainty of ca. ± 50% at the 95% level of 

confidence has been attributed to the resulting values of mean annual sediment yield. When 

combined the two an estimate of uncertainty of ± 52% at the 95% level of confidence was 

obtained for the values of mean annual sediment yield associated with each catchment (Porto 

et al., 2016a). 

Table 4.2: Estimates of mean annual sediment yield for the two periods. 

 Estimated values of mean annual sediment yield 

Catchments 
Period of first sampling Time window of Re-sampling 

Years t ha-1 yr-1 Years t ha-1 yr-1 

W1 1954-2000 11.6 2001-2014 22.4 

W2 1954-1998 16.2 1999-2013 20.6 

W3 1954-2000 9.8 2001-2015 29.3 

 

4.2  The results of the re-sampling approach 

4.2.1 137Cs inventories at the reference site and within the study catchments 

Fig. 4.3 shows information concerning the 137Cs depth distribution and the inventories at the 

reference site for both the first sampling campaign in 1999 and the second one in 2014. The 

shape of the two 137Cs vertical distributions provide valuable confirmation that the sites are 

undisturbed and thus appropriate for establishing the local 137Cs fallout input. In addition, both 

profiles, derived from the depth incremental sampling, depict similar shapes and activities. 
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Fig. 4.3: The 137Cs depth distributions and reference inventories documented for the reference site in 1999 (A) 
and 2014 (B) (Porto et al., 2016a). 

For the 1999 profile, 137Cs is found to a depth of about 30 cm in the soil profile and the depth 

distribution is characterized by an exponential decrease with depth, with the greatest 

concentration at the surface. The total inventory measured in 1999 was adjusted by taking 

account of radioactive decay to 2014 in order to confront the values. This reference inventory 

is estimated to be 1806 Bq m-2 (see Table 4.3). The 2014 profile is based on the composite 

samples for the individual depth increments and the 137Cs depth distribution shows the same 

exponential decrease with depth, with the greatest activity at the surface too. The total inventory 

measured in 2014 is estimated to be 1796 Bq m-2 which is in close agreement with that of the 

1999 profile (after decay correction).  

Table 4.3: 137Cs inventories for the reference site and for the study catchments. The values from the 1998-2001 
sampling have been decayed to the date of the corresponding resampling campaign (Porto et al., 2016a). 

 First sampling 1998-2001 Re-sampling 2013-2015 

Catchment 

Reference 
inventory 

(Bq m-2) 

Inventory across the catchments 
Reference 
inventory 

(Bq m-2) 

Inventory across the catchments 

Mean 

(Bq m-2) 

Range 

(Bq m-2) 

SD 

(Bq m-2) 

Mean 

(Bq m-2) 

Range 

(Bq m-2) 

SD 

(Bq m-2) 

W1 

1806 

1035 3.1-3008 565 

1796 

768 21.2-3127 592 

W2 642 13.0-1844 446 435 6.5-969 280 

W3 802 71.1-1795 501 462 14.7-1354 290 
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Table 4.3 provides a summary of the mean, the range and the standard deviation of the 137Cs 

inventories obtained for the three catchments by the initial sampling campaigns and the re-

sampling campaigns. The values have again been decayed to the date of the resampling 

campaign. All values of 137Cs inventory for the cores collected from catchment W2 and W3 

(with the exception of only 1 point) are less than the local reference inventory, indicating that 

the surfaces of both catchments have been dominated by net soil loss over the period covered 

by the 137Cs measurements. In the case of catchment W1, however, the inventories for some 

cores exceeded the reference inventory, pointing to the existence of depositional areas (Porto 

et al., 2016a). 

4.2.2 Comparing the 137Cs inventories of the two sampling campaigns at the sampling 

points  

Fig. 4.4 shows the plots of the 137Cs inventories recorded across the three catchments by the 

2013-2015 sampling campaigns for a given sampling location versus those recorded by the 

1998-2001 sampling campaigns at the same general locations. These provide a useful 

comparison of the inventory values associated with the two surveys. 

There is a sufficient degree of similarity between the first and the second sampling points. The 

reason of the lack of any clear relationship between the two sets of inventory values concerns 

the problems associated with re-sampling precisely the same points because it is impossible to 

find the exact points sampled in 1998-2001 at the present time (GPS has got a margin of error). 

Furthermore, the need to avoid the area of disturbance associated with collecting the sample 

during the previous sampling campaign precluded sampling the same points. For this reason, 

these relationships between the inventories of the two sampling campaigns occur as a result that 

soil redistribution rates are locally highly variable. Because of this, in order to document 

changes in soil redistribution rates, it is better to consider the two sets of inventory values given 

by the two sampling campaigns as two independent representative samples of the 137Cs 

inventories existing in the study catchment at the time of the sampling campaigns in 1998-2001 

and 2013-2015 - instead of comparing the individual pairs of inventory values. This same 

approach has been defended by Porto et al. (2014) when employing a re-sampling approach 

with 137Cs measurements in the catchment W2. 
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Fig. 4.4: A comparison of the 137Cs inventories measured at the first sampling points in 1998-2001 and 2013-
2015 within each three catchments. 
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4.2.3 Considering particle size and specific surface area selectivity  

It is important to take account of the grain size selectivity of erosion processes when using 137Cs 

measurements to estimate rates of soil redistribution, since contrasts in grain size composition 

of eroded sediment relative to the parent soil will influence its 137Cs content (e.g. Sutherland, 

1991; Walling and Quine, 1990; Walling and He, 1999a, 2001). In this respect, information on 

the grain size distribution and the specific surface area (SSA) of the sediment eroded and the 

surface soil for the three experimental catchments was necessary. For each catchment, the SSA 

is provided in Fig. 4.5 that shows the difference of the SSA frequency distributions derived for 

the eroded sediment around that of the surface soil. The specific surface area is increased as the 

particle size becomes small. As a result, it is important to measure the specific surface area to 

evaluate the coarseness or the fineness of soil and the selectivity of erosion and sedimentation 

processes. 

In Fig. 4.5, the SSA frequency distribution of the surface soil is based on the samples collected 

from the surface of each catchment, while the SSA frequency distribution of the eroded 

sediment is based on the measuring of the ordinary sediment sampling. For the three 

catchments, the values of SSA are consistently lower for the eroded soil than the surface soil. 

Therefore, the size distribution of the sediment eroded from the catchments is coarser than that 

of the surface soil. These results indicate a general tendency for the eroded soil to be depleted 

in fines and the differences between the particle size distributions of the eroded soil and the 

surface soil likely reflect spatial variability of the grain size composition of the surface soil 

within the catchments and thus sampling variability associated with the small number of soil 

samples collected.  

It is usually assumed that eroded soil will be enriched in fines, relative to the source material, 

due to preferential mobilisation of the finer particles (cf. Stone and Walling, 1997) but there are 

many studies reported in the literature where the eroded soil is coarser than the surface soil (cf. 

Young, 1980, Porto et al., 2003). Young and Onstad (1978) reported similar investigations for 

loam, silt loam and loamy sand soils in Minnesota, USA. These authors distinguished soil 

eroded from rill and interrill areas and compared the primary grain size distributions of sediment 

eroded from rill and interrill areas with those of the bulk surface soil. They found that soil 

eroded from interrill areas had a higher sand content and a lower clay content than the bulk soil 

and the sediment eroded from rills. They suggested that these contrasts could reflect the 

transport processes involved. In the case of interrill areas, the primary transport process is 

rainsplash, which is capable of transporting larger particles. 
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Fig. 4.5: Comparisons between the frequency distributions of specific surface area (SSA) values associated with 

the samples of eroded soil and the samples of surface soil within the three catchments. 
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Since much of the soil mobilised by splash erosion will be in the form of aggregates, the primary 

size distribution of the eroded soil will reflect the size and composition of the eroded aggregates. 

Available observations indicate that interrill processes dominate sediment mobilisation and 

transport on the catchments investigated in this study, and the general enrichment of the eroded 

soil in the coarser size fractions and its depletion in fines is consistent with the findings of 

Young and Onstad (1978) cited above (Porto et al., 2003). 

4.2.4 Estimating mean annual soil redistribution rates  

As illustrated in the Section 3 “Materials and Methods” (see § 3.5), in this study the Diffusion 

and Migration Model has been used. Estimates of the soil redistribution rates associated with 

the individual sampling points for the two sampling campaigns were derived using Eqs. (3.8) 

and (3.10) to derive estimates of soil erosion and redistribution rates within the catchments from 

the 137Cs inventories measured at the sampling sites. This model converts the magnitude of the 

reduction or increase in the 137Cs inventory, relative to the reference inventory, to an estimate 

of the rate of soil loss or deposition for uncultivated sites. As indicated previously in § 3.6, a 

particle size effect has been incorporated into the conversion models used to estimate soil 

redistribution rates from 137Cs measurements by applying the correction factor P, defined as the 

ratio of the 137Cs concentration in the eroded sediment to that in the original source material. 

The data obtained from this investigation can be used to test the validity of Eq. (2.22) since the 

value of P can be calculated for the individual samples of eroded sediment collected from the 

three catchments. Table 4.4 summarizes the report of values of mean annual soil redistribution 

rates associated with the two sets of samples with and without correction factor P. 

In the case of the first sampling campaigns (1998, 1999, and 2001), the estimates of soil 

redistribution rate relate to periods from 1954 to 1998-2001, where 1954 is assumed to represent 

the onset of bomb fallout. For the re-sampling campaigns, the estimates relate to periods from 

1954 to 2013-2015. By subtracting the total soil loss for the period 1954 to 2013-2015 from the 

total soil loss for the period 1954 to 1998-2001, it was possible to estimate the total soil loss, 

and thus the mean annual soil loss, for the period 1998-2001 to 2013-2015.  

For the catchment W1, for the period 1954-2000, the estimated mean annual soil redistribution 

rates range between 5.0 t ha-1 yr-1 and -40.7 t ha-1 yr-1, with a mean of -8.6 t ha-1 yr-1 (negative 

values indicate erosion). For the period 1954-2014, the estimates of mean annual soil 

redistribution rates range between 10.2 and -25.7 (with a mean of -9.4 t ha-1 yr-1). By calculating 

the total soil loss for the period 1954-2001 as the product of the soil redistribution rate and the 

period involved in years, and subtracting this from the total soil loss for the period 1954-2014, 
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it is possible to estimate the total soil loss and thus the mean annual soil loss for the period 

2001-2014. This latter value was estimated to be 12.3 t ha-1 yr-1. Taking in account the values 

of the correction factor P for each soil samples, the corresponding results are as follows: for the 

period 1954-2000, the estimated mean annual soil redistribution rate is 10.1 t ha-1 yr-1; for the 

re-sampling period (1954-2014), it is 11 t ha-1 yr-1 and for the recent time window (2001-2014) 

it is 14.3 t ha-1 yr-1. 

For the catchment W2, for the period 1954-1998, the corresponding estimates range between 0 

and -34.6 t ha-1 yr-1 (with a mean of -14.0 t ha-1 yr-1), while those for the period 1954-2013 

range between -6.4 and -30.0 t ha-1 yr-1 and provide a mean of 13.6 t ha-1 yr-1. The estimate of 

mean annual net soil loss, calculated as above, for the period 1999-2013 is 12.6 t ha-1 yr-1. At 

the same way, the values of estimated mean annual redistribution rates applying the correction 

factor P are: 17.2 t ha-1 yr-1 for the first sampling, 16.7 t ha-1 yr-1 for the re-sampling and 14.9 t 

ha-1 yr-1 for the recent time window. 

For the catchment W3, for the period 1954-2000, the equivalent estimates range between -0.1 t 

ha-1 yr-1 and -26.5 t ha-1 yr-1 (with a mean of -11.3 t ha-1 yr-1) while those for the period 1954-

2015 are respectively -3.2 t ha-1 yr-1 and -26.8 t ha-1 yr-1 with a mean of 12.4 t ha-1 yr-1. The 

estimate of mean annual net soil loss, calculated for the period 2001-2015 is 16.4 t ha-1 yr-1. If 

the correction factor P is considered, the corresponding estimates are: 14.4 t ha-1 yr-1 for the 

first sampling, 16.2 t ha-1 yr-1 for the re-sampling campaign and 21.9 t ha-1 yr-1 for the recent 

time window (see Porto et al., 2016a). 

Table 4.4: Results of estimated mean annual soil redistribution rates for the three catchments. 

 Estimated mean annual soil redistribution rates 

 Correction factor P = 1 

Catchments 
First sampling Re-sampling Recent time window  

Years t ha-1 yr-1 Years t ha-1 yr-1 Years t ha-1 yr-1 

W1 1954-2000 8.6 1954-2014 9.4 2001-2014 12.3 

W2 1954-1998 14 1954-2013 13.6 1999-2013 12.6 

W3 1954-2000 11.3 1954-2015 12.5 2001-2015 16.4 

 With correction factor P 

 Years t ha-1 yr-1 Years t ha-1 yr-1 Years t ha-1 yr-1 

W1 1954-2000 10.1 1954-2014 11.0 2001-2014 14.3 

W2 1954-1998 17.2 1954-2013 16.7 1999-2013 14.9 

W3 1954-2000 14.4 1954-2015 16.2 2001-2015 21.9 
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As indicated on Section 3 “Materials and Methods” (see § 3.4.3), a value of ±10% at the 95% 

level of confidence, related to the precision of the gamma spectrometer measurements, has been 

attributed to the individual estimates of mean annual soil loss obtained for each sampling point. 

However, when summing these values to calculate the mean, these errors made void and they 

have not been propagated through to the mean values. It is necessary to consider the effects of 

sampling variability because if the soil core has been collected from a slightly different point it 

is likely that a different estimate of mean annual soil loss have been obtained. But this source 

of uncertainty (ca. ± 30% at the 95% level of confidence, reported by Sutherland, 1996) has 

been ignored when assessing the uncertainty of the three values of mean annual soil loss 

associated with the different periods. The reason is that the sampling points overestimation at 

some points is balanced by underestimation at others. However, uncertainty associated with the 

sampling design has been incorporated into this analysis and the estimates of mean annual soil 

loss of the two sets of samples have a standard error. Based on their standard deviations 

associated with the estimates of mean annual soil loss for the first period and the second one, 

the estimate of mean annual net soil loss for each catchment are assessed with a precision of ± 

13% at the 95% level of confidence. 

Further uncertainty can be also attributable to the conversion model. The estimates produced 

could be imprecise but this source of uncertainty can be essentially ignored when comparing 

the values of mean annual soil loss obtained from the 137Cs measurements for the different 

catchments and for the two different periods. Instead, it becomes important when comparing 

the absolute values of the estimates of soil loss provided by the 137Cs measurements for the two 

periods with the equivalent estimates of sediment yield at the catchment outlets for the same 

periods. In the absence of detailed guidance for quantifying this source of uncertainty, a nominal 

±25% has been used (see Porto et al., 2014). Use of a summation in quadrature procedure to 

combine these estimates of uncertainty provides an overall uncertainty of ±28% for the 

estimates of mean annual soil loss for the three periods (Porto et al., 2016a). 

4.3  Discussion 

The results presented above show both the values of sediment yield and the estimates of soil 

erosion generally suggest evidence of change in sediment mobilisation within and from the 

catchment during the different periods. 

Figure 4.6 shows the mean annual net soil loss from the three study catchments for the two 

different periods (from 1954 to 1998-2000 and from 1999-2001 to 2013-2015), estimated using 

the 137Cs measurements and both without and with the correction factor P. As made clear above, 
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these estimates have been expressed as ranges to take account of the estimated ± 13% 

uncertainty associated with sample size. 

 

Correction factor P = 1   With correction factor P 

 

 

 

Fig. 4.6: Comparison of the ranges covered by the estimates of mean annual net soil loss and sediment yield for 
each study catchment and for the periods related to the sampling campaigns, when taking account of their 

uncertainty. 
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For the catchments W1 and W3, the results of mean annual net soil loss show a significant 

increase for the more recent period. Instead, for catchment W2 the results do not evidence a 

significant increase and the annual net soil loss has conceivably declined in the more recent 

period. 

Reminding that one of the most important goal of this study was to compare the results with the 

independent estimates of the changes in mean annual sediment yield related to the same periods 

available for the three catchments, the incomplete records mean that the estimates of mean 

annual sediment yield for the two periods entail considerable uncertainty. This has been 

estimated to be ca. ± 52% at the 95% level of confidence (see § 4.1). 

A simple comparison of the mean annual sediment yields of the three catchments for the two 

periods suggests that sediment yields have increased in recent years, but when the uncertainty 

is taken into account the evidence is less clear. There is strong evidence for an increase from 

catchment W3 and some evidence for the same trend from catchment W1. However, in the case 

of catchment W2 there is no evidence of an increase. This is consistent with the results provided 

by the 137Cs measurements, where catchments W1 and W3 provided clear evidence of increased 

net soil loss in recent years, but there was no evidence of an increase for catchment W2. When 

comparing the values of mean annual net soil loss and mean annual sediment yield presented 

in Fig. 4.6 in absolute terms, the estimates of the latter are consistently greater than the 

equivalent values of mean annual net soil loss in five out of six cases. The estimates of net soil 

loss only exceed the estimate of sediment yield for the period 1954-2000 in catchment W3. 

Close agreement between the estimates of net soil loss and sediment yield would not necessarily 

be expected. The latter could be expected to be higher if channel erosion represented an 

important sediment source, or possibly lower if substantial longer-term sediment storage 

occurred in the catchment channel systems. However, field observations indicate that neither 

are important processes in the study catchments. When the additional uncertainty associated 

with the absolute values of the net soil loss estimates noted above is considered and the overall 

uncertainty is increased to ±28% at the 95% level of confidence, no clear evidence of a 

significant difference in magnitude between the two measures of soil loss is evident. This 

provides further general validation of the use of 137Cs measurements to estimate soil 

redistribution rates. Based on these findings, it can be suggested that there has been an increase 

in soil erosion rates in catchments W1 and W3 over the past ca. 15 years. On the contrary, the 

corresponding estimates for catchment W2 show no significant difference in mean annual net 

soil loss between the two periods. The estimates of sediment yield from catchments W1 and 

W3 also provide evidence of increasing sediment yield for the second period, which is 
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consistent with the evidence of increasing net soil loss. In the case of catchment W2, the lack 

of a significant change in sediment yield is consistent with the evidence provided by the soil 

loss data for the two periods (Porto et al., 2016a).  

The increased net soil loss and sediment yield during the second period evidenced by 

catchments W1 and W3 is in turn consistent with independent evidence provided by the 

available records of sediment yield from the catchments and the trend of increasing annual 

erosivity factor R (Wischmeier and Smith, 1978) demonstrated by the records from two rainfall 

measuring stations in the vicinity of the study catchment, as showed in Fig. 4.7. 

 

Fig. 4.7: Annual values and trends of the rainfall erosivity factor calculated for two stations in the local area. 

Figure 4.7 provides evidence of a statistically significant (P ≤ 0.10) trend (increase) in rainfall 

erosivity during recent years, which is again consistent with the increased annual net soil loss 

suggested by the results of the resampling study and the associated 137Cs measurements. It 

should, however, be noted that the trend of increasing rainfall erosivity shown in Fig. 4.7 for 

two rainfall measuring stations in the vicinity of the study catchment, is not reflected by all 

rainfall measuring stations in the local region (i.e. Calabria). As reported by Capra et al. (2015), 

some stations show a trend of declining erosivity during the period 1992-2012. 
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Conclusion and Future Prospectives 

 

5.1 Conclusion 

The 137Cs technique is traditionally used with a single field visit to estimate retrospectively 

(from 1950s to the present) the net soil redistribution by the processes of soil erosion and 

deposition. In this study, the Re-sampling approach, related to the 137Cs measurements, is 

proposed and compared with the traditional approach. The Re-sampling approach is capable of 

providing information for different time windows and to obtain information on recent changes 

in soil redistribution rates. This alternative approach has the potential to allow for more precise 

results for the much shorter time period than the traditional retrospective application of the 137Cs 

technique. In fact, the results of this PhD dissertation have demonstrated the potential for using 
137Cs measurements and the re-sampling technique to assemble information on soil erosion and 

redistribution rates within three small uncultivated and forested catchments in southern Italy 

during a recent period. This information, coupled with the sediment yield measurements given 

by the monitoring programme at the catchment outlets, provides valuable information on soil 

redistribution within the catchments in response to Global Change and more particularly 

changes in land use and precipitation erosivity. 

This study represents what is probably the first attempt to apply a re-sampling approach within 

an uncultivated and two forested catchments. The available data by a suspended sediment 

monitoring programme provided information on annual suspended sediment yields for the 

periods 1978-1994 and 2006-2015 in order to confirm both the estimates of net soil loss from 

the catchment using 137Cs measurements and any contrasts in mean annual erosion rates 

between the periods first sampling (from 1954 to 1998-2001) and the recent time window 1998-

2015 indicated by those estimates. 

The catchments were first sampled for 137Cs measurements during the period 1998-2001 and a 

total of 68 cores was collected from the catchment W1, 55 from the W2 and 81 from the W3, 

to provide a representative spatial coverage. The collection of these cores from each catchment 

was seen to provide a meaningful basis for estimating the spatially averaged erosion rates. 

These same points were re-sampled in 2013-2015 and the 137Cs measurements undertaken on 

the cores collected from the catchments provide consistent estimates of the erosion and 

deposition rates. 

A Diffusion and Migration Model was used as the conversion model, in preference to the more 

frequently used profile distribution model because the latter is likely to overestimate soil 
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redistribution rates where ambient erosion rates are low. In order to provide more accurate 

estimates of soil redistribution rates, the choice of conversion model is clearly an important 

consideration. The more complex diffusion and migration model generally provides more 

consistent results, although in its basic form it is seen to underestimate erosion rates, particularly 

where ambient erosion rates are high. The refined version of the model, which takes account of 

the depth distribution of 137Cs in the eroding layer, provides better results for soils with high 

erosion rates while also performing satisfactorily for those with lower erosion rates. In 

conclusion, it can be suggested that the refined migration and diffusion model is likely to 

provide the most reliable results, although the simple exponential profile distribution model 

should provide valid results for areas where erosion rates are relatively high (i.e. ca. 20 t ha-1 

yr-1) (Porto et al., 2003). 

Further, as confirming the potential for using a re-sampling approach with 137Cs measurements, 

the results obtained from the 137Cs measurements suggest an increase in mean annual net soil 

loss from the catchments W1 and W3 and no significant change in catchment W2. This 

comparison suggests that mean annual rates of net soil loss had increased during the period 

between the two sampling campaigns and that this increase was associated with a shift to an 

increased sediment delivery ratio. This change was consistent with independent information on 

likely changes in the sediment response of the study catchment provided by the available 

records of annual sediment yield and changes in the annual rainfall documented for the local 

area (Porto et al., 2016a). 

For the catchment W2, the estimates of mean annual soil loss for the two periods show no 

evidence of a significant increase or decrease and this lack of change is consistent with the 

estimates of sediment yield from the study catchment for the two periods. In this context, it is 

important to recognise that the uncertainty associated with the results of a re-sampling study is 

likely to mean that the approach will be unable to document small changes in erosion rates 

(Porto et al., 2014). 

This is consistent with the trends demonstrated by independent information on changes in mean 

annual sediment yield from the catchments. The increased rates of annual net soil loss from two 

of the three catchments are in turn consistent with recent studies undertaken in Southern Italy 

which have identified an increasing trend in rainfall erosivity during the last 10-15 years (Porto 

and Walling, 2012; Porto et al., 2013) comparing with the previous about 45 years. However, 

the use of these two discrete periods for the comparison could mask some subtle changes, due 

to the substantial degree of inter-annual variability of soil loss and sediment yield within the 

study area. 
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5.2 Future prospectives 

Further validation of the re-sampling approach, particularly in different environments and in 

areas where soil redistribution rates might be expected to be declining could usefully be 

undertaken. The availability of more complete records of annual sediment yield from the study 

catchments would permit greater emphasis on validating the extent of the change in the annual 

soil redistribution rates, as well as its direction (Porto et al., 2016). 

More work is required to explore the potential of the re-sampling approach in areas with 

uncultivated soils and to validate the results obtained with independent data. The study reported 

in this PhD dissertation addresses this requirement by describing the results obtained from a 

study of uncultivated catchments (two of them are forested) in southern Italy, where the 

availability of sediment yield data gave an opportunity to confirm the results obtained. The 

potential impact of climate change on erosion rates and sediment yields is increasingly seen as 

a key issue in Mediterranean areas (Garcia-Ruiz et al., 2013) and this study can therefore be 

seen as possessing both regional and more generic methodological relevance (Porto et al., 

2014). 

These results highlight an important suggestion of the potential for using 137Cs measurements 

in association with the re-sampling approach in order to assess recent changes in soil 

redistribution rates within the study catchments.  
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