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a b s t r a c t

Golestan, a province in the North-East of Iran, is characterized by high coverage of loess deposits. Since
1963, the area has experienced approximately 200,000 ha deforestation due to land-use changes in
agriculture and increasing demand for wood. Approximately, 110,000 ha of the clear-cut lands are under
dry-farming, mainly for wheat cropping, and about 86,000 ha have been reforested. This IAEA funded
project is the first attempt to use nuclear techniques in the East of Hircanian Forest for determination of
on-site impacts of deforestation due to two land-use changes (i.e. dry farming and reforestation).
Practicing long-term dry-farming led to 60% soil losses with a mean rate of 2 mm per year. The net
erosion rate of croplands on loess deposits in the study area was 32.27 t ha�1 yr�1. Reforestation,
cultivation of even-aged Cypress trees since 1993, showed 13 to 60 percent effectiveness in soil con-
servation. Dry-farming land use resulted in the loss of 95 t ha�1 soil organic carbon (SOC) stock at a mean
rate of 1.7 t ha�1 over 54 years. Cultivating Cypress trees successfully restored the SOC content by 100%
compared with the SOC in original forests. The conversion of dry-farming lands to orchards of olive trees
since 2004, brought more income for farmers but were less effective in soil conservation because of low
canopy cover of olive trees. Our data provide key information and guidance for land users and decision-
makers about implementing strategic and sustainable conservation practices to restore degraded land.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Land-use changes such as clear-cutting of forests hasten soil
degradation (erosion) in catchment areas worldwide (Gharibreza
et al., 2013a, 2013b, , 2013c). Deforestation is known as one of the
most unsustainable land-use changes that lead to awide range of on-
site and off-site negative impacts. These include soil and nutrient
losses, increased emission of greenhouse gases (GHGs), loss of
biodiversity, loss of habitats, migration of animals, and increased in-
cidents of the landslide, debris flow, and floods which are well
recognized on-site impacts of deforestation. Besides, increasing of
, gharibreza@scwmri.ac.ir

g Center on Erosion and Sedimenta
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sediment transport and sedimentation in reservoirs, wetlands, lakes,
shoaling of coastal sedimentaryenvironments, severe eutrophication
and pollution of water and sediment resources, climate change and
socio-economic impacts are the main results among off-site impacts
(Mohamed Abd Elbasit et al., 2013; FAO, 2015, p. 253; Indarto, 2016;
TejaswiandMutaqin,2007,p.49;Gharibreza&Ashraf, 2014).Besides,
the short and long-term socio-economic effects of deforestation
affected incomes which were dependent on the forest.

Land development projects, agriculture, mining, logging, ur-
banization and rural settlements, cattle ranching, transport, power
plants, commercial oil palmplantations, and utilization ofwood fuel
are knownas themaindriving forces fordeforestation (Kaimowitz&
Angelsen, 1998, p. 153; Gharibreza& Ashraf, 2014; Gharibreza et al.,
2013a, 2013b, b). Burning and clear-cutting are the most common
destructive methods that have been applied during deforestation
tion and China Water and Power Press. Production and Hosting by Elsevier B.V. This
censes/by-nc-nd/4.0/).
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over the last decades. Alternative methods such as strip, shelter-
wood, and selective cutting were also used for wood harvesting
around theworld.On theotherhand, silvicultural systemshavebeen
used for reforestation of cleared cut lands for industrial wood
demands.

These systems reflect the type of forest structure remaining after
the initial harvest. Two classes of silvicultural systems can be recog-
nized; even-aged and uneven-aged. Even-aged systems generally
create standswhere the trees are approximately the same age or one
age class. However, sometimes, even-aged systems can result in two
distinctageclassesof treeswhensomeolder treesare left behindafter
harvesting. Clear cutting, seed tree, and shelterwood are generally
considered to be even-aged silvicultural systems. Uneven-aged sys-
tems, on the contrary, aimat creatingormaintaining, by the selection,
stands to consist of trees with several distinct age classes.

Degradation of the forest by converting forest land to dry-farming
and silvicultural systems is common in Iran but their on-site impacts
on soil redistribution are still unknown. The effects of these types of
land use on soil redistribution rates were evaluated in this study.

Evaluation of empirical, conventional, and nuclear-based
methods (Evans et al., 2017; IAEA, 1998) has resulted in the appli-
cation of the nuclear technique of 137Cs to estimate soil redistribu-
tion rates on deforestation-induced land uses in the study area.
Therefore, the Technical Cooperation (TC) project between Iran and
the International Atomic Energy Agency (IAEA), IRA 5013 was
established to find out the effects of deforestation and afforestation
on soil erosion in theNorth of Iran using fallout radionuclides (FRNs)
techniques. The study method was supervised by the IAEA experts.

Cesium-137 (137Cs) is afissionproduct and atomic bomb-derived
radioisotope that has a half-life of 30.02 years and emits gamma rays
with an energy of 661.6 keV (Poreba, 2006). This radionuclide was
first used byYamagata et al. (1963) andRogowski andTamura (1970)
to estimate the rates of soil erosion. Analytical methods andmodels
for estimating soil erosion using 137Cs have remarkably improved
over the last four decades. Ritchie (2007) reported that scientific
publications on the 137Cs technique started in 1961 and reached its
maximum number in 1999. Newmodels for estimating soil erosion
have also been introduced by Robbins (1978), IAEA (1995, 1998),
Rogowski and Tamura (1970), Walling and Quine (1990), Walling
and He (1999), Walling et al. (1999), Zapata and Agudo (2000), and
Poreba (2006). Mabit et al. (2008) have evaluated different models
andnoted the advantages and limitations of using 137Cs and 210Pb for
assessing soil erosion. Therefore, 137Cs and 210Pb-based techniques
can be applied both quickly and efficiently to estimate soil loss and
redeposition. A PC-compatible software package by Walling et al.
(1999) contains improved models, based on several empirical and
theoretical approaches that are applicable to both cultivated and
non-cultivated areas. The package includes the Proportional Model,
the Mass Balance I, II, and III Models, the Profile Distribution Model,
and the Diffusion andMigration, Models. Specific requirements are,
however, needed in applying the models for the underlying as-
sumptions, descriptions, and representation of temporal variation
(Walling et al., 1999).

The objective of this research was to determine the soil redis-
tribution pattern induced by deforestation along the representative
transects of the dry-farming and afforested lands in the Golestan
Province of Iran using the 137Cs technique.

2. Materials and methods

2.1. The study area

The Hircanian Forests (HF) are located along the South of the
Caspian Sea, in theNorth of Iran. Their distribution along the northern
slopes of theAlborzMountains, covers ca.1.85million hectares in Iran.
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The HF includes an important refugium of temperate broad-leaved
trees. The HF stretch across a large area that comprises the three
provinces of Guilan, Mazandaran, and Golestan (Fig. 1). Golestan
Provincehasapproximately452,000haof forest coverage, fromwhich
66% are productive, 18% are conserved, and 16% are degraded. A rapid
increase in the humanpopulation associatedwith the developmentof
wood industries led to extensive deforestation and a decline in
coverage of HF between 1942 and 2005. Between 1976 and 1991,
deforestation throughwood harvesting occurred at amean rate of 2.3
million m3 per year. Afterward, this deforestation rate decreased to
300,000 m3 per year; while since 1981, approximately 75,527 ha of
cleared cut areas have been reforested.

The study area has a semi-humid climate with a mean tem-
perature of 16.4 �C and annual precipitation between 700 and
1000 mm which mainly occurs in October and sometimes in July.

2.2. Site selection and sampling

A sampling strategy is a critical step for the success of the 137Cs
method in soil erosion and sedimentation studies (Fulajtar, 2017, p.
63). In this study, based on the research objectives and distribution
of specific land-use changes across the Golestan province, an accu-
rate sampling design was established. Field observations showed
that the hillslopes located between 150m and 500m elevations and
with a slope lower than 30% have been experiencing maximum
deforestation over the last decades. The deforestation affected
mainly the loess areas of Golestan Province. Loess is a sedimentary
deposit composed largely of silt-size grains that are loosely
cemented by calcium carbonate. Such deposits cover older geolog-
ical formations and rockunitswithdifferent thicknesses in the study
area. Muhs (2007) reported that the loess deposits have been
deposited during the Quaternary interglacialeglacial cycles. There-
fore, the development of loess deposits in the Golestan Province in
the eastern part of the Caspian Sea (CS) is correlated with sea-level
variation periods and with the availability of a huge amount of
silty and sandy sediments, eventually redistributed as aeolian sed-
iments layers (loess). Kakroodi et al. (2012) recognized five CS level
cycles after 3260 cal yr BP. Therefore, two major periods of cooling
phases occurred, including the 2600e2300 cal yr BP high stand and
the Little Ice Age, which had a strong impact on the CS water level
(Gharibreza et al., 2018). Such cooling ages provided a suitable
environment for aeolianmechanisms to accumulate loess at the toe
of the Eastern AlborzMountain range. This idea has been supported
by a newly published work (Rahimzadeh et al., 2019) on the for-
mation of aeolian deposits in the Eastern Caspian Sea. Sedimento-
logical and dating information has stressed on the accumulation of
loess and fossil dunes in the Early Holocene, probably following the
so-called Mangyshlak regression. High erodibility of loess deposits
especially in China has been proved by some authors (Yan et al.,
2018; Mohamed Abd Elbasit, 2013) using conventional models.
Therefore, another strategy of sampling in the present study was to
estimate deforestation-induced erosion rates on loess deposits in
the North-East of Iran.

The comprehensive field observations across the Golestan
province resulted in the selection of five representative transects
(Fig. 1). Site selection was conducted based on different land-use
changes across the study area. Intensive deforestation and con-
verting of the forest to dry-farming started in 1963 (Act 41, 1962) by
relaxing the law for the nationalization of forests and sharing land
with laborers and new farmers. Driving forces such as willingness
to create new land ownership, agriculture, cattle ranching, and new
demands for wood by industries have facilitated the deforestation.

A sampling strategy was designated to find out the proper
reference sites inwestern and easternparts of the Golestanprovince
to estimate variations in the 137Cs radioisotope inventory.



Fig. 1. Location of the study areas and profiles of sampled transects in representative sites of Golestan Province, Iran: a) Eastward Dry-farming transect, Azadshahr, b) Westward
Dry-farming transect, c) Reforested by Cypress, Olive trees and Dry-farming transect Azadshahr, d) Dry-farming transect, Galikesh, and e) Reforested by even-aged Cypress trees,
Galikesh.
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Accordingly, two reference sites in the Kuhmian and Galikesh
watershed were identified with the cooperation of an IAEA expert
(IAEA, 1998) in August 2017. Both the reference sites are located in
conservative parts of the watershed where original forests are pro-
tected by the Forest, Rangelands, and Watershed Management Or-
ganization of Iran. The Galikesh reference site was located 1.3 km
fromthe studysite at anelevationof 728m, in theoriginal forest. The
Kuhmian reference site was located 1.1 km from the study site at an
elevation of 420 m, in the original forest. A sampling of reference
sites was carried out and 24 bulk samples and two incremental
depth samples were collected. A scraper plate with a cutting edge
and having a rectangular metal frame (surface area ¼ 1292.71 cm2)
served to collect 2 sectioned cores samples (one for each site) at 2-
cm intervals at a total depth of 30 cm. Both the Kuhmian and
395
Galikesh watersheds included conservative and trading forests and
deforested-induced land uses that gave opportunities to the project
team to find out appropriate locations for reference sites and sam-
pling transects.

Sampling strategy for such studies (IAEA,1998) implies selecting
the nearest location to the reference sites where a variety of sam-
pling patterns could be implemented. Conducting sampling pat-
terns with the catchment scale was not applicable because of the
extensive sub-catchments and limitations in the number of sample
analyses. Therefore, a transect approach was followed for sampling
along hillslopes with representative land uses.

Accordingly, three of the transects were chosen to represent the
effect of converting forest to dry-farming lands in two separate
watersheds in the western and eastern parts of the Golestan
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Province (Sites Azadshahr and Galikesh, Table 1 and Fig. 1). Two
representative transects of dry-farming lands, located at the Kuh-
mian Watershed and west of Azadshahr (AZ) city, where clear-
cutting of original forest focused on hilly and loess formations,
between 150 m and 400 m elevations (Fig. 1). These sites have a
uniform slope (22%), Southeast and Southwest aspect, and 340 m
and 635 m 168 in length, respectively (Fig. 1 c, d).

In the case of transect “e” (Fig. 1), the presence of hedges (made
by bushes and wood bunches) between the different farm owners
represents a discontinuity along the slope, which was considered in
the sampling activity. Therefore, the Southeast direction dry-
farming land use was selected in such hillslopes with four farms
to identify soil redistribution patterns.

Sampling in the study area consisted of 93 bulk samples
collected along the five transects (Table 1 and Fig. 1). In this case, a
handy core sampler of 11-cm diameter was used to a depth of
25 cm. Also, single samples frommoved sediment at the catchment
outlet (where deposition occurred) were collected to gain infor-
mation on the particle size factor. In total, 21 and 24 samples were
collected with about 20 m intervals from the Azadshahr westward
and eastward dry-farming transects, respectively.

The third dry-farming land use transect with 1000 m length
(Fig. 1 d) was located in the Galikesh Watershed, eastern Golestan
Province. This transect has similar topographic conditions and
cropping systems as compared to the transects of the Azadshahr
city (Fig. 1a and b). Accordingly, 21 samples, 25 cm deep, were
collected along this transect approximately 50 m from each other.

On the other hand, reforestation of converted forest lands was
another land-use change in the study area. Cultivation of Cypress
trees using an even-aged method was envisaged by the environ-
mental Act71 (1992) in the Golestan Province in 1993. This law
settled by the Parliament of the Islamic Republic of Iran aimed to
perform appropriate practices to preserve natural resources.
Therefore, two transects were chosen to explore the effectiveness of
silvicultural practices in decreasing soil erosion in the study area.
Transects with 500 m and 350 m length (Fig. 1 b, e), represent the
implementation of even-aged silvicultural systems located near to
dry-farming landsatAzadshahrandGalikesh, respectively.19 and10
samples were collected from the Azadshahr (Fig. 1 c) and Galikesh
silvicultural (Fig. 1 e) transects with intervals of 25 m and 37 m,
respectively. Therefore, 19 and 10 samples were collected from the
Azadshahr andGalikesh silvicultural transectswith intervals of 25m
and 37m, respectively. The vicinity of transects provides conditions
to compare the rate of soil erosion in different land uses.
2.3. Sample preparation and analysis

The soil samples were oven-dried at 105 �C and ground using
mortar. Then, the sampleswere homogenized, weighed, and sieved.
Portions finer than 2 mm were packed in special containers
weighing 250 g. The 137Cs activity was measured using a well-
calibrated gamma-spectrometry based on high-purity germanium
(HPGe) detectors in the laboratories of the Nuclear Science & Tech-
nology Research Institute (NSTRI), in Iran. The gamma-spectrometer
model EGPC 80-200-R, (EURISYS MESURES) detector at NSTRI has a
Table 1
Characteristics of the representative transects in the study area.

No. Sample number Slope % Transect length (m) Aspect

Transect a 23 22 580 East
Transect b 21 22 350 West
Transect c 19 22 480 Northw
Transect d 20 20 1000 Northw
Transect e 10 20 380 Northe
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relative efficiencyof 80% and fullwidth at halfmaximum(FWHM)of
2.5 keV for 60Co gamma-energy line at 1332 keV. The gamma-
spectrometer was calibrated using multi-nuclides standard (POLA-
TOMMIXSOURCE) solutions dispersed in soil homogeneously in the
same sampleedetector geometry (250 g Marinelli beaker). The
lower limit of detection depends on efficiency, FWHM, and counting
time, and thus, it differs from sample to sample. The IAEA reference
materials were used for quality control of the gamma-detector.

A total of 119 samples were analyzed for finding out grain size
distribution and bulk density values. The distribution of course and
fine particle size portions was estimated using the ASTM 422 stan-
dard and the ASTM D7928 methods, respectively. Besides, to esti-
mate the land degradation induced by deforestation, the total soil
organic carbon (SOC) was measured using the Walkley and Black
(1934) method. The soil organic carbon stock (SOCs) was esti-
mated with the formula proposed by Hiederer and Martin (2011):

SOCs¼ SOCc� BD�
�
1� VS

100

�
� LD� 102 (1)

where:
SOCS: the total amount of soil organic carbon to a given depth (t

ha-1).
SOCC: soil organic carbon content for given depth (%)
BD: dry bulk density (kg m�3).
VS: volume of stones (%)
LD: depth of soil layer (m).

2.4. The conversion model to estimate soil redistribution rates from
137Cs measurements

Some conversion models able to convert 137Cs loss (or gain) into
values of soil erosion (or deposition) are available in the literature
(Walling et al., 2007). Considering the type of land-use changes and
the current cultivation along the representative transects, the Mass
Balance Model 2 (MBM2) was an appropriate choice (Walling et al.,
2014). This model considers both the temporal variation in 137Cs
fallout input and the initial distribution of fresh fallout on the
surface soil. In addition, transects with dry-farming land use have
been plowed for more than 50 years, while two other selected
transects have been plowed at least for 30 years before afforesta-
tion. The equation for the MBM2 can be written following the form
proposed by Walling and He (1999 a, b):

AðtÞ¼Aðt0Þ e
�
ðt

t0

ðPR=Dþ lÞ dt0

þ
ðt

t0

ð1�GÞIðt0Þ e�ðPR=DþlÞ ðt�t0Þdt0

(2)

where:

R ¼ erosion rate (kg m�2 yr�1);
D ¼ cumulative mass depth representing the average plow
depth (kg m�2);
Land uses Area

Dry-farming Azadshahr
Dry-farming Azadshahr

est Even-aged Cypress trees, Olive trees and Dry-farming Azadshahr
est Dry-farming Galikesh
ast Even-aged Cypress trees Galikesh
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l ¼ decay constant for 137Cs (yr�1);
I(t’) ¼ annual 137Cs or 210Pbex deposition flux (Bq m�2 yr�1);

G ¼ percentage of the freshly deposited 137Cs fallout removed by
erosion before being mixed into the plow layer;
P ¼ particle size correction factor;
t0 (yr.) ¼ year when cultivation started;
A(t0) (Bq m�2) ¼ 137Cs inventory at t0.

If A(t) is greater than the local reference inventory Aref, at a
sampling point, deposition may be assumed. In this case, the mean
soil deposition rateR0 can be calculated from the followingequation:

R0 ¼

ðt
t0
R0Cdðt0Þe�lðt�t0Þdt0

ð
S

RdS

PP0
ðt
t0
dt0

ð
S

�
Iðt0Þg

�
1� e�R=H

�.
Rþ Aðt0Þ

.
D
�
dS

(3)

where:

His the relaxation mass depth of the initial fallout input;
Cd(t0) reflects the radionuclide content of sediment mobilized
from all the eroding areas that converge on the aggrading point.
Generally, Cd(t0) can be assumed to be represented by the
weighted mean 137Cs activity of the sediment mobilized from
the upslope contributing area S (m2);
P0 is a furtherparticle sizecorrection factor reflectingdifferences in
grain size composition between mobilized and deposited sedi-
ment; g is the proportion of the annual fallout susceptible to
removal by erosion before incorporation into the soil profile by
tillage. According to field observations, a tillage depth of
D¼ 0.25mhas been assumed. The following valueswere used for
theother inputparameters:H¼4,g¼1 (basedon the relationship
between the timing of cultivation and the rainfall regime), and
Table 2
Physical properties of representative transects in the study area.

Study area Bulk Density (kg m�3) SOC (%)

Transect a (n ¼ 23)
Average 1494.6 1.24
STDEV 163 0.45
CV 11 36
Transect b (n ¼ 21)
Average 1431.7 1.32
STDEV 119.28 0.25
CV 8 19
Transect c (n ¼ 19)
Average 1385.37 2.32
STDEV 125 0.73
CV 9 32
Transect d (n ¼ 20)
Average 1429 2.2
STDEV 112 0.6
CV 8 30
Transect e (n ¼ 10)
Average 1355 3.58
STDEV 96 0.83
CV 7 23
Reference Site1-Azadshahr (n ¼ 12)
Average 1400.8 3.7
STDEV 92 0.53
CV 6.6 25
Reference Site2-Galikesh (n ¼ 12)
Average 1307 3.57
STDEV 101 1.1
CV 7 30

a Silty-Clayey Loam.
b Silty Loam.
c Silty Clay.
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calculatedvaluesof theP factorbasedonparticle sizeanalyses.The
PC-compatible Excel Add-in, developed by Walling et al. (2007)
was used to apply the model described above.

3. Results and discussion

3.1. Soil physical properties and organic matter

Particle size analyses confirmed the research hypothesis that the
conversion of forest to dry-farming and silvicultural operations has
led to an increase in erosion of loess deposits (see Table 2).

Soils with silty texture are the majority in the study area - up to
65% on average. In addition, at reference sites and dry-farming
transects, the clay content is between 30 and 40 percent (Fig. 2 a, b).

According to Smalley and Smalley (1983), loess layers had
generally unimodal, well-sorted, leptokurtic, and negatively-
skewed particle-size population. The present research supports
dominating palaeoclimate events in the study area and the
consequent development of paleosols on the basis of granulometric
results. The data showed a significant correlation to unimodal,
well-sorted, and clayey loess deposits. This composition pointed to
climate change andmeteoric diagenesis bywhich loamification and
soil formation on the loess developed. All evidence points out a
very high sensitivity of altered loess and paleosols to soil erosion,
especially when degraded by deforestation.

3.2. 3.2.137Cs inventories at the reference sites

The 137Cs depth distribution of the two sectioned cores collected
from the two reference sites (one for each location), showed an
exponential decline with depth (Fig. 3 a, b). The shape of these
profiles confirmed that 70e80% of the 137Cs inventory were present
in the top 12 cm. The 137Cs inventory gained in the reference sites of
Azahshahr and Galikesh was 3849 Bq m�2 and 4062 Bq m�2,
Clay (%) Silt (%) Sand (%) Texture

35.67 59.63 4.67 Si - C - La

4.97 4.12 4.57
14 7 98

33.76 60.67 5.57 Si - C - L
2.43 3.31 3.76
7 5 68

31.37 61.37 7.26 Si - C - L
2.71 2.61 3.35
9 4 46

33.14 60.24 6.62 Si - C - L
2.03 2.81 3.25
6 5 49

30.10 67.6 2.3 Si-Lb

Si - C - L5.86 4.5 4.69
19 7 200

40.38 56.62 2.09 SeCc

Si - C - L7.7 4.61 0.83
19 8 40

29 64.5 6.5 Si-L
Si - C - L3.5 6.6 4.25

11 0.1 11



Fig. 2. Particle size distribution along the incremental samples collected in the references sites of a) Azadshahr, b) Galikesh.

Figs. 3. 137Cs depth distribution from the sectioned cores collected at two reference sites, a) Galikesh, b) Azadshahr.

M. Gharibreza, M. Zaman, P. Porto et al. International Soil and Water Conservation Research 8 (2020) 393e405

398



M. Gharibreza, M. Zaman, P. Porto et al. International Soil and Water Conservation Research 8 (2020) 393e405
respectively. A very low difference (ca. 10%) between the 137Cs in-
ventory of the two reference sites, testifies a similar distribution of
the 137Cs fallout in the study area. A recent work by Tagami et al.
(2019), assessing the geographical distribution of the 137Cs in-
ventory in India and other areaswith similar latitude and longitude,
reports 137Cs inventories of ca 4000 Bq m�2 and confirms the reli-
ability of the reference values found in our study areas.
3.3. 137Cs inventories within the study area

The 137Cs inventory along the representative transects by dis-
tance from the top of the hillslope is represented in Fig. 4, together
with the measured distances from the top hill. More specifically,
the 137Cs measurements in the two characterized dry-farming land
uses at Azadshahr area (Fig. 4 a and b), represented the mean 137Cs
inventory of ca. 1421.77 Bq m�2 with single values ranging from
271.2 Bq m�2 to 2896.4 Bq m�2 with a CV about ca. 60%.

Further, theGalikesh representative dry-farming landuse transect
showed the mean value of the 137Cs inventory of ca. 1600.91 Bq m�2

with single values ranging from833.6 Bqm�2 to 2340.4 Bqm�2 and a
Figs. 4. 137Cs inventory variation along the transects related to the dry-farming land use of
Reforested by Cypress and Olive trees transect Azadshahr, d) Dry-farming transect, Galikes
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CV equal to ca. 31%. As mentioned in Table 1, the Azadshahr repre-
sentative mixed land use transect consists of cultivation of Cypress
trees under even-aged silviculture, cultivation of olive trees, and dry-
farming section.Under these landuses, themean137Cs inventory is ca.
1703.04 Bq m�2 with single values ranging from 401.26 Bq m�2 to
5608.95 Bqm�2 and a CV equal to ca. 71% (Fig. 4 c). There are not any
convex and concave forms along these transects and variation in 137Cs
inventory represents a redistribution pattern. Further, the 137Cs in-
ventory along the Galikesh silviculture land use transect represented
an approximately 3544.31 Bq m�2 with single values ranging from
1119.7 Bqm�2 to 8265.45 Bqm�2 and a CV equal to ca. 65% (Fig. 4 e).
Variations of 137Cs inventory in single points of samples in both
disturbed and undisturbed forest areas can be expected because of
differences in canopy covers and ages of trees. All single inventory
values in both sites of the dry-farming land are lower than the cor-
responding reference value.

The soil redistribution trend shown in Fig. 4 provides useful in-
formation for farmers and decision-makers to understand which
part of the farmneeds to bemodified for soil and nutrient resources.

Variability on the ground and land use (see Fig. 1) have caused
(a) Eastward Dry-farming transects, Azadshahr, b) Westward Dry-farming transect, c)
h) and e) Reforested by even-aged Cypress trees in Galikesh.



Table 3
Soil loss and net erosion along the representative transects.

Transects Soil loss (%) Net Erosion (t ha�1 y�1)

Transect a (n ¼ 23)
Average 60.24 35.86
Max 92.95 81.25
Min 24.75 7.63
Transect b (n ¼ 21)
Average 64.28 34.87
Max 90.78 68.68
Min 28.16 8.66
Transect c (n ¼ 19)
Average 55.75 31.7
Max 89.57 71.9
Min 45.75b 11.6a

Transect d (n ¼ 20)
Average 60.59 29.19
Max 79.47 48.39
Min 42.38 15.8
Transect e (n ¼ 10)
Average 12.74 10.01
Max 72.43 39.8
Min 102b 20.9a

a Soil Accumulation.
b Deposition.
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variations in the trend of the 137Cs single inventory along the hill-
slope (Fig. 4). Correlation between the 137Cs single values and dis-
tance from the hilltop of the Azadshahr westward transect of dry-
land farming (Fig. 4 b), using the Mann-Kendall test showed a cor-
relation coefficient of 0.733 which is significant at the 0.01 level.
Dividing hillslopes to small farms is themost common feature in the
study area. Therefore, the Azadshahr eastward dry-farming transect
was selected along such a hillslope where it has been divided into
four farms by stakeholders. Accordingly, there is no significant cor-
relationbetween the 137Cs and thedistance fromthehilltop (Fig. 4 a).
Instead, statistics of each four sections point to meaningful corre-
lations. For instance, at the first farm (0e163 m), the correlation
coefficient of 0.667 was gained which is significant at the 0.05 level.
The second farm (163e363 m), the correlation coefficient of 0.714
which is significant at the 0.05 level was obtained. Similarly, there
are two consecutive farms along the third dry-farming transect at
the Galikesh area (Fig. 4 d). Correlation between the 137Cs single
values and distance from the hilltop at the first section (0e640m) of
transect “d” using the Mann-Kendall test showed a correlation co-
efficient of 0.538,which is significant at the 0.01 level. The statistical
test showed no significant correlation between 137Cs value and the
distance from the top of the hill from 640 m onward.

The multiple land use along the Azadshahr transect (Fig. 4 c)
resulted in a low correlation between the 137Cs inventory and the
distance from the hilltop. There are two unexpected downward
decreases in the 137Cs inventory of silviculture even-aged Cypress
trees. Meanwhile, the correlation coefficient of 0.905 was obtained
which is significant at the 0.01 level for this section. The Mann-
Kendall test showed a correlation coefficient of 1.000 which is sig-
nificant at the0.01 level forolive trees that points to a realdownward
increasing in the 137Cs values because of soil redistribution.

Clear variability between the 137Cs sing values and distance from
the hilltop was observed in the Galikesh silviculture transect (Fig. 4
e), which points to unexpected correlation. This transect is located
beneath the dry-farming land - some portions of eroded soil moved
to the first 100mof this transect and this caused an increase in 137Cs
inventory.As a result, thefirst 100mof the transect enrichedby137Cs
in comparison with the local reference value, while the rest of the
transect shows a downward increase of inventory because of soil
redistribution.

3.4. Estimating erosion and deposition rates at the sampling points

Asmentioned above, the rates of soil loss or deposition associated
with the individual sampling points in comparison with the local
reference value, have been obtained using the Mass Balance Model II
(Eq. (2) and Eq. (3)). The overall results showed that soil erosion was
the dominant process compared with the deposition along the hill-
sides since the beginning of 137Cs fallout in the mid-1950s. The land-
use history of the study area (Bobek, 2005) documents that exten-
sive deforestation has occurred before the maximum radionuclide
fallout (1954e1963). This activity reflects the lower values of 137Cs
inventory in the study areas if compared with the corresponding
referencevalues.Therefore, the trendof soil erosionand theamountof
soil and nutrients losses can be considered as the main indicators of
anthropogenic activities and susceptibility of loess deposits to land
degradation.

Maximum, minimum and mean values of soil erosion rates
along the AZ-East direction transect were 81.25, 7.63 and
35.86 t ha�1 yr�1 (Table 3; transect a) respectively, while the similar
values for the AZ-West direction transect were calculated to be
69.68, 8.66 and 34.87 t ha�1 yr�1, respectively (Table 3; transect b).
The maximum, minimum and mean values of soil erosion rates
along the Galikesh-Northwest direction transect were 48.4, 15.8,
and 29.19 t ha�1 yr�1 (Table 3; transect d). Besides, the hillslope
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under silviculture and horticulture practices in the Azadshahr area
shows a mean value of erosion rate equals to 31.7 t ha�1 yr�1, with
single values ranging from 71.9 t ha�1 yr�1 (erosion) to 11.6 t ha�1

yr�1 (deposition) (Table 3; transect c). Such situations in the Gali-
kesh area indicate a net erosion rate of 10.01 t ha�1 yr�1 with single
values ranging from 39.8 t ha�1 yr�1 (erosion) to 20.9 t ha�1 yr�1

(deposition) (Table 3, transect e).
The net erosion rate of dry-farming lands of the East and West of

Golestan Province was calculated to be 35.86 t ha�1 yr�1 and
29.19 t ha�1 yr�1, respectively (Table 3; transects a, b). Therefore, the
mean rate of soil erosion of the whole province for loess soil type is
32.27 tha�1 yr�1, onaverage.Results pointedout that ca.160.6kgm�2

(orca.10.97cm)andca.150.6kgm�2 (orca.10.29cm)of soilhavebeen
eroded from the AZ-Westward and the AZ-Eastward transects,
respectively. Resultantdatahasbeenobtainedbasedonthemeanrate
of soil loss along the Azadshahr transects (64.24% and 60.24%), the
meanbulkdensityof 1463kgm�3, and the tillagedepthof 250kgm�2

(or ca. 25 cm). Considering the elapsed time of 54 years between
deforestation and the present research, soil erosion along these
transects has occurred with the rate of 2 mm yr�1 and 1.9 mm yr�1,
respectively.

Results suggest 151.47 kg m�2 (or ca. 10.59 cm) of soil eroded
from dry-farming land use (transect d). Similarly, these data were
calculated based on the mean rate of soil loss along the Galikesh
transect (60.59%), the mean bulk density of 1429 kg m�3, and the
tillage depth of 250 kg m�2 (or ca. 25 cm). Therefore, a long-term
rate of soil erosion of 1.96 mm yr�1 has been obtained along this
transect by considering the elapsed time (54 years) between
deforestation and the present research.

Soil loss based on the amount of the reduction in 137Cs inventory
from the silvicultural, horticultural, and dry-farming parts of the
Azadshahr mixed land use transect (c) was calculated to be 52.8%,
58.62%, and 61.67%, respectively. In such a situation, these sections
erodedby themean rate of 1.8mmyr�1,1,8mmyr�1, and2.1mmyr�1,
respectively. Although the upper part of this transect has experienced
the dry-farming land use for about 30 years, the silvicultural practice
using even-aged Cypress trees resulted in 15% effectiveness in soil
conservation since 1993. Similarly, the cultivation of olive trees in the
second section (z150 m) of the transect, caused - since 2004 - a 5%
soil loss in comparison to the remaining dry-farming land use.

In general, afforestation of dry-farming land inGalikesh results in a
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highereffectiveness insoilerosioncontrol (ca. 34%)ascompared to the
adjacent dry-farming land (Table 3; transect e). A long-term volu-
metric soil lossof ca. 31.85kgm�2 (orca.2.38cm)witha rateof0.4mm
yr�1 has been recorded along this transect. This rate was obtained
using key resultant data of soil loss (12.74%), the mean bulk density
(1355 kg m�3), and the tillage depth of 250 kg m�2 (or ca. 25 cm).

In Fig. 5, the trend of soil redistribution along the transects are
presented. The severe soil erosionoccurring in theupperpart (z25%
of transect b), covered with dry-farming land use, is considerably
higher than the rest of the transect. Interpretation of satellite images
(Sentinel-2A, 10 m resolution) and comprehensive field observa-
tions documented very low fertility of such farms because of soil and
nutrients loss and confirms the above assumption. On the contrary,
the annual range of soil erosion along the rest of transect “b” doc-
uments value lower than 20 t ha�1.

Intensive soil erosion in the upper section of the transect with
silvicultural and horticultural practices was also observed (Fig. 5, c).
Thedivisionof the slope into sectionswithdifferent landuse seems to
beuseful in reducing soil erosion. In each section, theupper part has a
Fig. 5. Trends in soil redistribution along the transects (a) Eastward Dry-farming transects, A
transect Azadshahr, d) Dry-farming transect, Galikesh) and e) Reforested by even-aged Cyp
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high erosion rate and the lower part has a much lower erosion rate.
Preventing soil erosion and collection of eroded soils under

silvicultural practices (with rates of 10e20 t ha�1 yr�1) is the
dominant process in the Galikesh transect (Fig. 5, e), even if severe
soil erosion (up to 40 t ha�1 yr�1) can be observed in the middle of
the transect e. It is difficult to explain such a situation, but it is
certainly related to the complex land-use history as a result of a
general alternation of clear-cutting and long-term dry-farming
before cultivation (Fig. 5, e).
3.5. Relations between soil erosion and soil organic carbon losses

The rates of soil loss provided by the 137Cs techniquemust be seen
as the first important step to point out some of the on-site effects
caused by soil erosion. In this respect, loss of nutrients can be
considered one of the most important consequences of land degra-
dation that can be observed after land-use changes. FAO and IPCC
(FAO, 2017; IPPC, 2019) have emphasized negative trends in land
conditions, caused by direct or indirect human-induced processes
zadshahr, b) Westward Dry-farming transect, c) Reforested by Cypress and Olive trees
ress trees in Galikesh.
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including anthropogenic activities and climate change, expressed as a
long-term reduction or loss of at least one of the following aspects:
biological productivity, ecological integrity or value to humans. In
forested areas, these aspects can be evaluated if the information on
soilorganic carbon isavailable.Normally, soil carbon is in steady-state
equilibrium in the natural forest, but as soon as deforestation (or
afforestation) occurs, the equilibriumwill be affected.

Accordingly, the present study highlights the aspects of land
degradation in terms of loss of soil organic carbon (SOC) followed by
the conversion from forest to dry-farming land use.Measurements of
SOC allowed to explore the existing relation between loss of SOC and
soil erosion andprovided useful information on the status of soil after
a change in land use. Azadshahr and Galikesh reference sites pre-
sented SOC values of 3.57 ± 1.1% and 465 3.7 ± 0.53%, respectively.
According to the bulk density values (1400 kgm�3 and 1300 kgm�3),
Fig. 6. Correlation between the rate of soil and nutrient loss along the transects (a) Eastward
Cypress and Olive trees transect Azadshahr, d) Dry-farming transect, Galikesh) and e) Refo
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sample thickness (30 cm), and coarse grains content (2% and 6.5%) of
the reference samples, the carbon stock was calculated to be ca
147 t ha�1 and 135 t ha�1 for original forests of the study area. The
Azadshahr and Galikesh dry-farming transects (Fig. 6 a, b, d) pre-
sented SOC values of 1.24± 0.45% and 1.32 ± 0.25%, and 2.02± 0.62%,
respectively, on average. Clear cutting of forest to develop dry-
farming lands have contributed mainly to a carbon stock loss of ca.
93.55 tha�1, 93.83 tha�1 inAzadshahr transects andca. 54.14 tha�1 in
the Galikesh transect over the last five decades. Afforestation,
particularly on degraded soils with low organic matter contents, can
be an important way to mitigate this impact by long-term carbon
sequestration both in biomass and in soil (FAO, 2017). In the Golestan
Province, for example, silvicultural practices through the cultivation
of Cypress trees since 1993 in highly eroded parts of the hillside have
resulted in the restoration of SOC content by up to 100% effectiveness
Dry-farming transects, Azadshahr, b) Westward Dry-farming transect, c) Reforested by
rested by even-aged Cypress trees in Galikesh.
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in comparison to the adjacent dry-farming lands. Accordingly, this
practice has increased the SOC content from 1.4% to 2.82% which
corresponds to a carbon stock restored from53.28 t ha�1 to 114 t ha�1.

The present study has highlighted the remarkable effectiveness
of silvicultural practices in the Galikesh area (Fig. 6 e), where the
carbon stock increased to 143 t ha�1 by 5% in comparison to the SOC
stock of the corresponding reference site (135 t ha�1).

In this respect, it is important to note the clear relation between
rates of soil erosion and loss of SOC content under dry-farming land
use and silvicultural areas (Fig. 6). In transects a, b and d, the high
value of R2 coefficients (R2 z 0.81, R2 z 0.70, and R2 z 0.58) (Fig. 6
a, b, d) show a significant correlation between soil erosion and SOC
loss along the representative transects under dry-farming land use.
This is likely due to plowing and the consequent decomposition
and oxidation of soil organic matter as compared to the original
forest where the soil remained undisturbed. Besides, in the dry-
farming lands, a very small amount of biomass is left in the fields
after harvesting. In addition, a high R2 coefficient (R2 z 0.69) was
also found between the SOC amount and 137Cs inventory in the
afforested dry-farming in the Galikesh area. These data stressed the
high affinity of 137Cs with SOC content and clay particles showing a
similar long-term fate (Fig. 7). Similar to the soil loss trend, an
expected downward decline in the rate of nutrient loss was found
along all the studied transects.
4. Discussion

The new findings of the present research can be compared with
the results of similar studies carried out in Golestan Province and
around the world. Erodibility of loess deposits in the Golestan Prov-
ince has been studied by several authors (see Hosseinalizadeh et al.,
2018; Najafinejad et al., 2018; Jafari et al., 2015; Hosseinalizadeh
et al., 2018; and; Khormali & Ajami, 2011). A specific contribution
bySeyed-Alipouretal. (2014)has reportedratesof soil erosion in loess
deposits using the 137Cs technique. These authors document a mean
rate of soil loss equal to 10.78 t ha�1 yr�1 that is lower than those
obtained in our study. However, because of the different sampling
strategyadopted (basedonrandomsampleswithout a specific trend),
the reported rate is not comparable with the present research in
Fig. 7. Correlation between rate of soil and nutrient loss along
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method and assumption. The mean rate of soil erosion for loess de-
posits of the Golestan Province was estimated by Hosseinalizadeh
et al., 2018 using the WEPP model. He reported rates of soil loss
equal to 27.26 t ha�1 yr�1 and 37.11 t ha�1 yr�1 for a buffer strip with
andwithoutvegetationalongthehillsides,which is coherentwithour
results. A recent study by Poręba et al. (2019) documents rates of soil
erosion in loess deposits of Poland using radionuclides (137Cs and
210Pb). In that case, a similar approach to that used in our study has
beenemployedand themeansoil erosion rates of 33.5 t ha�1 yr�1 and
21.8 t ha�1 yr�1 have been calculated using Mass Balance I and II,
respectively. The loess deposits in Poland have been exposed to
agriculturebecauseof deforestationandare coherentwithour results
in terms of geomorphic context and range of soil loss. Another pre-
vious work aimed at estimating soil erosion on loess deposits using
the 137Cs technique has been carried out by Pennockl et al. (1995) in
Canada. Their results remarkably stressed the high sensitivity of the
loess deposits to erosion with rates of soil loss ranging between
20 t ha�1 yr�1 and 40 t ha�1 yr�1.

Additional contributions aimed at characterizing loess deposits of
theGolestanProvincehave alsobeenprovidedbyAyoubi et al. (2011);
Jafari Honar et al. (2015); Khormali and Ajami (2011); Khormali et al.
(2009);Kiani et al. (2007) in termsof effectsofdeforestation, land-use
changes and soil erosion features on soil properties. Specifically,
Ayoubi et al. (2011) stated thatdeforestation-inducedcroplands led to
a decrease in SOM by 71.5% over the last five decades. On the other
hand, this work highlighted the effectiveness of horticultural and
silvicultural practices through the cultivation of olive trees and Cy-
press trees, which restored the SOM by about 49% and 72%, respec-
tively. The overall results provided by Ayoubi et al. (2011) are in good
agreement with the findings of the present research, in which forest
clearing followedby thecultivationof the loesshill slopesresulted ina
general decline of the soil quality attributes (SOC content) over 54
years with a rate of soil loss equal to 93 t ha�1 in Azadshahr transects
and 54.14 t ha�1 in the Galikesh area. Similar information on soil
properties of deforestation-induced croplands in the Golestan Prov-
ince is reported byKhormali et al. (2009). These authors document an
increase of silt particle size up to 65%, and a general decrease of the
SOC content and clay particle size to 1% and 21%, respectively. These
results compare very well with the findings obtained in our study in
the dry-farming land use, Azadshahr-West slope direction.
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terms of the method applied (usage of transect approach), topo-
graphical conditions (similar slope), driving forces, and emphasize
the negative effect of deforestation.

5. Conclusions

Soil redistribution following the conversion of original forests to
croplands and croplands to reforested lands in the East of the Hir-
canian Forest has been estimated, for the first time in Iran, using the
137Cs technique supervised by the IAEA. The research assumption
was tested and the study objectives were achieved successfully. The
research points to almost 110,000 ha of hilly lands, ranging in
elevation from 100 m to 500 m, having experienced deforestation,
dating back to the 1960s when maximum fallout of radionuclides
has been received in original forests. Therefore, the elapsed time of
54 yearswas assumedbetween theperiodofmaximumclear cutting
(1963) and the date of sampling (2017). Agriculture, cattle ranching,
and a variety of wood demands are the major driving forces of
deforestation on loess deposits in the North East of Iran, which sped
up soil and nutrients resources loss. Previous studies around the
world suggested the mean rate of soil erosion using radioisotopes
(137Cs and 210Pb) inducing through deforestation on loess deposits
ranges from ca 20 t ha�1 yr�1 to 40 t ha�1 yr�1. The highest impacts
on land degradation appeared on the converted original forest to
dry-farming lands. Present research concludes that loess hilly slopes
in theGolestan Province, North-East of Iran have been eroded by the
mean rate of 32.27 t ha�1 yr�1 over the last five decades. Under such
conditions, soil and nutrient losses account for ca. 25 cm of super-
ficial soil with a rate of z2 mm yr�1. Also, resultant data demon-
strated the loss of ca 93 t ha�1 of the carbon stock from croplands
over 54 years in comparison to theoriginalHircanian Forest. Further,
the present study has highlighted the effectiveness of soil conser-
vationpractices implemented since 1993 and 2004 (for olive groves)
and has led to a successful decrease in soil erosion and nutrient loss.
Cultivation of even-aged Cypress trees seems to be one of the best
silvicultural methods for reducing soil erosion. Accordingly, results
suggest a decline of soil loss from 16% to 60% in comparison with
adjacent dry-farming lands, and up to 100% efficiency in the resto-
ration of carbon stock in comparison with the original Hircanian
Forests. Although the cultivation of olive trees documented the
effectiveness of only 13% (because of its low canopy cover) in soil
erosion control, it has produced a general increase (ca. five times) in
the annual income of farmers. The research outcomes have recom-
mended the application of radioisotope techniques as a reliable
method in measuring some of the on-site impacts of deforestation
and specific landuses especially on loess deposits. The present study
has contributed greatly to highlighting the sensitivity of soil erosion
in suchanecologically important regionof Iranandhasprovidedkey
information for Iranian and international decision-makers to fulfill
soil conservation practices.
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