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Abstract. Deforestation for farming and grazing purposes has become a global challenge. To study the impact of 
deforestation on soil erosion rates and soil physicochemical properties, Zarivar Lake watershed, Kurdestan Province, Iran, 
was selected. Converting the steep hillslopes naturally under oak forest to rainfed vineyards has been one of the most 
common land-use changes in the area. We used 137Cs and 210Pbex radionuclides and quantified the Chernobyl-derived 137Cs 20 
fallout with 239+240Pu. The soil samples were collected from two adjacent and similar hillslopes, one of which is under natural 

forest, while the other is under rainfed vineyard. Using 137Cs/239+240Pu rates and a simple unmixing of the 137Cs sources 
indicated that 50.2±10.0% of 137Cs was Chernobyl-derived. The mean reference inventory values of 137Cs, 210Pbex, and 
239+240Pu were estimated to be at 6152±1266, 6079±1511, and 135±31 Bq m-2, respectively. At the forested hillslope, net soil 
erosion rates based on 137Cs, and 210Pbex, techniques were estimated to be at 5.0 and 5.9 Mg ha-1 yr-1, respectively, resulting 25 
in Sediment Delivery Ratios (SDRs) of 96 and 70%. However, at the vineyard hillslope, the net soil redistribution rates were 
at 25.9 and 32.5 Mg ha-1 yr-1 for 137Cs and 210Pbex, respectively, resulting in respective SDRs of around 95 and 92%. Both 
137Cs and 210Pbex indicated that as a result of deforestation, soil erosion has increased by approximately five times. 
Percolation Stabilities (PS) in forest and vineyard topsoil are about 309 and 160 gr H2O 600s-1 classified as rapid and 
moderate PSs, respectively. Rapid PS in forest soil implies high aggregate stability, whereas moderate PS in vineyard soils 30 
indicates that they are generally weakly-structured. All in all, the results of the present study revealed that deforestation and 
converting natural vegetation to cropland prompted soil loss and deteriorated physicochemical properties of the soil. 
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1 Introduction 

A rapidly increasing population, along with the tendency for a better standard of living, has induced the 

need for intensive agricultural production in Iran. In order to provide food security for the population, 
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deforestation and converting forests to cultivated lands have increased drastically. In fact, over the past 

50 years, the land-use changes in Iran have been more rapid than ever before and are expected to 40 

accelerate in the future (Emadodin et al., 2012). The area of natural forests in Iran has decreased from 

19 million ha in the 1950s to 12.4 million ha in the 1990s (DEI, 2003). During the past 50 years, the 

area of Iran’s cultivated land has expanded by more than five times, increasing from 2.6 million ha 

(Wilber, 1948) to 18.5 million ha (DEI, 2003). Simultaneously, more than 2.5 million ha of Iran’s 

agricultural land has converted to urban areas during the last decade, threatening food security. 45 

Consequently, deforestation and cultivation of marginal lands, including fragile upland ecosystems, 

have become more prevalent in the country. There is general agreement on the fact that this change in 

land-use on steep slopes leads to an increase in soil erosion (Collins et al., 2001; Nunes et al., 2011; 

Alatorre et al., 2012; Rudiarto and Doppler, 2013; Zhang et al., 2017; Nabiollahi et al., 2018) and a 

decrease in soil quality and health (Nabiollahi et al., 2018). Many studies have shown that cultivation 50 

results in loss of organic matter (OM) (Vagen et al., 2006; Ozgoz et al., 2013; Karamesouti et al., 2015; 

Schweizer et al., 2017) which in turn influences the chemical, physical, and biological properties of the 

soil (Batlle-Bayer et al., 2010; Vinhal-Freitas et al., 2017; Zhang et al., 2017). In general, considerable 

impacts of deforestation on soils are biological degradation, soil compaction and physical degradation, 

and accelerated erosion (Lal, 1989). Additionally, land-use change is considered to be one of the main 55 

causes of carbon emissions after fossil fuel consumption (Watson et al., 2000). 

To study the impact of deforestation on soil physicochemical properties and soil erosion rates on steep 

slopes, Zarivar Lake watershed, Kurdestan Province, northern-west of Iran, was selected. The watershed 

is located in the Zagros forests in the Zagros mountain ranges, northern-west and west of the country. 

Due to the dominance of oak species, these forests are known as western oak forests. Converting the 60 

steep hillslopes naturally under oak forest to rainfed vineyards has been one of the most common land-

use changes in the area. The converted farmland is prone to erosion due to steep topography and the 

inappropriate land management practices (e.g., leaving the soil surface bare, and intensive tillage) in the 

past and the present. So far, only limited studies sought to quantify soil loss and changes in soil 

properties in the Zarivar watershed (e.g. Ebrahimi-Mohammadi et al., 2012).  65 

Fallout radionuclides (FRNs) mainly Caesium-137 (137Cs), unsupported Lead-210 (210Pbex) and in 

recent years also 239+240Pu, proved helpful in quantifying the impact of the deforestation on soil erosion 
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(Meusburger et al., 2016). 137Cs (half-life 30.2 years), is an anthropogenic isotope, produced by 

atmospheric testing of thermonuclear weapons during the 1950s and 1960s (i.e. global fallout) or the 

nuclear incidents like the one which took place in Chernobyl NPP in April-May 1986. On the contrary, 70 

210Pb (half-life of 22.3 years) is a geogenic radionuclide, originated from the decay of gaseous 222Rn, a 

daughter of 226Ra (Mabit et al., 2008). A proportion of 222Rn produced from the lithogenic sources 

escapes and produces 210Pb which is deposited on the soil surface and is called “excess” or 

“unsupported” 210Pb (210Pbex), because it is not in equilibrium with its parent 226Ra, therefore, 210Pbex 

can be used as a soil redistribution tracer.  75 

Generally, the global pattern of global-derived 137Cs fallout indicates that inputs are distributed between 

160 and 3200 Bqm-2 depending on latitude (UNSCEAR, 1969; Garcia Agudo, 1998). To estimate soil 

redistribution rates using 137Cs measurements, additional 137Cs fallout inputs which were originated 

from the Chernobyl incident must be taken into account. If 137Cs inventories are to be converted into 

annual soil erosion rates in the contaminated areas, the proportion of 137Cs Chernobyl fallout should be 80 

determined (Meusburger et al., 2018). To quantify the relative proportion of Chernobyl fallout to the 

total 137Cs inventory, plutonium (Pu) radioisotopes have recently been suggested (Alewell et al., 2017) 

and applied successfully (Alewell et al., 2014; Meusburger et al., 2016; 2018; 2020). 

The two major anthropogenic radioisotopes of Pu isotopes, i.e. 239Pu [half-life of 24 110 - years] and 

240Pu [half-life of 6561 years], are alpha-emitting actinides coming from nuclear weapon tests, nuclear 85 

weapon manufacturing, nuclear fuel reprocessing and nuclear power plant accidents (Ketterer and 

Szechenyi, 2008; Alewell et al., 2017). Globally, it was observed that the Pu 1950s-60s fallout is very 

similar to that of 137Cs distribution. However, in contrast to 137Cs, Pu is found in the non-volatile 

fraction of nuclear fuel debris released from reactor accidents like the one in Chernobyl accident. 

Hence, specific regions of Russia, Ukraine, Belarus, Poland, the Baltic countries, and Scandinavia were 90 

the geographic zones over which Pu Chernobyl fallout was deposited (Mietelski and Was, 1995). 

Therefore, Chernobyl Pu is unlikely to be found in other areas; as a result, it cannot be seen as a 

significant contributor to the total Pu activity deposited in Iran. Therefore, the relative proportion of Pu 

isotopes can reveal whether the area received additional 137Cs deposition from the Chernobyl accident 

or not. Pu radioisotopes have been applied successfully in Germany (Schimmack et al., 2001; 2002), 95 
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Switzerland (Alewell et al., 2014; Meusburger et al., 2016; 2018), Australia (Everett et al., 2008; Tims 

et al., 2010; Hoo et al., 2011; Smith et al., 2012; Lal et al., 2013), and China (Xu et al., 2013).  

With this study, we aim to assess the impact of deforestation on physical degradation of soils in a case 

study in Iran. Conversion to farmland alters soil properties, and these changes may further enhance soil 

erosion. An important factor in soil resistance to erosion is aggregate stability. Percolation Stability (PS) 100 

is a suitable method to assess aggregate stability (Mbagwu and Auerswald, 1999), with the advantage of 

less effort compared to the wet sieving method. Through rapid wetting, PS calculates the resistance of 

aggregates against slaking, thus triggering numerous subprocesses of erosion (Auerswald, 1995). Also, 

crusts contribute to run off and soil erosion (Lal, 1989; Valentin and Bresson, 1997; Fageria et al., 

2010). The crust formation is associated with low organic matter (OM) content and a high percentage of 105 

silt (Lal, 1989; Valentin and Bresson, 1997). As monitoring changes in permeability and soil aggregate 

stability are often time-consuming and costly; various indices were developed for predicting soil 

crusting using more available data such as soil texture and organic matter content (Udom and Kamalu, 

2016). We compared two indices, namely, Sealing Index (SI) (Valentin and Bresson, 1997) and 

Crusting Index (CI) (FAO, 1978). 110 

The present study was undertaken to quantify the impact of deforestation on and soil loss and soil 

physicochemical properties in a representative region in Northwest Iran. The objectives of this study 

were (i) to estimate the proportion of 137Cs Chernobyl input using 239+240Pu in the study site, (ii) to 

quantify soil redistribution rates using 137Cs and 210Pbex in two adjacent hillslopes under different land-

uses, and (iii) to evaluate the effects of deforestation on soil loss and soil physicochemical properties.  115 

2 MATERIAL AND METHODS  

2.1 Study area  

Zarivar Lake (35o 33’ 15” N and 46o 7’ 25” E) is a shallow freshwater reservoir located approximately 15 

km far from Iran and Iraq borders and 3 km northwest of Marivan city, Kurdestan Province, Iran (Fig. 

1). The watershed was divided into 12 sub-watersheds (Fig. 2). “Z3” sub-watershed was selected for 120 

this study. The area of the sub-watershed is about 2.97 Km2 with an average altitude of 1518 m a.s.l. and 

the landscape topography ranges from gentle to very steep slopes. The average annual precipitation and 

potential evaporation (using evaporation pan) in the area are 991.2 and 1626 mm, respectively (Iran 
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Meteorological Organization). The average annual, minimum and maximum air temperatures are 12.8, -

4.6 and 35.4°C, respectively (IMA, 2008).  125 

Zarivar Lake is closed by mountains covered by deciduous oak forests of various species such as 

Quercus spp. (oaks), Pistacia mutica (wild pistachio), Crategus spp. and Pyrus spp. (Ghazanfari et al., 

2004; Haidari et al., 2012). The forest is an open forest type. The ground flora normally presents a high 

degree of cover (up to 100%) which is exploited for grazing. According to the study of pollen in the 

lake cores, forests began to grow in the region around 5000 years ago (Van Zeist and Bottema, 1977).  130 

The parent materials in ridges are metamorphic rocks of complexly folded black shale and minor 

metamorphosed limestone and sandstones (Geological survey and mineral exploration of Iran). 

However, parent materials in the lowlands consist of Quaternary sediments, namely, lacustrine deposits 

which include sand, marl, and loam (Geological survey and mineral exploration of Iran). According to 

soil taxonomy, the soils of the watershed are Typic Haploxeralfs and Typic Haploxerepts (Soil 135 

Taxonomy, 2014) and based on WRB, they are categorised as Haplic Luvisols and Haplic Cambisols 

orders (WRB, 2014). The dominant top soil textures are silty loam, and loam and the stone content 

differs profoundly (IMA, 2008). 

The most dominant irrigated crops in the sub-watershed are alfalfa, tobacco, strawberry, vegetables, etc. 

as well as scattered orchards of walnut. Also, rainfed crops such as vineyard and cereal crops, namely, 140 

wheat, barley, and lentil, are cultivated in the area. The vineyards are extensively cultivated on sloping 

lands. Generally, different soil erosion types, including sheet, rill, stream bank, gully are found in the 

watershed. However, conservation measures like terraces and check dams have been constructed in 

some parts of the watershed during the last decade.   

2.2 Soil redistribution rates using FRNs 145 

2.2.1 Soil sampling design 

FRNs as soil erosion tracers are normally used by comparing their inventories in sites affected by soil 

redistribution processes with their baseline inventory at a reference site (Mabit et al., 2008, 2012). A 

crucial step that should be taken when using FRN techniques is to find an undisturbed reference site 

(Mabit et al. 2008, 2012). Here an undisturbed, flat site, having a cover of perennial grass, in clearance 150 

between trees, was selected. This reference site with an elevation of 1397 m is located ca. 800m far 
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from the study sites (Fig. 2). Eleven bulk samples were collected to determine the initial inventory of 

FRNs at the reference site. For collecting samples, manual soil column cylinder augers (inner diameter 

of 9 cm) were designed and built for stony soils. Its cutting edge was made up of titanium so that it 

could be able to penetrate the stony soils easily. A sectioned core was collected at 2 cm increments 155 

using a scraper plate sampling device designed by Campbell et al. (1988). 

At the two studied hillslopes, a multi-transect sampling approach was adopted. In each site, a total of 33 

bulk soil cores have been gathered along the three parallel transects in the main slope direction (Fig. 1). 

Soil sampling was performed up to 30 and 40 cm depth in forest and vineyard hillslopes, respectively to 

ascertain that all FRNs in the soil profile were included. A sectioned core at 5 cm increments was also 160 

collected in an erosional site in each hillslope. 

2.2.2 Soil sample pre-treatment and Radioisotopic analysis 

Soil samples were air-dried, disaggregated, sieved to <2 mm, grounded and then homogenized. Soil 

samples were analyzed for 137Cs and 210Pb and 226Ra by gamma spectrometry using N-type HPGe 

detector. Gamma spectrometry measurements were performed in the Iranian Nuclear Medicine 165 

Research Institute. 

Before analyzing 210Pb, sub-soil samples were sealed for one month to achieve equilibrium between 

226Ra and its daughter 214Pb. 137Cs, total 210Pb and 214Pb activities were determined from the net peak 

areas of gamma rays at 661.6, 46.5 and 352 keV, respectively. The counting times ranged from 12 to 24 

h with a precision of 5% to a maximum of 20% at the 95% level of confidence. 170 

To determine the proportion of Cs Chernobyl fallout in the samples, 39 bulk and increment samples 

were selected, which included reference bulk samples, reference increment samples, a transect in forest 

and increment samples of an erosional site. According to the method described by Ketterer et al. (2012), 

the samples were prepared for the analysis of Plutonium isotopes. The measurement of Plutonium 

isotopes (239+240Pu) was conducted using a Thermo X Series II quadrupole ICP-MS instrument at the 175 

University of Cadiz, Spain. The ICP-MS instrument was equipped with a high-efficiency dissolving 

sample introduction system. A detection limit of 0.1 Bq kg-1 for 239+240Pu was obtained for samples of 

nominal 1 g of dry-ashed material; for 239+240Pu activities> 1 Bq kg-1. The measurement error was 1–

3%. 239Pu and 240Pu masses existing in the sample (which were determined by isotope dilution 
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calculation) were presented as the summed 239+240Pu activity so that it could correspond with alpha 180 

spectrometric determinations of Pu activity. The 240Pu/239Pu atom ratios were determined through the 

same analytical run. Data quality was evaluated through the analysis of preparation blanks (soils or 

rocks devoid of Pu), duplicates, and control samples with known 239+240Pu activities. 

The soil redistribution rates were, therefore, estimated using the Diffusion and Migration Model 

(DMM) (Walling et al., 2002, 2014) in forested hillslope, Mass Balance Model II (MBM II) (Walling et 185 

al., 2002, 2014) in cultivated hillslope, and Modelling Deposition and Erosion rates with RadioNuclides 

(MODERN; Arata et al., 2016a, 2016b).  

2.3 Soil sampling and soil physicochemical properties 

For this study soil samples were collected from two adjacent similar hillslopes, one of which is under 

natural forest while the other hillslope is under rainfed vineyard, which was deforested in 1981. The 190 

hillslopes were selected having similar slope gradient, length, and exposures (Fig. 2). Disturbed and 

undisturbed soil samples (for the latter we used a 5 cm diameter and 5 cm high steal ring) were 

collected along transects at six and seven points in the vineyard and forested hillslope, respectively. 

Both undisturbed and disturbed samples were gathered from two depths of 0-20 ad 20-40 cm. The 

disturbed samples were air-dried, disaggregated and sieved to <2 mm. Soil pH (McLean, 1982) and 195 

Electric Conductivity (ECe) (Rhoades, 1982) were determined in the saturated paste and saturated paste 

extract, respectively. Soil texture, or Particle Size Distribution (PSD) (wet sieving and pipette method, 

Gee and Bauder, 1986), and bulk density (BD) (core method; Blake and Hartge, 1986) were measured. 

Porosity (ƒ) of the soils was calculated using soil bulk density (Danielson and Suterland, 1986). The soil 

moisture at field capacity (FC) and the wilting point was (PWP) determined by a pressure plate 200 

apparatus (Klute, 1986) at 33 and 1500 kPa, respectively. The Available Water Capacity (AWC) was 

calculated by subtracting FC and PWP. Percolation stability was measured in a laboratory test with air-

dried 1 to 2 mm aggregates (Siegrist et al., 1998) at the Federal Agency for Water Management Austria, 

Vienna, Austria. In this method, the water is percolated through a small plexiglass tube, filled with 

sample, with a constant hydrostatic head. The amount of percolated water during 600s was used to 205 

calculate PS values. 
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Total Organic Carbon (TOC) (Walkley-Black method; Nelson and Sommers, 1982), Carbonate Calcium 

Equivalent (CCE) (Jackson, 1958) and Cation Exchange Capacity (CEC) (determined using Rhoades, 

1982 method) were also measured using standard methods. TN was determined by Kjeldahl method 

(Bremner, 1996). The soil C:N ratio was calculated by dividing the SOC concentration by the TN 210 

concentration. The soil organic carbon stock (SOCs) was computed with the equation proposed by 

Hiederer and Köchy (2011) as well. Soil permeability was measured using double-ring infiltrometers, 

and a soil profile was also studied in each hillslope (Scholten, 1997).  

Additionally, soil erodibility (K) factor was estimated using Wischmeier and Smith (1978). The 

equation takes into account the OM content, aggregate stability, infiltration rate, and particle size 215 

distribution. Crusting hinders germination of feeble seedlings and reduces infiltration, which on steep 

slopes, can lead to runoff and soil erosion. To assess soil’s susceptibility to crusting, soil physical 

quality indices were also computed, which included Sealing Index (SI) (Valentin and Bresson, 1997) 

and Crusting Index (CI) (FAO, 1978) using equations 1, and 2, respectively.  

(1) 
𝑆𝐼 =

𝑂𝑀 × 100

𝑆𝑖𝑙𝑡 + 𝐶𝑙𝑎𝑦
 

Value of the sealing index, if less than 5%, is considered high crusting or sealing risk, whereas a value 220 

more than 9% indicates a low sealing risk and 7% is regarded as the threshold value (Udom and 

Kamalu, 2016). 

 

(2) 𝐶𝐼 =
1.5(%𝑓𝑖𝑛𝑒 𝑆𝑖𝑙𝑡 + 0.75𝑐𝑜𝑎𝑟𝑠𝑒 𝑆𝑖𝑙𝑡)

%𝐶𝑙𝑎𝑦 + 10(%𝑂𝑀)
 

 

The values over 1.6 for CI represent that soils are prone to intense crusting, whereas values below 1.2 

are implying low crusting risk.  225 

Basically, we performed a statistical comparison between topsoils and subsoils properties of the two 

land-use types. This was done by one-way analysis of variance (ANOVA). All statistical analyses were 

performed using SPSS software ver. 22 (IBM, Armonk, NY, USA). 
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3 Results 

3.1 Assessment of soil redistribution rates estimated by FRNs  230 

3.1.1 FRN baseline inventories and 137Cs Chernobyl fallout proportion in the study area  

The depth profiles at the reference site of three FRNs showed an exponential decrease with depth (Fig. 

3). As illustrated in Fig. 3 b, c, d, the upper 12 cm of the soils contained 91.5%, 91.7%, and 90.4% of 

the 137Cs, 239+240Pu, and 210Pbex inventory, respectively. The coefficient of variations (CV) for all three 

FRNs were around 20% at the reference site (21, 23, 25% for 137Cs, 239+240Pu and 210Pbex, respectively) 235 

(Fig. 4). The mean reference inventory values of 137Cs, 210Pbex, 
239+240Pu were estimated to be 

6152±1266, 6079±151, and 135 ±31 Bq m-2, respectively (Fig. 4).  

The 137Cs value obtained in our study site was substantially higher than those reported for reference 

inventories in Iran so far (Table 1). It was hypothesized that the study site received Chernobyl-derived 

137Cs fallout. The CHELSA (Climatologies at high resolution for the earth’s land surface areas) dataset 240 

(Karger et al., 2017) confirmed that the study site received around 150, and 100 mm rainfall in April 

and May 1986, respectively (the time when the radioactive Chernobyl cloud travelled across Iran; Fig. 

5). Also, depth profiles of 137Cs in proximate (< 1 km distance) lake cores showed two distinct peaks 

(supplementary Fig. 1), which points out to the influence of 137Cs Chernobyl fallout.  

At our study site, the average atomic ratio of 240Pu/239Pu was 0.184 ± 0.020 ranging from 0.121 to 0.262 245 

(Fig. 6). In addition, to determine the proportion of the 137Cs Chernobyl input at our study site, the mean 

activity ratio of 137Cs/239+240Pu from global originated fallout was employed using the value reported by 

Hodge et al. (1996) at 38.4 (as of 1 July 1994) after values being decay-corrected. The Chernobyl 137Cs 

was derived from subtraction of reference site inventories from those calculated using the above-

mentioned ratio. The 137Cs Chernobyl input in the study site was estimated to be at 50.2±10.0 %.  250 

3.1.2. Fallout radionuclides inventories and soil redistribution rates at slope transects 

For 137Cs and 210Pbex, 239+240Pu the MODERN and the DMM were applied at the forested site, while at 

the vineyard site, the MBM without tillage component was used (Table 2). The mean and standard 

deviation of 239+240Pu inventory was at 130.9±54.5 Bq m-2 at the forested hillslope, 137Cs inventories 

were at 5389.9±2227.9 and 4646.6±1921.8 Bq m-2, respectively for forested and vineyard hillslopes and 255 

210Pbex inventories at 4068.3±2345.8 and 3990.1±2892.2 Bq m-2, respectively for forested and vineyard 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



10 
 

hillslopes (Fig. 4). The majority of sampling points on the steep forested slope and cultivated field 

showed a lower inventory compared to those of the reference site for each FRN, implying the 

dominance of erosive processes. At specific sampling points, 210Pbex was below the detection limit. 

Both 137Cs and 210Pbex showed moderately lower average inventories in vineyard hillslope.  260 

At forested hillslope, net soil erosion rate estimated by MODERN for 210Pbex (at 5.9 Mg ha-1 yr-1) was 

slightly more than that of 137Cs (at 5.0 Mg ha-1 yr-1) and 239+240Pu (at 1.7 Mg ha-1 yr-1), yielding 

respective SDRs of 96, 70 and 66% (Table 2). By contrast, the ones estimated by DMM were 

considerably different for these two FRNs, standing at 2 and 5.1 Mg ha-1 yr-1 for 137Cs and 210Pbex, 

respectively. At the vineyard hillslope, the net soil redistribution rates estimated by MBM II were at 265 

25.9 and 32.5 Mg ha-1 yr-1 for 137Cs and 210Pbex respectively, which was about five times more than 

those estimated by MODERN at the forested hillslopes, resulting in respective SDRs of around 95 and 

92% (Table 2). In general, SDRs calculated in both hillslopes using different models were profoundly 

high, indicating that most of the eroded soil has been removed from the hillslopes. 

The correlation between inventories of 210Pbex and 239+240Pu with 137Cs along a transect in forested 270 

hillslope was examined (Fig. 7). A stronger positive correlation was observed between 137Cs and 

239+240Pu (ca. r2=0.82) than between 137Cs and 210Pbex (ca. r2=0.56). Also, the soil redistribution rates of 

three FRNs in a forested transect were estimated using the MODERN and DMM (Fig. 8). DMM 

estimated soil losses for 210Pbex were higher than those of 137Cs in most sampling points; yet MODERN 

estimated soil losses and gains for 239+240Pu were by far the highest along the transect (Fig. 8). 275 

The sectioned profiles of 137Cs, 210Pbex and 239+240Pu in an erosional site in the second transect (mid-

transect) of forested hillslope were compared (Fig. 9 a, b, and c). Total inventories of 137Cs, 210Pbex and 

239+240Pu were 5095, 4670 and 19 Bq m-2, respectively, indicating inventory changes of -17, -23 and -

86%. While inventory changes of 137Cs and 210Pbex were comparatively similar, that of the 239+240Pu was 

notably high (Fig. 9 a, b, and c). Depth distribution of 137Cs and 210Pbex at an erosional vineyard site was 280 

investigated (Fig. 9 d and e). Total inventories of 137Cs and 210Pbex were 3807 and 2400 Bq m-2, 

respectively, resulting in inventory changes of -38 and -61%.  
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3.2. Change of physicochemical properties of soils due to land-use change and soil erosion 

Deforestation and land-use change from natural vegetation to agriculture have significantly increased 

ECe, pH, BD, and the K factor, whereas they have significantly decreased OM, TN, C:N, CEC, AWC, 285 

ƒ, and PS in surface soil (Table 3). Likewise, there was a significant rise in pH, BD, and K in the 

subsurface soil of vineyard compared to the subsoil of forest while clay, OM, TN, C:N, CEC, AWC, ƒ, 

and PS experienced a notable decline (Table 3).  

OM and TN in both depths were reduced in the vineyard compared to the forest; however, this 

reduction was greater in the surface layer (Table 3). According to Table 3, the average OM content of 290 

the topsoil of the forest is twice as much as the dry farming vineyard i.e. 2.8 and 1.4%, respectively, 

which correspond to a carbon stock of 28.8 and 19.8 Mg ha-1, respectively. Similarly, the OM content in 

forest and vineyard subsoil were 1.7 and 1.2%, respectively, indicating a carbon stock of 19.5 and 15.2 

Mg ha-1, respectively. The C:N ratio dropped with depth in both soils, most probably as a result of lower 

OM turnover (Table 3). Moreover, bulk density of the vineyard topsoil was significantly greater than 295 

that of forest (1.09 kg m-3 and 1.37 kg m-3 in the forest and vineyard topsoil, respectively) (Table 3). 

Similarly, following the deforestation, the porosity of the surface and subsurface soils under vineyard 

declined by around 11 and 10%, respectively.  

Mbagwu and Auerswald (1999) classified PS into three classes, namely, rapid (>250 gr H2O 600s-1), 

moderate (250-150 gr H2O 600s-1), and slow (<150 gr H2O 600s-1). PS in forest and vineyard topsoil 300 

were about 309 and 160 gr H2O 600s-1 which classified as rapid and moderate PSs, respectively. Rapid 

PS in forest soil implies high aggregate stability reflecting the higher OM content, whereas moderate PS 

in vineyard soils indicates that they are generally weakly-structured. Furthermore, two indices were 

calculated to evaluate the surface crusting risk. The sealing index (SI) in all soil samples was less than 

5% indicating a high risk of sealing. Crusting Index (CI) in both topsoil and subsoil of the forest showed 305 

a low sealing risk (<1.2), while it was considered to have a moderate sealing risk in surface and 

subsurface soils of the vineyard (1.2-1.6). K-values in forest surface and subsurface soils were 0.044 

and 0.054, respectively, whereas respective values for surface and subsurface vineyard soils were 0.051 

and 0.067 (Table 3).  
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4. discussion 310 

4.1 Assessment of soil redistribution rates estimated by FRNs  

4.1.1 FRN baseline inventories and 137Cs Chernobyl fallout proportion in the study area  

The depth profiles at the reference site of three FRNs showed an exponential decrease with depth (Fig. 

3). 137Cs is mostly associated with the fine mineral fraction (Lujaniene et al., 2002; Qiao et al., 2012) 

while 239+240Pu in soils exhibits strong binding to organic matter and sesquioxides. As such, both FRNs 315 

show a slight migration into the upper subsurface horizons.  210Pbex is absorbed by both, organic matter 

and clay-sized mineral particles, and seem to show less migration into subsurface horizons. Evidently, 

210Pbex  does have constant fallout while the other two FRNs don’t (Mabit et al., 2008), which can be 

another reason for its less immigrations into subsurface horizons.     

The mean reference inventory value of 137Cs was substantially higher than those reported for reference 320 

inventories in Iran so far (Table 1). However, it should be noted that our study site has a 2-3 times 

higher MAP as compared to the study sites investigated so far. FRN fallout is strongly related to MAP 

and is the main cause for high global137Cs fallout (Meusburger et al., 2020). Owing to substantial 

amounts of rainfall after Chernobyl incident (CHELSA dataset; Karger et al., 2017), and the presence of 

two peaks in depth profiles of 137Cs in proximate lake cores (supplementary Fig. S1), a hypothesis was 325 

formed suggesting that the study site had been contaminated by Chernobyl-derived 137Cs fallout. 

Although other inventories of the 137Cs in different parts of Iran have not shown unusually high 

inventories (e.g. Afshar et al., 2010; Ayoubi et al., 2012; Rahimi et al., 2013; Khodadadi et al., 2018), 

moderately high inventories around 4000 Bq m-2 observed in North of Iran (Gharibreza et al., 2020) 

were relatively compatible with our findings in the northwest of Iran (Table 1).  330 

The 240Pu/239Pu atom ratio of global fallout in mid-latitudes of Northern Hemisphere is 0.180 ± 0.014 

(Kelley et al., 1999) while the ratio of Chernobyl fallout is between 0.37 to 0.41 (Muramatsu et al., 

2000; Ketterer et al., 2004). Thus, our measured 240Pu/239Pu ratios (with average of ca 0.184 ± 0.020) 

are in accordance with the integrated atmospheric fallout value of 0.18 ± 0.014 (Kelley et al., 1999), 

implying that the source of Pu is a result of the global atmospheric fallout (Fig. 6). The proportion of the 335 

137Cs Chernobyl input at our study site was estimated to be at 50.2±10.0 %. In comparison to the 

average value of Chernobyl contribution in the Swiss Alps which was found to be between 75% 
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(Meusburger et al., 2018) to 80% (Schaub et al., 2010; Alewell et al., 2014), the contribution found in 

our site was notably less.  

The mean reference inventory value of 210Pbex stood at 6079±1511 Bq m-2 which was moderately higher 340 

than the inventory of 210Pbex at 5825±297 Bq m-2 in central Iran with mean annual precipitation of 330 

mm (Khodadadi et al., 2018). The annual deposition flux of 210Pbex was estimated to be 205 Bq m-2 yr-

1for the study area, the amount of which is within the range of the reported global annual deposition 

fluxes of 210Pbex, i.e. from 23 to 367 Bq m-2.  

No data has yet been published on 239+240Pu for Iran. The estimated reference inventory of 135 ±31 Bq 345 

m-2 is considerably higher than the values reported for reference sites in Europe, China and Australia 

(Table 4). This deviation of 239+240Pu inventory in our reference site from those values might be 

attributed to high initial bomb-derived deposition in the study site in 1953–1964, and the differences in 

the locations and the climates. However, measurements from other parts of the country are required to 

confirm the hypothesis of a high initial bomb-derived fallout.  350 

The coefficient of variations (CV) for all three FRNs were around 20% at the reference site (Fig. 4). 

Indeed, there is an inevitable spatial variability of FRNs inside any reference site; however, due to 

interception of fallout by the tree canopies and their trunks in the forest, a forested reference site, in 

particular, may represent relatively higher CVs (Wallbrink and Murray, 1996). Such high CVs have also 

been reported in the literature; Nagle et al. (2000), for instance, reported a CV of 28% for forest and 355 

coffee reference sites in tropical mountains. Sutherland (1991) also found CVs ranging from 17.9 to 

31.8 in reference sites of Saskatchewan, Canada. However, the 210Pbex reference inventory values 

represented a higher spatial variability with a CV of 25%, which was in agreement with Meusburger et 

al. (2016) who reported a relatively higher CV for 
210Pbex (ca. 28%) than 137Cs (ca. 18%) and 239+240Pu 

(ca. 15%). Teramage et al. (2015) presented a CV of 28% for 210Pbex at a coniferous forest in Japan. 360 

As the key assumption of FRNs method is the homogeneity of the initial fallout in the reference site, the 

heterogeneity can obscure or even compromise the usage of this method (Haugen, 1992; Golosov et al., 

2008; Mabit et al., 2013). As highlighted by Sutherland (1996) and Mabit et al. (2012), the allowable 

CV was estimated to be 20% for FRNs at 90% level of confidence, with which the selected reference 

site here agreed, that is to say, our CV was approximately 20% as well. Moreover, 20% CV of 239+240Pu 365 

confirmed that surplus 137Cs Chernobyl fallout distributed uniformly in the study area. Unusually high 
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heterogeneity of 137Cs reference inventories was, however, found in the Swiss alpine areas (Alewell et 

al., 2014) which was essentially because of partial snow coverage at the end of April-May, 1986 and 

that most likely caused heterogeneous redistribution during the snowmelt process. However, unlike 

Swiss Alps, the possibility of snow coverage in the so-called time period in the study area was unlikely.   370 

4.1.2. Fallout radionuclides inventories and soil redistribution rates at slope transects 

The net soil erosion rates estimated by DMM at forested hillslope were at around 2 and 5.1 Mg ha-1 yr-1 

for 137Cs and 210Pbex, respectively. Different values were reported for the net soil erosion rate at forested 

areas in the literature. For instance, by using 210Pbex, Gaspar et al. (2013) estimated a mean soil 

redistribution rate of 1.3 to 1.7 Mg ha-1 yr-1 at the slope gradient of 24% in the Mediterranean oak 375 

forest, Spain. Wakiyama et al. (2010) reported soil erosion magnitudes obtained by 210Pbex ranging from 

0.65 to 1.24 Mg ha-1 yr-1 in forested hillslopes with a slope gradient of around 40% in Japan. These 

values were nonetheless slightly lower than our estimated values. 

At the vineyard hillslope, the net soil erosion rates estimated by MBM II were at 25.9 and 32.5 Mg ha-1 

yr-1 for 137Cs and 210Pbex, respectively. Both FRNs estimated that as a result of deforestation, soil 380 

erosion has increased by approximately 5 times. Gharibreza et al. (2013) who used 137Cs method 

showed that following deforestation in a watershed in Malaysia, soil loss magnitude surged by 7-13 

times, which was compatible with our findings. 

It should be noted that different FRNs inherently account for diverse time spans (Meusburger et al., 

2016). Relatively high 137Cs Chernobyl input at the site under investigation (~50%) reveals that 137Cs is 385 

more likely to be an indicator of a medium-term soil erosion process, i.e. mainly from 1986 onwards. 

However, the time frame captured by 239+240Pu has been recorded from mid-1960s onward. Moreover, 

although 210Pbex inventories are influenced by the last 100 years of fallout deposition, due to its ongoing 

fallout through time, it is more sensitive to the two last decades’ erosive events causing soil 

redistribution (Porto et al., 2013, 2014). At forested hillslope, the net soil erosion rate estimated by 390 

239+240Pu was far less than that of 137Cs (Table 2) suggesting that a higher soil loss might have occurred 

after 1986 compared to 1963 to 1986 time-window. Similarly, of 137Cs was just slightly less than that of 

210Pbex, which could be a reflection of last decades’ climate variabilities.  
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A trend analysis of average annual precipitation of two adjacent synoptic stations, i.e. Sanandaj and 

Marivan was done using the Mann-Kendall test and Sen’s slope estimates (Salmi, 2002). Mean annual 395 

precipitation of both stations has shown a clear downward trend from 1959 onwards. Additionally, 

Balling et al. (2016) showed an increasing trend for extreme precipitation events over the period 1951–

2007. Khodadadi et al. (2018) also reported a higher amount of soil loss derived by 10Pbex compared to 

that of 137Cs. As pointed out by Porto et al. (2013, 2014), 210Pbex inventories are more likely to reflect 

soil redistribution caused by erosive events over the last 15 to 20 years. As found in similar studies, 400 

however, measurement uncertainties of 210Pbex may affect the estimated soil loss magnitudes to some 

extent.   

The soil redistribution rates of three FRNs in a forested transect were estimated using both the 

MODERN model and DDM (Fig. 8). Results obtained for 137Cs by the MODERN represented a wider 

range of soil redistribution magnitude, while the DMM outputs tended to level off the extreme soil 405 

redistribution rates, which were in accordance with Meusburger et al. (2018).  

Inventory changes in sectioned profiles of 137Cs, 210Pbex and 239+240Pu in an erosional site at forested 

hillslope were relatively different (Fig. 9 a, b, and c). In other words, while inventory changes of 137Cs 

and 210Pbex (-17, and -23 respectively) were quite identical, the inventory change of the 239+240Pu (-

86%), was notably high (Fig. 9 a, b, and c). Supposedly, changes in microtopography of the hillslope 410 

over time might have brought about such discrepancies in FRNs inventories. Depth distribution of 137Cs 

and 210Pbex at an erosional vineyard site confirmed that an erosion process has occurred on the site (Fig. 

9 d and e). Yet, 210Pbex showed a higher rate of soil erosion. Such an incongruity was also found by 

Wakiyama et al. (2010) when applying 137Cs and 210Pbex in Japan. This can suggest that erosion has 

increased at the sampling point in response to the climate variabilities over the last decades. On the 415 

whole, changes in land-use and land management (Gaspar et al. 2013; Zhang et al. 2006), 

microtopography and the rainfall characteristics during the different timescales might have a significant 

effect on the estimated soil erosion rates using different FRNs.  

4.2. Change of physicochemical properties of soils due to land-use change and soil erosion 

Soil organic matter content (OM), a key quality index of soil (Pathak et al., 2004), influences the 420 

chemical, physical, and biological properties of soil, therefore directly impacting microbial and plant 
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growth. OM and TN in both depths were reduced in the vineyard compared to the forest (Table 3).  

Puget and Lal, 2005; Khormali et al., 2009; Hernanz et al., 2009; and Nabiollahi et al., 2018 also 

reported a considerable reduction in SOM after the land-use change, which were congruent with our 

findings. This reduction can partly be due to a lower litter turnover and biomass exiting from the 425 

hillslope. In addition, tillage operations which are done to eliminate weed growth and conserve moisture 

are probably going to increase organic-matter oxidation (i.e. mineralisation) by breaking up the soil 

aggregates. In addition, factors such as low vegetation cover, less shading, increased soil temperature, 

tillage practices, and subsequent susceptibility of soils to erosion after deforestation are key factors 

prompting the loss of OM (Carter et al., 1998; Gregorich et al., 1998; Six and et al., 2000). Also, the 430 

breaking down of the larger aggregates to smaller ones following deforestation increases the loss of OM 

(Nardi et al., 1996). Forest soils had higher C:N ratio in both depths. This trend was comparable to those 

reported by Puget and Lal (2005) and Franzluebbers et al. (2000). In fact, the ratio mostly corresponds 

to the amount of plant residues entering the soil organic matter pool (Diekow et al., 2005; Puget and 

Lal, 2005). The C:N ratio dropped with depth in both soils, most probably as a result of lower OM 435 

turnover (Table 3).  

Bulk density of the vineyard topsoil was significantly greater than that of forest (Table 3). In fact, as 

stated above, deforestation leads to the reduction of OM; consequently, aggregate stability is reduced, 

which in turn gives rise to soil aggregate rupture, resulted from slaking. In addition, soil compaction, 

which is the result of tillage operation, does increase subsequently (Celik, 2005; Puget and Lal, 2005). 440 

This will lead to a reduction of ƒ and increase of the BD (Celik, 2005; Bahrami et al., 2010). Similarly, 

available water content (AWC) of forest topsoil was higher by approximately 5%. The vineyard subsoil 

retained as much AWC as forest subsoil.  

PS in forest and vineyard topsoil were classified as rapid and moderate PSs, respectively. Rapid PS in 

forest soil implies high aggregate stability reflecting the higher OM content, whereas moderate PS in 445 

vineyard soils indicates that they are generally weakly-structured. It is also believed that fungal hyphae 

play an important role in aggregate stability under forest (Ternan et al., 1996). Mbagwu and Auerswald 

(1999) also reported rapid PS in forest soils, and slow to moderate PS values in bare fallows and 

cultivated plots. They concluded that PS positively correlated with OM. Notable is the PS of topsoil 

samples in both land-uses were higher than those of their subsoils. The PS of topsoil sample of the 450 
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vineyard was roughly as much as that of the subsoil sample forest, implying that it was affected by the 

land-use change history. From among all properties shown in table 3, the highest coefficient of 

variability occurred in PS, which was notably higher in vineyard surface and subsurface soils.  

Microaggregates resulting from aggregate breakdown clog large pores, thus decreasing infiltration rate 

and increasing runoff generation (Auerswald, 1995). The sealing index (SI) in all soil samples was less 455 

than 5% indicating a high risk of sealing which can be due to a high percentage of silt (Valentin and 

Bresson, 1997; Lal, 1989). However, SI was significantly higher in both topsoil and subsoil of forest 

owing to higher OM content. Udom and Kamalu (2016) reported that SI varied from 2.40 to 3.10 in 

topsoil and from 2.17 to 4.76 in the subsoil of tropical soil susceptible to seasonal flooding, meaning 

that the risk of sealing was considerably high in their investigated sites. In contrast, Crusting Index (CI) 460 

in both topsoil and subsoil of the forest showed a low sealing risk, while it was considered to have a 

moderate sealing risk in surface and subsurface soils of the vineyard. In other words, although SI 

indicated a high risk of sealing for all studied soils, CI the suggested that risk of crusting in both surface 

and subsurface soils of the vineyard were more than those of forest soils. This implies that the CI can be 

an advantageous index over SI as it can not only take the particle size classes of silt (i.e. fine and course 465 

silt) into consideration but also better differentiate between the soils with different OM. 

The K factor depends on particle size distribution, permeability, organic matter content, and structure. 

K-values in forest surface and subsurface soils were lower than those for vineyard soils. The reported K 

factor in China ranged from 0.007 to 0.043 (Wang et al., 2013), which is similar to the K-values in the 

USA varying from 0.004 to 0.063 (Wischmeier and Smith, 1978; Romkens et al., 1997). Comparing 470 

these values with our site, we can conclude that there are high values of the soil erodibility in the study 

area. In other words, the soils of both land-uses are extremely prone to soil erosion owing to the high 

amount of silt. Following the land-use change, K factor value in the vineyard has increased up to 14% 

in topsoil and around 20% in the subsoil, which was in agreement with Boix-Fayos (2001); Khormali et 

al., (2009) and Evrendilek et al. (2004). Based on the study of Sanchez-Maranon et al. (2002), following 475 

the land-use change, the K-value has risen up to around 59% in southern Spain. Also, Celik (2005) 

studied the impact of cultivated land on soil properties in the south of Turkey and reported that 

cultivation practices have increased the amount of K-value by 2.4.  
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Even though significant differences in clay content in forested and deforested topsoil sites were not 

observed, the clay content in forest topsoil was slightly less than that of cropland. On the other hand, the 480 

clay content of forest subsoil was considerably higher, reflecting that clay lessivation might have 

occurred in the forest soils. Besides, subsoils characterized by higher clay content may be drawn to the 

surface by regular deep ploughing, resulting in the minor increase of clay content in the cropland 

topsoil. All in all, the results of the present study revealed that deforestation and converting natural 

vegetation to cropland prompted soil degradation, deteriorating physicochemical properties of the soil.   485 

5. Conclusion 

Forests and forest soils store carbon, and therefore play a decisive role in mitigating climate change 

impacts. In Iran, over the past decades, a rapidly growing population has induced an increasing demand 

for food, so one of the most rapid land-use change, i.e. conversion of land under natural vegetation into 

arable lands, has been occurring. The present study was undertaken to quantify the impact of 490 

deforestation on soil loss with fallout radionuclides and soil physicochemical properties. 

The deposition of the 137Cs fallout from different sources (Chernobyl fallout vs. global fallout) can be 

determined via 239+240Pu isotopes if Pu origins exclusively from global fallout. The 240Pu/239Pu atom 

ratios in the reference samples confirmed the global fallout origin of Pu. From the 137Cs/239+240Pu ratio, 

it was evident that half of the 137Cs found in the site was Chernobyl-derived. The mean reference 495 

inventory of 137Cs at 6152±1266 Bq m-2 was relatively higher than previous reports in different parts of 

Iran, which might be due to the location of the site in Iran (the site was closer to the Chernobyl site than 

other measured sites in Iran), with higher mean annual precipitation, and relatively high rainfall after 

Chernobyl incident. The mean reference inventories of 210Pbex estimated at 6079±1511 Bq m-2 was in 

accord with the reported value in the central part of Iran. The mean reference inventory of 239+240Pu at 500 

135 ±31 Bq m-2 was higher than values reported in other parts of the globe, which might be attributed to 

high initial bomb-derived deposition in the study site during 1953–1964, and the location and climate 

diversity. Nevertheless, measurements from other parts of the country are required to confirm the 

hypothesis of a high initial bomb-derived fallout.  

Both 137Cs and 210Pbex radionuclides indicated that deforestation has increased annual soil loss by about 505 

five times. At the forested site, net soil losses for 137Cs and 210Pbex were around 5.0 in and 5.9 Mg ha-1 
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yr-1 (using MODERN model), respectively, and at the vineyard hillslope, they were about 25.9 and 32.5 

Mg ha-1 yr-1 (using DMM), respectively. Notable is that the values obtained by both techniques in each 

land-use were consistent with each other; however, moderately higher net soil erosion estimated by 

210Pbex at both sites could be a reflection of climate variabilities over the last decades.  510 

Converting forest to vineyard resulted in a significant deterioration in soil quality as was indicated by a 

significant decline in OM, TN, C:N, CEC, AWC, ƒ, and PS, and a significant increase in ECe, pH, BD, 

and the K factor in both topsoil and subsoil. As a result of deforestation, OM content, which is the most 

important soil quality indicator, has declined significantly at the vineyard hillslope, leading to a carbon 

stock loss of about 10.1 and 4.2 Mg ha-1 in topsoil and subsoil, respectively. Furthermore, the land-use 515 

change weakened the aggregate stability significantly as the PS approximately decreased by half in the 

vineyard. It also made the vineyard soils susceptible to erosion as K factor surged by 13 and 19% in 

topsoil and subsoil, respectively.  

239+240Pu proved to be a valuable tool to quantify the relative contribution of Chernobyl-derived 137Cs in 

contaminated areas, which is a prerequisite for applying conversion models with the 137Cs technique. 520 

Obviously, without this knowledge, the results of the 137Cs method in those areas would not be accurate. 

Moreover, as found in similar studies, high measurement uncertainties of 210Pbex are shown to restrain 

its application to a great extent. In general, having the highest standard deviation among all measured 

physicochemical properties, PS is identified to be a powerful tool to study soil aggregate stability and 

soil quality with low costs. All in all, the results of the present study revealed that deforestation and 525 

converting natural vegetation to cropland prompted soil degradation and erosion, deteriorating 

physicochemical properties of the soil. 

6. Author contribution 

Maral Khodadadi: Funding acquisition, Investigation, Resources, Data curation, Software, Writing- 

Original draft preparation. Christine Alewell: Supervision, Writing - Review & Editing. Mohammad 530 

Mirzaei: Investigation. Ehssan Ehssan-Malahat: Investigation. Farrokh Asadzadeh: Investigation. 

Peter Strauss: Investigation. Katrin Meusburger: Conceptualization, Methodology, Software, 

Validation, Writing - Review & Editing. 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



20 
 

7. Competing interests 

The authors declare that they have no conflict of interest. 535 

8. Acknowledgments  

This study has been finalized to support the IAEA Coordinated Research Project (CRP) on “Nuclear techniques for a better 

understanding of the impact of climate change on soil erosion in upland agro-ecosystems” (D1.50.17). The authors would 

like to thank Nuclear Agriculture Research School, Nuclear Science and Technology Research Institute (NSTRI), Iran. 

9. References 540 

Afshar, F. A., Ayoubi, S., and Jalalian, A.: Soil redistribution rate and its relationship with soil organic carbon and total 

nitrogen using 137Cs technique in a cultivated complex hillslope in western Iran, J. Environ. Radioact., 101(8), 606-614, 

doi:10.1016/j.jenvrad.2010.03.008, 2010. 

Alatorre, L. C., Beguería, S., Lana-Renault, N., Navas, A., and García-Ruiz, J. M.: Soil erosion and sediment delivery in a 

mountain catchment under scenarios of land use change using a spatially distributed numerical model, Hydrol. Earth Syst. 545 

Sci., 16, 1321–1334, doi:10.5194/hessd-8-11131-2011, 2012. 

Alewell, C., Meusburger, K., Juretzko, G., Mabit, L., and Ketterer, M. E.: Suitability of 239+ 240Pu and 137Cs as tracers for soil 

erosion assessment in mountain grasslands. Chemosphere, 103, 274-280, doi:10.1016/j.chemosphere.2013.12.016, 2014. 

Alewell, C., Pitois, A., Meusburger, K., Ketterer, M., and Mabit, L.: 239+240Pu from “contaminant” to soil erosion tracer: 

Where do we stand?, Earth-Sci. Rev., 172, 107-123, doi:10.1016/j.earscirev.2017.07.009, 2017. 550 

Arata, L., Alewell, C., Frenkel, E., A’Campo-Neuen, A., Iurian, A. R., Ketterer, M. E., Mabit, L. and Alewell, C.: Modelling 

Deposition and Erosion rates with RadioNuclides (MODERN)–Part 2: A comparison of different models to convert 239+240Pu 

inventories into soil redistribution rates at unploughed sites. J. Environ. Radioact. 162, 97-106. 

https://doi.org/10.1016/j.jenvrad.2016.05.009, 2016a. 

Arata, L., Meusburger, K., Frenkel, E., A’Campo-Neuen, A., Iurian, A.R., Ketterer, M. E., Mabit, L. and Meusburger, K.: 555 

Modelling Deposition and Erosion rates with RadioNuclides (MODERN)–Part 1: A new conversion model to derive soil 

redistribution rates from inventories of fallout radionuclides, J. Environ. Radioact., 162, 45-55, 

doi:10.1016/j.jenvrad.2016.05.008, 2016b. 

Auerswald, K. : Percolation stability of aggregates from arable topsoils, Soil Sci., 159(2), 142, 1995. 

Ayoubi, S., Ahmadi, M., Abdi, M. R., and Afshar, F. A.: Relationships of 137Cs inventory with magnetic measures of 560 

calcareous soils of hilly region in Iran, J. Environ. Radioact., 112, 45-51, doi:10.1016/j.jenvrad.2012.03.012, 2012. 

Bahrami, A., Emadodin, I., Ranjbar Atashi, M., and Rudolf Bork, H.: Land-use change and soil degradation: A case study, 

North of Iran, Agric. Biol. J. North America, 1(4), 600-605, 2010. 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



21 
 

Balling, R. C., Keikhosravi Kiany, M. S., Sen Roy, S., and Khoshhal, J.: Trends in extreme precipitation indices in Iran: 

1951–2007. Adv. Meteorol. 2016. https://doi.org/10.1155/2016/2456809, 2016. 565 

Batlle-Bayer, L., Batjes, N. H., and Bindraban, P. S.: Changes in organic carbon stocks upon land use conversion in the 

Brazilian Cerrado, Rev. Agric. Ecosyst. Environ., 137, 47–58. https://doi.org/10.1016/j.agee.2010.02.003, 2010. 

Blake, G. R., and Hartge, K. H.: Methods of soil analysis, in: Part 1: Physical and Mineralogical Methods (Second Edition), 

edited by: Klute A., ASA, Madison, WI, A., 1986. 

Boix-Fayos, C., Calvo-Cases, A., Imeson, A. C., and Soriano-Soto, M. D.: Influence of soil properties on the aggregation of 570 

some Mediterranean soils and the use of aggregate size and stability as land degradation indicators, Catena, 44(1), 47-67, 

doi:10.1016/S0341-8162(00)00176-4, 2001. 

Bremner, J. M.: Nitrogen-total, in: Methods of Soil Analyses, Part III, Chemical Methods, edited by: Bigham, F. T., SSSA, 

Madison, WI, 1085– 1184, 1996. 

Campbell, B. L., Loughran, R. J., and Elliott, G. L.: A method for determining sediment budgets using caesium-575 

137, Sediment Budgets, IAHS Publication, (174), 1988. 

Carter, M. R.: Microbial biomass as an index for tillage induced changes in soil biological properties, Soil Tillage Res., 7, 

29–40, doi:10.1016/0167-1987(86)90005-X, 1986. 

Celik, I.: Land-use effects on organic matter and physical properties of soil in a southern Mediterranean highland of Turkey, 

Soil Tillage Res., 83(2), 270-277, doi:10.1016/j.still.2004.08.001, 2005. 580 

Collins, A. L., Walling, D. E., Sichingabula, H. M., and Leeks, G. J. L.: Using 137Cs measurements to quantify soil erosion 

and redistribution rates for areas under different land use in the Upper Kaleya River basin, southern Zambia, Geoderma, 104, 

299-323, doi:10.1016/S0016-7061(01)00087-8, 2001. 

Danielson, R. E., and Sutherland, P. L.: Porosity. Methods of Soil Analysis: Part 1 Physical and Mineralogical 

Methods, edited by: Klute A., 5, 443-461, 1986. 585 

DEI, Department of environment Iran. Initial National Communication to UNFCCC, 2003. 

Diekow, J., Mielniczuk, J., Knicker, H., Bayer, C., Dick, D. P., and Kögel-Knabner, I.: Carbon and nitrogen stocks in 

physical fractions of a subtropical Acrisol as influenced by long-term no-till cropping systems and N fertilisation, Plant 

Soil, 268(1), 319-328, doi:10.1007/s11104-004-0330-4, 2005. 

Dong, W., Tims, S. G., Fifield, L. K. and Guo, Q.: Concentration and characterization of plutonium in soils of Hubei in 590 

central China, J. Environ. Radioact., 101(1), 29-32, doi.org/10.1016/j.jenvrad.2009.08.011, 2010. 

Ebrahimi Mohammadi Sh., Sadeghi, S. H., and Chapi, K.: Analysis of runoff, suspended sediment and nutrient yield from 

different tributaries to Zarivar lake in event and base flows, J. Water Res. Soil Conserve., 2 (1) (In Persian), 2012. 

Emadodin, I., Narita, D., and Bork, H. R.: Soil degradation and agricultural sustainability: an overview from Iran, Environ. 

Dev. Sustain, 14(5), 611-625, doi:10.1007/s10668-012-9351-y, 2012. 595 

Everett, S. E., Tims, S. G., Hancock, G. J., Bartley, R., and Fifield, L. K.: Comparison of Pu and 137Cs as tracers of soil and 

sediment transport in a terrestrial environment, J. Environ. Radioact., 99(2), 383-393, doi:10.1016/j.jenvrad.2007.10.019, 

2008. 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



22 
 

Evrendilek, F., Celik, I., and Kilic, S.: Changes in soil organic carbon and other physical soil properties along adjacent 

Mediterranean forest, grassland, and cropland ecosystems in Turkey, J. Arid environ., 59(4), 743-752, 600 

doi:10.1016/j.jaridenv.2004.03.002, 2004. 

Fageria, N. K., Baligar, V. C., and Jones, C. A.: Growth and mineral nutrition of field crops. CRC Press, 2010.  

FAO: A provisional methodology for soil degradation assessment, Rome, Italy. 84p, 1978. 

Franzluebbers, A. J., Stuedemann, J. A., Schanberg, H. H., and Wilkinson, S. R.: Soil organic C and N pools under longterm 

pasture management in the southern Piedmont, USA Soil Biol. Biochem., 32, 469–478, doi:10.1016/S0038-0717(99)00176-605 

5, 2000. 

Garcia Agudo, E.: Global distribution of {sup 137} Cs inputs for soil erosion and sedimentation studies, 1998. 

Gaspar, L., Navas, A., Machín, J., and Walling, D. E.: Using 210Pbex measurements to quantify soil redistribution along two 

complex toposequences in Mediterranean agroecosystems, northern Spain, Soil Tillage Res., 130, 81-90, 

doi:10.1016/j.still.2013.02.011, 2013. 610 

Gee, G. W., and Bauder, J. W.: Particle-size analysis. In: Methods of Soil Analysis: Part 1. Physical and Mineralogical 

Methods, 2nd edn., Agronomy, 9. Edited by: Klute, A., Soil Science Society of America, Madison, USA, 383–411, 1986. 

Gharibreza, M., Raj, J. K., Yusoff, I., Othman, Z., Tahir, W. Z. W. M., and Ashraf, M. A.: Land use changes and soil 

redistribution estimation using 137Cs in the tropical Bera Lake catchment, Malaysia, Soil Tillage Res., 131, 1-10, 

doi:10.1016/j.still.2013.02.010, 2013. 615 

Gharibreza, M., Zaman, M., Porto, P., Fulajtar, E., Parsaei, L., and Eisaei, H.: Assessment of deforestation impact on soil 

erosion in loess formation using 137Cs method (case study: Golestan Province, Iran), Int. Soil Water Cones., 

doi:10.1016/j.iswcr.2020.07.006, 2020. 

Ghazanfari, H., Namiranian, M., Sobhani, H., and Mohajer, R. M.: Traditional forest management and its application to 

encourage public participation for sustainable forest management in the northern Zagros mountains of Kurdistan province, 620 

Iran, Scand. J. Forest Res., 19(S4), 65-71. doi:10.1080/14004080410034074, 2004. 

Golosov, V. N., Markelov, M. V., Belyaev, V. R., and Zhukova, O. M.: Problems in determining spatial inhomogeneity of 

137Cs fallout for estimating rates of erosion-accumulative processes. Russ. Meteorol, Hydro., 33(4), 217-227, 

doi:10.3103/S1068373908040043, 2008. 

Gregorich, E. G., Greer, K. J., Anderson, D. W., and Liang, B. C.: Carbon distribution and losses: erosion and deposition 625 

effects, Soil Tillage Res., 47(3-4), 291-302, doi:10.1016/S0167-1987(98)00117-2, 1998. 

Haidari, M., Shabanian, N., Haidari, R. H., and Bazyar, M.: Structural diversity of oak forests in Kurdistan Province (Case 

study: Oak forest), IOSR J. Pharm. Biol. Sci. (IOSR-JPBS), 4(3), 37-43, doi:10.9790/3008-0433743, 2012. 

Haugen, L. E.: Small-scale variation in deposition of radiocaesium from the Chernobyl fallout on cultivated grasslands in 

Norway. Analyst 117(3), 465-468, doi :10.1039/an9921700465, 1992. 630 

Hernanz, J. L., Sanchez-Girón, V., and Navarrete, L.: Soil carbon sequestration and stratification in a cereal/leguminous crop 

rotation with three tillage systems in semiarid conditions, Agric. Ecosyst. Environ., 133, 114–122, 

doi:10.1016/j.agee.2009.05.009, 2009. 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



23 
 

Hiederer, R., and Köchy, M.: Global soil organic carbon estimates and the harmonized world soil database, EUR, 79, p. 

25225, 2011. 635 

Hodge, V., Smith, C., and Whiting, J.: Radiocesium and plutonium: still together in “background” soils after more than thirty 

years, Chemosphere, 32, 2067–2075, doi:10.1016/0045-6535(96)00108-7, 1996. 

Hoo, W. T., Fifield, L. K., Tims, S. G., Fujioka, T., and Mueller, N.: Using fallout plutonium as a probe for erosion 

assessment, J. Environ. Radioact., 102(10), 937-942, doi:10.1016/j.jenvrad.2010.06.010, 2011. 

IMA (Iranian Ministry of Agriculture): Detailed and executive watershed management studies of Zarivar Lake catchment, 640 

Marivan (1996-7), Bureau of statistics and information, (In Persian), 2008. 

Jackson, M. L.: Soil chemical analysis prentice Hall. Inc., Englewood Cliffs, NJ, 498, 183-204, 1958. 

Kalhor, M.: Comparison of Cs-137 and USLE Methods to Estimate the Soil Loss of Rimeleh Watershed (Lorestan 

Province), MSc thesis in Soil Science, College of Agriculture, Isfahan University of Technology, Isfahan, (In Persian), 1998. 

Karamesouti, M., Detsis, V., Kounalaki, A., Vasiliou, P., Salvati, L., and Kosmas, C.: Land-use and land degradation 645 

processes affecting soil resources: evidence from a traditional Mediterranean cropland (Greece), Catena, 132, 45–55, 

doi:10.1016/j.catena.2015.04.010, 2015. 

Karger, D. N., Conrad, O., Böhner, J., Kawohl, T., Kreft, H., Soria-Auza, R. W., and Kessler, M.: Climatologies at high 

resolution for the earth’s land surface areas, Sci., Data 4, 20, doi:10.1038/sdata.2017.122, 2017. 

Ketterer, M. E., Zheng, J., and Yamada, M.: Applications of transuranics as tracers and chronometers in the environment; 650 

In: Handbook of environmental isotope geochemistry (pp. 395-417), Springer, Berlin, Heidelberg, 2012. 

Ketterer, M. E., and Szechenyi, S. C.: Determination of plutonium and other transuranic elements by inductively coupled 

plasma mass spectrometry: a historical perspective and new frontiers in the environmental sciences. Spectrochimica Acta 

Part B: Atomic Spectroscopy, 63(7), 719-737, doi:10.1016/j.sab.2008.04.018, 2008. 

Ketterer, M. E., Hafer, K. M., and Mietelski, J. W.: Resolving Chernobyl vs. global fallout contributions in soils from Poland 655 

using Plutonium atom ratios measured by inductively coupled plasma mass spectrometry, J. Environ. Radioact., 73(2), 183-

201, doi:10.1016/j.jenvrad.2003.09.001, 2004. 

Khodadadi, M., Mabit, L., Zaman, M., Paolo, P., and Gorji, M.: Evaluating the efficiency of soil conservation measures on 

erosion rates using 137Cs and 210Pbex methods for semi-arid farm lands: A case study in the Kouhin region of Qazvin Province 

in Iran, J. Soil. Sediment, doi:10.1007/s11368-018-2205-y, 2018. 660 

Khormali, F., Ajami, A., Ayoubi, S., Srinivasarao, C. H., and Wani, S. P.: Role of deforestation and hillslope position on soil 

quality attributes of loess-derived soils in Golestan province, Iran. Agric. Ecosyst. Environ. 134, 178–189, 

doi:10.1016/j.agee.2009.06.017, 2009. 

Klute, A. : Water retention: laboratory methods. p. 635-662. In:  Methods of soil analysis: Part 1. Physical and mineralogical 

methods, edited by: Klute, A., ASA Monograph Number 9, 1986. 665 

Lal, R.: Soil degradation in relation to climate, International Rice Research Institute, Climate and food security, Los Baños, 

257-276, 1989. 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



24 
 

Lal, R., Tims, S. G., Fifield, L. K., Wasson, R. J., and Howe, D.: Applicability of 239Pu as a tracer for soil erosion in the wet-

dry tropics of northern Australia, Nucl. Instrum. Meth., B 294, 577-583, doi: 10.1016/j.nimb.2012.07.041, 2013. 

Lee, M., Lee, C., Hong, K., Choi, Y., Boo, B.: Depth distribution of 239, 240Pu and 137Cs in soils of South Korea, J. Radioanal. 670 

Nucl. Ch., 204(1),135-144, doi:10.1007/BF02060874, 1996. 

Lujaniene, G., Plukis, A., Kimtys, E., Remeikis, V., Jankünaite, D., and Ogorodnikov, B. I.: Study of 137Cs, 90Sr, 239,240Pu, 

238Pu and 241Am behavior in the Chernobyl soil, J. Radioanal. Nucl. Ch., 251(1), 59-68, doi:10.1023/A:1015185011201, 

2002. 

Mabit, L., Chhem-Kieth, S., Toloza, A., Vanwalleghem, T., Bernard, C., Amate, J. I., de Molina, M. G. and Gómez, J. A.: 675 

Radioisotopic and physicochemical background indicators to assess soil degradation affecting olive orchards in southern 

Spain, Agr. Ecosyst. Environ., 159, 70-80, doi:10.1016/j.agee.2012.06.014, 2012. 

Mabit, L., Meusburger, K., Fulajtar, E., and Alewell, C.: The usefulness of 137Cs as a tracer for soil erosion assessment: A 

critical reply to Parsons and Foster (2011), Earth-Sci. Rev., 127, 300-307, doi:10.1016/j.earscirev.2013.05.008, 2013. 

Mabit, L., Benmansour, M., and Walling, D. E.: Comparative advantages and limitations of the fallout radionuclides 137Cs, 680 

210Pbex and 7Be for assessing soil erosion and sedimentation, J. Environ. Radioact., 99(12), 1799-1807, 

doi:10.1016/j.jenvrad.2008.08.009, 2008. 

Matinfar H., Kalhor, M., Shabani, A., and Arkhi, S.: Estimating soil erosion and sedimentation using Cesium-137 method: A 

case study (Raymaleh watershed, Lorestan), J. Agri. Eng., 35 (2), 37-54, (In Persian), 2013. 

Mbagwu, J. S. C., and Auerswald, K.: Relationship of percolation stability of soil aggregates to land use, selected properties, 685 

structural indices and simulated rainfall erosion, Soil Tillage Res., 50(3-4), 197-206, https://doi.org/10.1016/S0167-

1987(99)00006-9, 1999. 

McLean, E. O., Oloya, T. O., and Mostaghimi, S.: Improved corrective fertilizer recommendations based on a two‐step 

alternative usage of soil tests: I. Recovery of soil‐equilibrated phosphorus, Soil Sci. Soc. Am. J., 46(6), 1193-1197, 

doi:10.2136/sssaj1982.03615995004600060015x, 1982. 690 

Meusburger, K., Evrard, O., Alewell, C., Borrelli, P., Cinelli, G., Ketterer, M., Mabit, L., Panagos, P., Van Oost, K. and 

Ballabio, C.: Plutonium aided reconstruction of caesium atmospheric fallout in European topsoils, Sci. rep. 10(1), 1-16, 

doi:10.1038/s41598-020-68736-2, 2020, 2020. 

Meusburger, K., Mabit, L., Park, J. H., Sandor, T., Porto, P., and Alewell, C.: A multi-radionuclide approach to evaluate the 

suitability of 239 + 240Pu as soil erosion tracer, Sci. Tot. Environ., 566-567, 1489-1499, doi:10.1016/j.scitotenv.2016.06.035, 695 

2016. 

Meusburger, K., Porto, P., Mabit, L., La Spada, C., Arata, L., and Alewell, C.: Excess Lead-210 and Plutonium-239+240: 

Two suitable radiogenic soil erosion tracers for mountain grassland sites, Environ. Res., 160, 195-202, 

doi:10.1016/j.envres.2017.09.02, 2018. 

Mietelski, J. W., and Was, B.: Plutonium from Chernobyl in Poland, Appl. Radiat. Isotopes, 46(11), 1203-1211, 700 

doi:10.1016/0969-8043(95)00162-7, 1995. 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



25 
 

Muramatsu, Y., Rühm, W., Yoshida, S., Tagami, K., Uchida, S., and Wirth, E.: Concentrations of 239Pu and 240Pu and their 

isotopic ratios determined by ICP-MS in soils collected from the Chernobyl 30-km zone, Environ. Sci. Technol., 34(14), 

2913-2917, doi:10.1021/es0008968, 2000. 

Nabiollahi, K., Golmohamadi, F., Taghizadeh-Mehrjardi, R., Kerry, R., and Davari, M.: Assessing the effects of slope 705 

gradient and land use change on soil quality degradation through digital mapping of soil quality indices and soil loss 

rate, Geoderma, 318, 16-28, doi:10.1016/j.geoderma.2017.12.024, 2018. 

Nagle, G. N., Lassoie, J. P., Fahey, T. J., and Mc Intyre, S. C.: The use of 137Cs to estimate agricultural erosion on steep 

slopes in a tropical watershed, Hydrol. Process., 14, 957-969, doi:10.1002/(SICI)1099-1085(20000415)14:53.0.CO;2-6, 

2000. 710 

Nardi, S., Cocheri, G., and Dell’Agnola, G.: Biological activity of humus. In: Humic Substances in Terrestrial Ecosystems. 

Piccolo, edited by: A. Elsevier, Amsterdam, 361–406, 1996. 

Nelson, D. W., and Sommers, L. E.: Total carbon, organic carbon and organic matter. pp. 539-579. In:  Methods of soil 

analysis: Part 2. Chemical and microbiological properties, ASA Monograph Number 9, edited by: Page, A. L., 1982. 

Nunes, A. N., Almeida, A. C. D., and Coelho, C. O. A.: Impact of land use and cover type on runoff and soil erosion in a 715 

marginal area of Portugal, Appl. Geogr., 2, 687–699, doi:10.1016/j.apgeog.2010.12.006, 2011. 

Ozgoz, E., Gunal, H., Acir, N., Gokmen, F., Birol, M., and Budak, M.: Soil quality and spatial variability assessment of land 

use effects in a Typic Haplustoll, Land Degrad., Dev. 24, 277–286, 2013. 

Pathak, P., Sahrawat, K. L., Rego, T. J., Wani, S. P.: Measurable biophysical indicators for impact assessment: changes in 

soil quality. In: Natural Resource Management in Agriculture. Methods for Assessing Economic and Environmental 720 

Impacts, edited by: Shiferaw, B., Freeman, H. A., Swinton, S. M., ICRISAT, Patancheru, India, 2004. 

Porto, P., Walling, D. E., and Callegari, G.: Using 137Cs and 210Pbex measurements to investigate the sediment budget of a 

small forested catchment in southern Italy, Hydrol. Process., 27(6), 795-806, doi:10.1002/hyp.9471, 2013. 

Porto, P., Walling, D. E., and Capra, A.: Using 137Cs and 210Pbex measurements and conventional surveys to investigate the 

relative contributions of interrill/rill and gully erosion to soil loss from a small cultivated catchment in Sicily, Soil Tillage 725 

Res., 135, 18-27, doi:10.1016/j.still.2013.08.013, 2014. 

Puget, P., and Lal, R.: Soil organic carbon and nitrogen in a Mollisol in central Ohio as affected by tillage and land use, Soil 

Till. Res., 80, 201–213, doi:10.1016/j.still.2004.03.018, 2005. 

Qiao, J., Hansen, V., Hou, X., Aldahan, A., and Possnert, G.: Speciation analysis of 129I, 137Cs, 232Th, 238U, 239Pu and 240Pu in 

environmental soil and sediment, Appl. Radiat. Isotopes, 70(8), 1698-1708, doi: 10.1016/j.apradiso.2012.04.006, 2012. 730 

Rahimi, M. R., Ayoubi, S., and Abdi, M. R.: Magnetic susceptibility and Cs-137 inventory variability as influenced by land 

use change and slope positions in a hilly, semiarid region of west-central Iran, J. Appl. Geophys., 89, 68-75, doi: 

10.1016/j.jappgeo.2012.11.009, 2013. 

Rhoades, J. D.: Soluble salts. p. 167-179. In: Methods of soil analysis: Part 2: Chemical and microbiological 

properties. Monograph Number 9 (Second Edition). Edited by: A. L. Page, ASA, Madison, WI, 1982.  735 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



26 
 

Römkens, M. J. M., Young, R. A., Poesen, J. W. A., McCool, D. K., El-Swaify, S. A., and Bradford, J. M.: Soil erodibility 

factor (K). Predicting Soil Erosion by Water: A Guide to Conservation, edited by: Renard, K. G., Foster, G. R., Weesies, 

G.A., McCool, D. K., and Yoder, D. C., coordinators, Planning with the Revised Universal Soil Loss Equation (RUSLE), US 

Department of Agriculture, Agriculture Handbook, (703), 65-99, 1997. 

Rudiarto, I., and Doppler, W.: Impact of land use change in accelerating soil erosion in Indonesian upland area: a case of 740 

Dieng Plateau, Central Java-Indonesia, Int. J. Agri. Sci., 3(7), 558-576, 2013. 

Sanchez-Maranon, M., Soriano, M., Delgado, G., and Delgado, R.: Soil quality in Mediterranean mountain environments: 

effects of land use change, Soil Sci. Soc. Am. J., 66(3), 948-958, doi:10.2136/sssaj2002.0948, 2002. 

Schaub, M., Konz, N., Meusburger, K., and Alewell, C.: Application of in-situ measurement to determine 137Cs in the Swiss 

Alps, J. Environ. Radioact., 101(5), 369-376, doi:10.1016/j.jenvrad.2010.02.005, 2010. 745 

Schimmack, W., Auerswald, K., and Bunzl, K.: Can 239+ 240Pu replace 137Cs as an erosion tracer in agricultural landscapes 

contaminated with Chernobyl fallout? J. Environ. Radioact., 53(1), 41-57, doi:10.1016/S0265-931X(00)00117-X, 2001. 

Schimmack, W., Auerswald, K., and Bunzl, K.: Estimation of soil erosion and deposition rates at an agricultural site in 

Bavaria, Germany, as derived from fallout radiocesium and plutonium as tracers, Naturwissenschaften 89, 43–46, doi: 

10.1007/s00114-001-0281-z, 2002. 750 

Scholten, T.: Hydrology and erodibility of the soils and saprolite cover of the Swaziland Middleveld, Soil Technol., 11(3), 

247-262, doi:10.1016/S0933-3630(97)00011-1, 1997. 

Schweizer, S. F., Fischer, H., Haring, V., and Stahr, K.: Soil structure breakdown following land use change from forest to 

maize in Northwest Vietnam, Soil Tillage Res., 166, 10–17, doi:10.1016/j.still.2016.09.010, 2017. 

Seyedalipour, H., Feiznia, S., Ahmadi, H., Zare, M. R., and Hosseinalizadeh, M.:  Comaprison of Soil Erosion by 137CS and 755 

RUSLE-3D for Loess Deposits North-East of Iran (Study Area: Aghemam Catchment), J. Water. Soil. Cons., 21 (5), 27-47, 

(In Persian), 2014. 

Shahoei, S., and Rafahi, H., Assessment the impacts of erosion on soil properties and productivity of cropland in a part of 

Gorgan Watershed, Iranian J. Agric. Sci., 29, 1-18, (In Persian), 1998. 

Siegrist, S., Schaub, D., Pfiffner, L., and Mäder, P.: Does organic agriculture reduce soil erodibility? The results of a long-760 

term field study on loess in Switzerland, Agri. Ecosyst. Environ., 69(3), 253-264, doi:10.1016/S0167-8809(98)00113-3, 

1998. 

Six, J., Paustian, K., Elliott, E. T., and Combrink, C.: Soil structure and organic matter I. Distribution of aggregate‐size 

classes and aggregate‐associated carbon, Soil Sci. Soc. Am. J., 64(2), 681-689, https://doi.org/10.2136/sssaj2000.642681x, 

2000. 765 

Smith, H. G., Sheridan, G. J., Nyman, P., Child, D. P., Lane, P. N., Hotchkis, M. A., and Jacobsen, G. E.: Quantifying 

sources of fine sediment supplied to post-fire debris flows using fallout radionuclide tracers, Geomorph., 139, 403-415, 

doi:10.1016/j.geomorph.2011.11.005, 2012. 

Soil Taxonomy: Soil Survey Staff. Keys to Soil Taxonomy, 10th ed. United States Department of Agriculture, Natural 

Resources Conservation Services, 331, 2014. 770 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



27 
 

Sutherland, R. A.: Examination of caesium-137 areal activities in control (uneroded) locations. Soil Technology, 4, 33-50, 

doi:10.1016/0933-3630(91)90038-O, 1991. 

Sutherland, R. A.: Caesium-137 soil sampling and inventory variability in reference locations: a literature survey. Hydrol. 

Process 10: 43-53, doi:10.1002/(SICI)1099-1085(199601)10:1<43::AID-HYP298>3.0.CO;2-X, 1996. 

Teramage, M. T., Onda, Y., Wakiyama, Y., Kato, H., Kanda, T., and Tamura, K.: Atmospheric 775 

Pb-210 as a tracer for soil organic carbon transport in a coniferous forest. Environ. Sci.-Proc. Imp. 17, 110–119, 

doi:10.1039/C4EM00402G, 2015. 

Ternan, J. L., Elmes, A., Williams, A. G., and Hartley, R.: Aggregate stability of soils in central Spain and the role of land 

management, Earth Surf. Proc. Land, 21(2), 181-193, doi:10.1002/(SICI)1096-9837(199602)21:2<181::AID-

ESP622>3.0.CO;2-7, 1996. 780 

Tims, S. G., Fifield, L. K., Hancock, G. J., Lal, R. R., and Hoo, W. T.: Plutonium isotope measurements from across 

continental Australia, Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials 

and Atoms, 294, 636-641, doi:10.1016/j.nimb.2012.07.010, 2013. 

Udom, B., and Kamalu, O.: Sealing index, airfilled porosity and hydrological behavior of a tropical Ultisol as affected by 

incidental flooding and soil disturbance, Int. J. Soil Sci., 11, 79-86, doi:10.3923/ijss.2016.79.86, 2016. 785 

UNSCEAR (United Nation Scientific Committee on the Effects of Atomic Radiation), 24th Session, Suppl. No 13 (A/7613) 

New York: United Nations, 1969. 

Vagen, T. G., Andrianorofanomezana, M. A. A., and Andrianorofanomezana, S.: Deforestation and cultivation effects on 

characteristics of oxisols in the highlands of Madagascar, Geoderma, 131, 190–200, doi:10.1016/j.geoderma.2005.03.026, 

2006. 790 

Valentin, C., and Bresson, L. M.: Soil crusting. Methods for assessment of soil degradation, 89-107, 1997. 

Van Zeist, W., and Bottema, S.: Palynological investigations in western Iran, Palaeohistoria, 19-85, 1977. 

Vinhal-Freitas, I. C., Corrêa, G. F., Wendling, B., Bobuľská, L., and Ferreira, A. S.: Soil textural class plays a major role in 

evaluating the effects of land use on soil quality indicators, Ecol. indic., 74, 182-190, doi:10.1016/j.ecolind.2016.11.020, 

2017. 795 

Wakiyama, Y., Onda, Y., Mizugaki, S., Asai, H., and Hiramatsu, S.: Soil erosion rates on forested mountain hillslopes 

estimated using 137Cs and 210Pbex, Geoderma, 159, 39- 52, doi:10.1016/j.geoderma.2010.06.012, 2010. 

Walling, D. E., He, Q., and Appleby, P. G.: Conversion models for use in soil-erosion, soil-redistribution and sedimentation 

investigations, In: Handbook for the assessment of soil erosion and sedimentation using environmental radionuclides (pp. 

111-164), Springer, Dordrecht, 2002. 800 

Walling, D. E., Zhang, Y., and He, Q.: Conversion models and related software, IAEA TECDOC SERIES, p.125, 2014. 

Wang, B., Zheng, F., Römkens, M. J., and Darboux, F.: Soil erodibility for water erosion: A perspective and Chinese 

experiences, Geomorph., 187, 1-10, doi:10.1016/j.geomorph.2013.01.018, 2013. 

Watson, R. T., Noble, I. R., Bolin, B., Ravindranath, N. H., Verardo, D.J., and Dokken, D. J.: Land use, land-use change and 

forestry: a special report of the Intergovernmental Panel on Climate Change, Cambridge University Press, 2000.  805 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



28 
 

Wilber, D. N.: Iran, Past and Present, E. L. Hildreth, Company. Brattlebroro Vermont, 1948. 

Wischmeier, W. H., and Smith, D. D.: Predicting rainfall erosion losses: a guide to conservation planning (No. 537), 

Department of Agriculture, Science and Education Administration, 1978.  

WRB (World Reference Base for soil resources): international soil classification system for naming soils and creating 

legends for soil maps, World Soil Resources Report, 106, 2014. 810 

Xu, Y., Qiao, J., Hou, X., and Pan, S., 2013. Plutonium in soils from northeast China and its potential application for 

evaluation of soil erosion. Sci. Rep. 3, p.3506. https://doi.org/10.1038/srep03506 

Zhang, S., Fan, W., Li, Y., and Yi, Y.: The influence of changes in land use and landscape patterns on soil erosion in a 

watershed, Sci. Total Environ., 574, 34–45, doi:10.1016/j.scitotenv.2016.09.024, 2017. 

Zhang, X., Walling, D. E., Yang, Q., He, X., Wen, Z., Qi, Y., and Feng, M.: 137Cs budget during the period of 1960s in a 815 

small drainage basin on the Loess Plateau of China, J. Environ. Radioact., 86(1), 78-91, doi:10.1016/j.jenvrad.2005.07.007, 

2006. 

Zheng, J., Yamada, M., Wu, F., and Liao, H.: Characterization of Pu concentration and its isotopic composition in soils of 

Gansu in northwestern China, J. Environ. Radioact., 100(1), 71-75, doi:10.1016/j.jenvrad.2008.10.017, 2009. 

 820 

  

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



29 
 

Table 1: 137Cs baseline inventory and mean annual precipitation (MAP) in undisturbed locations in different parts of Iran (all 

values were decay corrected to 1/10/2016). 

Location Mean Annual 
Precipitation 

(mm) 

137Cs inventory at 
reference site  

(Bq m-2) 

Reference 

Kouhin, centre of Iran 330 1956 ± 107 Khodadadi et al. (2018) 

Aghemam Catchment, 
North-East of Iran 

482 2714 Seyedalipour et al. (2014) 

Rimeleh catchment, west of 
Iran 

696 1544 Kalhor (1998); Matinfar et al. (2013) 

Chaharmahal and Bakhtiari 
Province, West-South of 

Iran 

600 1730± 32 Afshar et al. (2010) 

Gorgan River watershed, 
North of Iran 

562 2178 Shahoei and Rafahi (1999) 

Golestan Province, North of 
Iran 

700-1000 3840-4062 Gharibreza at al. (2020) 

Zarivar lake watershed, 
North-West of Iran 

991 6152±1266 This study 
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Table 2: Sediment budget based on 137Cs and 210Pbex dataset at forest and orchard sites. 

Sediment budget 

Forest Vineyard 

137Cs 210Pbex 239+240Pu 137Cs 210Pbex 

MODERN DMM MODERN DMM MODERN MBM II 

Mean erosion 

(Mg ha-1 yr-1) 
9.8 3.3 7.0 6.3 4.1 30.9 40.3 

Mean deposition 

(Mg ha-1 yr-1) 
7.8 1.5 2.1 3.3 2.5 10.9 23.5 

Gross erosion 

(Mg ha-1 yr-1) 
7.1 2.4 6.2 5.5 2.6 27.2 35.4 

Gross deposition 

(Mg ha-1 yr-1) 
2.1 0.4 0.3 0.4 0.9 1.3 2.9 

Net erosion 

(Mg ha-1 yr-1) 
5.0 2.0 5.9 5.1 1.7 25.9 32.5 

Sediment Delivery 

Ratio (%) 
69.9 83.0 95.9 92.8 65.5 95.2 91.9 
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Table 3: Summary of soil physicochemical properties of the surface and subsurface soils at the forested and orchard hillslope (the 830 

statistical comparison was made between topsoil (0-20 cm) and subsoil (20-40 cm) properties of two land-uses separately). (ECe: 

Electrical Conductivity, OM: Total Organic Matter, TN: Total Nitrogen, CCE: Carbonate Calcium Equivalent, CEC: Cation Exchange 

Capacity, BD: Bulk Density, ƒ: Porosity, FC: soil water retention at potential equivalent to Field Capacity, PWP: Permanent Wilting Point, 

AWC: Available Water Content, PS: Percolation Stability, SI: Sealing Index, CI: Crusting Index, and K: soil erodibility). 

Parameter 
Topsoil Subsoil 

Forest Vineyard Forest Vineyard 

Clay (%) 21.04±3.52a* 26.32±5.75a 31.37±1.59A** 23.35±2.66B 

Silt (%) 53.96±4.01a 50.29±4.26a 51.09±7.39A 53.22±3.79A 

Sand (%) 25.00±4.12a 23.39±1.92a 17.54±5.80A 23.43±1.12A 

Gravel (%) 18.32±6.74a 13.77±5.51a 24.34±9.34A 27.22±6.95A 

pH 7.17±0.15b 7.58±0.33a 7.25±0.11B 7.49±0.17A 

ECe (dS m-1) 1.95±0.31b 2.40±0.20a 1.56±0.10A 1.45±0.16A 

OM (%) 2.83±0.30a 1.44±0.26b 1.72±0.13A 1.16±0.23B 

TN (gr kg-1) 0.20±0.08a 0.16±0.02b 0.16±0.06A 0.12±0.02B 

C:N 72.89±20.33a 42.21±4.05b 61.18±22.18A 50.55±12.69A 

CCE (%) 2.79±0.86a 3.25±0.33a 3.42±0.28A 3.78±0.52A 

CEC (cmol+ kg-1) 27.91±0.82a 22.46±0.94b 34.86±1.59A 24.64±0.20B 

BD (Mg m-3) 1.09±0.56b 1.37±0.74a 1.28±0.72B 1.55±0.95A 

ƒ (%) 59.03±2.11a 48.36±2.78b 51.89±2.73A 41.38±3.60B 

FC (%) 38.58±1.33a 32.81±1.60b 32.38±1.10A 30.76±1.21B 

PWP (%) 15.57±1.87a 14.91±2.08a 14.42±1.32B 14.41±1.59A 

AWC (%) 23.01±2.93a 17.90±1.35b 17.96±1.65A 16.35±1.49B 

PS (gr H2O 600s-1) 309.35±43.61a 137.92±66.28b 160.45 ±40.96A 101.18±62.85B 

SI (%) 3.84±0.57a 1.88±0.34b 2.15±0.11A 1.51±0.29B 

CI 1.04±0.05b 1.27±0.11a 1.16±0.08B 1.53±0.07A 

K (t ha hr MJ−1 ha mm−1) 0.044±0.005b 0.051±0.009a 0.055±0.005B 0.067±0.005A 

*Different lowercase letters indicate significant differences at the p-level<0.05 in topsoil properties of two land-uses. 

**Different capital letters indicate significant differences at the p-level<0.05 in subsoil properties of two land-uses. 
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Table 4: 239+240Pu baseline inventory and mean annual precipitation (MAP) in undisturbed locations. 

Location Mean Annual 
Precipitation 

(mm) 

239+240Pu inventory at reference 
site  

(Bq m-2) 

Reference 

Australia 1200 8.8 Tims et al. (2013) 

China 

600 - 800  86.9±3.1 Xu et al. (2013) 

800 - 1000 44.9 - 54.6 (in Hubei)  Zheng et al. (2009) 
235 - 238 32.4 (in Lanzhou) Dong et al. (2010) 

 
Europe 500-3500 8.0 to 380.2 (53.3) Meusburger et al. (2020) 

 
Germany 968 59±8 Schimmack et al. (2001) 

 

South Korea 
- 
- 

1599 

18.4 (in Sesan); 
101.8 (in Euiwang) 

55 ±8 

Lee et al. (1996) 
Lee et al. (1996) 

Meusburger et al. (2016) 
    

Switzerland 1400 67±13 and 83±11 Meusburger et al. (2018); Schaub 
et al. (2010); Alewell et al. (2014) 
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Figure 1: The location of the Zarivar Lake watershed in Kurdistan Province, Iran. 
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 845 

Figure 2: The location of the reference site and the study hillslopes at Z3 sub-watershed. 
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Figure 3: Depth distribution of 137Cs (a), 210Pbex (b) and 239+240Pu at the reference site. 
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Figure 4: 137Cs, 210Pbex, and 
239+240Pu inventories at reference, forest, and vineyard sites (the scale of Y axes for 

137Cs and 210Pbex is different from that of 239+240Pu). 855 
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Figure 5: Total precipitation in April and May 1986 (from CHELSA dataset; Climatologies at high resolution for the earth’s land 

surface areas).  860 
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Figure 6: Ratio of 240Pu/239Pu of all samples in the forested hillslope. 865 
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Figure 7: Comparison of 210Pbex and 239+240Pu with 137Cs inventories along a transect in the forested hillslope. 
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 870 

Figure 8: FRNs derived soil redistribution rates in a forested transect using MODERN and Diffusion and Migration 
model (DMM) (negative values indicate erosion, whereas positive values indicate deposition). 
 

 

 875 

 

 

 

 

 880 

 

https://doi.org/10.5194/soil-2021-2
Preprint. Discussion started: 25 January 2021
c© Author(s) 2021. CC BY 4.0 License.



41 
 

      

 

Figure 9: Depth distribution of 137Cs (a), 210Pbex (b) and 239+240Pu (c) in an erosional site in forested hillslope and 137Cs (e) and 885 

210Pbex (f) at an erosional site in vineyard hillslope. 
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