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Abstract: The proper delineation of site-specific management zones is very important in the
agricultural land management of potentially degraded areas. There is a necessity for the development
of prospective tools in management plans to correctly understand the land degradation processes.
In order to accomplish this, we present a pedo-geomorphological approach using soil texture, land
elevation and flow vector aspects to distinguish different management zones and to discretize soil
micronutrients. To achieve this goal, we conducted the study in the Neyshabur plain, Northeast Iran.
For data collection, grid sampling (500 × 500 m) was used with 70 specific points. Soil samples were
collected in triplicates from various sites as composite samples (0–30 cm) to analyse clay, Zn, Mn, Cu
and Fe. Using the altitude information (obtained with GPS at each sampling point), flow vectors
were also modelled for all selected points. Based on the values of altitude, flow vectors and clay,
management zones were delimited using geographic information systems. The best data organization
was obtained from the combination of clay + elevation + flow vector attributes, generating two
different management zones. In this circumstance, the lowest fuzzy performance index (FPI) and
modified partition entropy (MPE) values were generated. It can be observed that the management
zone 1 (MZ1) is located in the areas with a lower elevation and higher content of clay. On the other
hand, the MZ2 was characterized by areas with a higher elevation and lower clay content. This study
concluded that the design of management zones, using pedo-geomorphological information could
reduce the time and cost of sampling necessary to assess potentially degraded areas of land.

Keywords: land management; K-means; fuzzy logic; site-specific management; pedo-geomorphology

1. Introduction

The sustainable management of natural and anthropised soils can significantly reduce degradation
processes such as GHG (greenhouse gas) emissions [1] or soil and water losses [2–4]. Nowadays,
recent studies include sustainable and correct land management practices to achieve land degradation
neutrality. In agricultural lands, some examples can be related to the use of mulches or vegetation
cover [5], the diminution of the use of herbicides and chemical amendments [6,7] and non-tillage
with heavy machinery [8,9]. On the other hand, in forestry or fluvial areas, the use of revegetation,
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reforestation or geotextiles are also successfully applied. However [10,11], the drastic decline in
yield or wood production and the increase in soil degradation processes can also be attributed to the
intensification of its cultivation or exploitation, as well as the imbalance in soil nutrient management
and physical properties [12,13].

It is unusual to assess soil degradation or delimitate land management zones via clay, Zn, Mn, Cu
and Fe. However, recent research conducted by [14] in India demonstrated that micronutrient deficiency
in intensively cultivated regions may be associated with a low organic availability and excessive
reliance on chemical fertilizers. In Northern Greece, [15] assessed Fe, Mn, Zn and Cu bioavailability
their correlation with foliar micronutrient concentrations in mature organic olive orchards, highlighting
the key role of organic matter to sustain metal uptake by olive trees. However, it is not common to
see clear examples showing how these data on micronutrients can be a basis for a land management
planning tool to achieve land degradation neutrality. Usually, other robust indicators such as cation
exchange capacity, base saturation, the content of soil organic matter, but in several cases, only a few
data about soil chemical properties such as micronutrients are analysed by organisms or stakeholders.
In rapidly developing countries such as Iran, fulfilling sustainable production requirements requires
the precise characterization of micronutrients in order to design effective agronomical, forest and urban
practices [16,17]. As several authors recently demonstrated, the inclusion of intensive agricultural
activities and pastures [18,19], as well as wildfires [20] are enhancing land use changes and modifying
the physicochemical properties of soil. Also, forestry areas are suffering from soil degradation affecting
soil organic carbon stores and biodiversity [21–23]. However, there is a lack of information about the
spatial distribution of soil degradation at the regional and sub-regional scales [24].

Knowing the soil micronutrient content is important for elaborating correct and suitable land
management plans [25,26], which are often not performed due to sampling costs and laboratory
analysis [27]. One strategy used to reduce sampling costs and laboratory analyses is the delimitation of
management areas, which could be an interesting tool to be included in plans to combat land degradation
and achieve neutrality [28,29]. The delimitation of these sub-regions aims to achieve differentiated
management focused mainly on correction and soil fertilization, considering the spatial variability of
the nutrients [30]. Management zones or site specific management (SSM) can be understood as a specific
sub-region where the combination of their factors is limiting to a production [31,32]. Its delimitation
favours the localized management of these factors, reducing costs with soil sampling. Thus, site specific
management (SSM) seeks to identify, analyze, and manage spatial and temporal variability within
fields in order to optimize profitability, sustainability and environmental protection [33]. For example,
in Brazil, other authors used this strategy to create ecological corridors [34] or aquatic environments
such as estuaries [35]. However, in soil science, this application remains a challenge due to the
correct utilization of soil attributes with a low variability over the time that allows us reaching a
successful delineation of management zones. Bottega et al., [36] insisted upon using the most consistent
soil attributes, the management zones will also be more stable over time. However, in all of these
delimitations, landforms cannot be obviated due to topographical changes, and flow vectors are able
to modify connectivity processes at the pedon and catchment scales [9,16]. In this way, the clear
relationship between soil texture attributes and micronutrients [37–39] and landforms [40] are already
known and have been extensively studied separately, but rarely combined.

The use of geospatial tools and multivariate analysis recently confirmed that soil properties and
landforms can also be used as soil quality [14,41,42] and process [43] indicators. The main reason
is that landforms and soil texture generally have low temporal variability [44], which makes them
potential candidates for delineating management zones [36].

Thus, the main aim of this research was to develop a potential tool to be used in land management
plans for delimiting management zones. To achieve this goal, we used soil texture, elevation and flow
vector attributes in the delimitation of management zones for the characterization and discretization of
soil micronutrients. We applied our research to Neyshabur plain, Northeast Iran. We hypothesize
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that this tool will allow us to design land management plans according to the real pedological status,
without misspending time and resources during the development.

2. Materials and Methods

2.1. Study Area Description

The work was conducted in Neyshabur plain, Northeast, Iran (Figure 1). It is placed at a
latitude from 35◦40′ N to 36◦40′ N and longitude from 58◦12′ E to 59◦31′ E with altitude 1256 m
a.s.l. The environmental conditions in the area are semi-arid with 233.7 mm and 14.5 ◦C is the annual
precipitation and temperature respectively [45]. Irrigated farming is the main strategy and the prime
land type is piedmont plain [46]. The irrigated farming and shortgrass rangeland are the important
land uses, and Aridisols consititute the main soil type in the Neyshabur plain. Soil degradation is also
a really important issue, as demonstrated by landscapes with plenty of rills, gullies and bare soils.
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Figure 1. Study area and sampling points.

2.2. Experimental Procedure

For data collection, grid sampling (500 × 500 m) was used with 70 points (Figure 2). Soil samples
were collected in triplicates from various sites as composite samples (0–30 cm). Five to six subsamples
of soil were combined to form the composite sample. By employing ArcGIS 10.4.1 (ESRI, USA) software,
a fishnet sampling model with 300 grids was formed for proper recognition of soil sampling sites to
observe the spatial variation of characteristics influencing soil health. A Global Positioning System
(GPS) was used to assess the sampling sites. The geographical points recorded using a handheld Garmin
eTrex®H GPS. All the samples were air-dried and passed through the 2 mm sieve for examination.
The clay (<0.002 mm) was evaluated by the hydrometer method [30]. Zn, Mn, Cu and Fe in the soil
samples were determined with the help of Atomic Absorption Spectrometer (AAS). The samples were
digested with aqua-regia (HNO3: HCl; 1:3) by following of [47]. The samples were filtered and diluted
with distilled water.

2.3. Statistical Analysis

Firstly, to analyze the linear correlation among variables, Pearson’s correlation was calculated
using the software Statistica, version 7 [48]. After that, the spatial dependence among soil properties
and topographical variables was evaluated using variogram adjustments, assuming the stationarity of
the intrinsic hypothesis, as defined in Equation (1).

ŷ(h) =
1

2N(h)

N(h)∑
i=1

[Z(xi) −Z(xi+h)]
2 (1)
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where ŷ(h) = semivariance as a function of the distance (h) between pairs of points. h = distance
between pairs of points, m. N (h) = number of experimental pairs of observations Z(xi) and Z(xi+h)
separated by a distance h.

Then, the linear model was tested as a variogram model with sill, Gaussian, spherical and
exponential models. The model that resulted in the smallest residual sum of squares (RSS) was chosen
to represent the theoretical variogram [49]. According to the results, the following parameters were
determined in our analysis: nugget effect (C0), sill (C0 + C) and range (A).

2.4. Soil Mapping Procedures and Management Zone (MZ) Delimitations

Elevation data were obtained using a GPS receiver. With the height, data the elevation map was
produced, through interpolation by kriging. From the grid of 70 sample points (500 × 500 m), a grid
with 50 × 50 m resolution was created, used in the interpolation of values. The interpolated grid
served as the basis for the mapping of flow vectors. In “one-grid”, vector maps with two components,
direction and magnitude, are automatically generated from a single grid by computing the gradient of
the surface. At any given grid node on the map, the arrow points in the direction of the steepest descent
(“downhill”). The direction of the arrow changes from the grid node to the grid node depending on
the topography surrounding the grid node. The magnitude of the arrow changes depending on the
steepness of the descent (Figure 2). The obtained thematic maps were performed using the software
Surfer, version 8 [50].
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Once the spatial dependence was obtained after analysing the variables, thematic maps of the
soil attributes were obtained by performing ordinary kriging. This interpolation method was selected
because it provides the best linear unbiased predictions (BLUP), the best in the sense of minimum
variance [49]. To estimate the values in non-sampled locations, the 16 closest neighbours were used
with a neighbourhood radius equal to the range value found in the variogram adjustment. The analysis
of the spatial variability was performed using the software GS+, version 9 [51]. The obtained thematic
maps were performed using the software Surfer, version 8 [50].

The generation of management zones (MZ) was performed using the software KrigMe developed
by [52]. The software uses the fuzzy k-means classification algorithm to delimit management zones.
The number of management zones that would allow us represent the best representation of our data
cluster was defined as a function of the fuzziness performance index (FPI), which estimates the degree
of separation of members into different classes, and the modified partition entropy (MPE), which
estimates the degree of disorganization created by the number of zones [53]. Final results show an
index range between 0 and 1, and the optimal number of management zones is obtained when both
indices are minimized [53].

The map of soil sampling points was superimposed on the map of management zones. Soil
sampling points were then organized according to the management zone they belong to, thus composing
the database used for statistical analysis. Sampling points very close to the limits of each management
area were not considered in the statistical analysis, seeking to reduce errors associated with the
characterization of each zone. The mean t-test (p < 0.05) was used to identify which soil micronutrients
the management zones were able to differentiate.

3. Results

The descriptive statistics of micronutrients are presented in Table 1. Among the analyzed
micronutrients, the mean values of Mn were found maximum followed by Zn, Fe and Cu. Zn content
showing the highest coefficient of variation, meanwhile a lower coefficient of variation was recorded
for Cu.

Table 1. Soil micronutrients descriptive statistics.

Micronutrients
(mg/kg) Mean Minimum Maximum Variance Std. Dev. Coeff. Var. (%)

Fe 2.31 1.24 4.22 0.46 0.68 29.39
Mn 7.17 1.64 21.06 15.76 3.97 55.37
Zn 2.75 0.20 13.94 13.90 3.73 135.34
Cu 1.17 0.72 1.94 0.08 0.28 24.35

Table 2 presents the parameters of the theoretical semivariogram adjustments in relation to
the empirical semivariance of the attributes. Only the Mn attribute showed no spatial variability
(pure nugget effect). The pure nugget effect, according to [54], indicates that the variability was
not explained or the variation was not detected, which may occur due to measurement or sampling
errors, or undetected micro-variation. For the other attributes, the adjusted models were Gaussian
(for elevation) and spherical (clay, Cu and Fe). The Gaussian model and the spherical model
represent high and low spatial continuity, respectively. The main cause of the spatial variability of
the micronutrients may be associated with was to variation in soil parent material, rainfall and soil
management [55].
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Table 2. Theoretical semivariogram parameters and cross-validation analysis for modelling the spatial
dependence of the elevation and soil attribute.

Attributes
Geostatistical Parameters

Model a (2) C0 + C (3) C0
(4) RSS (5) R2 (6)

Elev.(1) Gaussian 4320 575.30 28 5167 0.99
Clay Spherical 6510 54.37 6 29 0.99
Cu Spherical 4220 0.062 0.013 4.1E−4 0.78
Fe Spherical 5310 0.52 0.05 3.1E−3 0.98
Zn Gaussian 6080 4.06 0.10 1.43 0.91
Mn ———————————Pure Nugget Effect ———————————

Cross-Validation Parameters

Regression Coefficient Y (7) SEP (8) R2

Elev. 1.03 −31.30 1.69 0.99
Clay 1.01 −0.25 3.68 0.62
Cu 0.96 0.05 0.16 0.52
Fe 0.91 0.20 0.45 0.48
Zn 0.77 0.25 0.83 0.37

(1) Elevation (m); (2) Range (m); (3) Sill; (4) Nugget effect; (5) Residual sum of squares; (6) Coefficient of determination;
(7) Intercept; (8) Standard error of prediction.

The results of the Pearson correlation analysis are presented in Figure 3. A positive and significant
relationship between elevation and the attributes of flow vector, Fe and Zn were observed. The negative
correlation of clay was observed with Cu. The flow vector showed a negative correlation with clay
and Cu, while a positive correlation existed with Zn. Clay and Zn presented a significant negative
correlation. A positive and significant correlation was observed between Mn and Cu.
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3.1. Soil Micronutrient and Clay Mapping

Figure 4 shows the thematic maps of clay, Cu, Fe, Zn and Mn. Visually it is possible to detect an
inverse relationship between the clay, Fe and Zn maps, that is, where the clay content is lower, the
concentrations of these micronutrients are higher. The inverse relationship is observed between the
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clay and Cu maps. The highest clay contents are located in the places where the flow vectors tend to
intercept, a fact expected since the movement of water tends to carry particles of clay.
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Figure 4. Thematic maps of clays (a), Cu (b), Fe (c), Zn (d) and Mn (e). The Mn did not present
spatial dependence by the adjustment of variograms, in this way it is not possible to estimate values in
non-sampled places, for this reason, the map was not made.

3.2. Management Zone Delimitations

Considering the relationship between the elevation, clay and flow vector attributes with the
micronutrients, the management zones were delimited in two scenarios: (1) management zone from
the combination between clay + elevation + flow vector, and (2) clay + elevation. The best data
organization was obtained when using the clay + elevation + flow vector attributes, generating two
management zones. In this scenario, the lowest FPI and MPE values were obtained (Figure 5).

Figure 6 shows the map of management zones delimited from the combination of clay, elevation
and flow vector. The grouping of the attributes in two areas was the one that presented better
organization of the data. It can be observed that the management zone 1 (MZ1) is located in the regions
with a lower elevation and higher content of clay.
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(FPI) and Modified Partition Entropy (MPE), obtained from the combination between clay + elevation +

flow vector.

Table 3 presents the means test for the average values of micronutrient contents that characterize
each of the management areas. The use of the clay, elevation and flow vector attributes in the
delimitation of homogeneous sub-regions was able to differentiate the mean micronutrients Fe, Zn
and Cu. The mean Mn contents did not present any statistical difference when compared according
to the management zones. This fact can be explained by the non-detection of the spatial variability
(Pure Nugget Effect) of this micronutrient, which suggests a uniform distribution of this micronutrient
throughout the study area.

Shukla et al. [14] studied the spatial variability of soil micronutrients in the intensively cultivated
Trans-Gangetic Plains of India. The authors concluded that the distribution maps developed for
the micronutrients could be the primary guide for region-specific micronutrient management and
designing future soil sampling strategies in the intensively cultivated.

In this scenario, the generation of clear and separated management zones will make much
easier to target soil sampling campaigns, which is the key answer to spend money and resources.
The delimitation of management areas proposed in this study reduces the cost of sampling since the
delimited areas were able to differentiate the micronutrient contents (Table 3). Of the attributes used in
the delimitation of the management zones, only the determination of the clay content presents cost,
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however, this attribute does not differentiate its values over time, requiring no new sampling and cost
with analysis. The elevation is obtained with a GPS receiver and the data from the flow vectors, from
the elevation values, thereby reducing the cost of the process.

Table 3. Student’s t-test for mean values of micronutrients present in management zone 1(MZ1) and
2 (MZ2).

Micronutrients
Mean Mean Std.Dev. Std.Dev.

t-Value p
MZ 1 MZ 2 MZ 1 MZ 2

Fe 2.15 2.84 0.624 0.667 −2.37 0.029 *
Mn 7.58 5.73 2.519 1.932 1.84 0.081
Zn 1.46 5.31 2.244 5.022 −2.21 0.039 *
Cu 1.23 1.01 0.217 0.204 2.25 0.037 *

* significant at p < 0.05.

4. Discussion

In order to define management zones for developing effective plans to achieve land degradation
neutrality, it is necessary to use efficient techniques to accurately measure the variations within the field
in the soil properties and geomorphological factors [56]. The use of a sampling grid for soil sampling is
the most traditional sampling method used in fertility management strategies; however, this technique
is expensive and intensive labour is required because it needs a large number of samples to accurately
represent the existing variability. In this context, its use as a factor to differentiate heterogeneous zones
in the production field, seeking the accomplishment of a localized treatment, becomes impracticable.
It is widely-known that land degradation processes are uneven distributed and difficult to find similar
responses even at smaller scales [13,16,19].

To reduce the cost of sampling without losing precision in the delimitation of management
zones, an alternative is the use of attributes that have a strong correlation with those of agronomic
or forestry interest. In addition, it is desirable that these attributes be of rapid acquisition and low
cost of sampling. The establishment of management zones can be done by mapping soil chemical
attributes [57], measuring the leaf chlorophyll content [58], crop productivity [43,59], and by mapping
the apparent electrical conductivity of the soil [60]. All of these topics considered very relevant to
combat land degradation [61,62]. However, nowadays, our whole study lacks important data that
might further explain the spatial patterns of micronutrients we have encountered. Actually, there is
no sufficient information about substrate layers which also control nutrient availability, neither no
information about anthropogenic influences like fertilizing or past land-use changes, etc. Undoubtedly,
this information would be helpful for greater precision in our interpretation or development of the
methodology for future work in this area, or in other ones. Therefore, the next step is clearly related to
the obtention of new information about these key questions at least.

In the current study, the use of attributes that correlate directly and indirectly with soil
micronutrients (Fe, Mn, Zn and Cu) was evaluated and the accuracy of its use in the delimitation of
management areas was tested. The results showed that the use of elevation attributes, flow vectors and
clay content have the potential to delimit zones capable of differentiating Fe, Zn and Cu micronutrients
(Table 3). The clay content is directly related to soil micronutrients. Studies conducted by [63] have
shown that particle size fractions had a strong influence on the distribution of total and available
micronutrients (Zn, Cu, Mn, Fe), these micronutrients are higher in the fine fractions than in the coarse
fraction. Micronutrient cations in soil from inorganic pools are held primarily on exchange sites and
within lattice structure of silicate and hydrous oxides. The relationship of clay content with Fe and Cu
was reported by [64] in their studies on agricultural soils of Northeastern Iran. Usually, the content of
micronutrients is found higher in the clay soils [65].

The positive and significant correlation of micronutrients with clay suggested that these nutrients
mainly reside in the clay fraction of these soils [34]. The elevation and values of flow vectors, a direct
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relation between them and with the clay content and, consequently, indirect with the micronutrients
of the soil. Due to these relationships, it was possible to delimit the management areas. The relation
between elevation and clay content is explained by the transport of particles caused by the movement
of water in the soil, causing the deposition of particles in lower places [66,67]. Therefore, if different
extreme erosive events occur along the studied catchment, possibly, the clay content because of the soil
erosion processes could vary, meaning an important change of the obtained results. Clay particles
used to be the easiest elements to be mobilized due to water, tillage or wind erosion [68–70]. So, we
would recommend that this kind of study, using land management zones with soil particle distribution
as a key factor, should also be contrasted with soil erosion measures.

The flow vectors represent the direction of water displacement on the surface of the terrain, from
the highest elevation sites to the lowest elevation sites, correlating with elevation and clay content.
In this way, the use of tools to assess the connectivity processes could also be really helpful in order to
add new information and make comparable our obtained results with other studies under different
environmental conditions [71,72]. Moreover, we consider that this would make our study more
interesting because the method would report extra information related to changes during different
seasons, which would add more applicability and repeatability for other study areas [73,74]. This point
cannot be obviated since the planification at medium-long term is a key issue to be considered for the
Sustainable Development Goals of the United Nations [75,76].

Land degradation is a negative response of the Iranian territories because some collectives prefer
obtaining the resources at a short-medium term without considering irreversible dynamics such as soil
erosion, pollution or loss of biodiversity [77,78]. To resolve this, we presented a pedo-geomorphological
approach to distinguish different management zones and discretize soil micronutrients in order to fill
the gaps in land degradation neutrality plans, which should be designed in Iran and used as soon as
possible. After finishing this research, we want to highlight that a proper delineation of site-specific
management zones should be considered in Iranian agricultural and forest land management strategies
affected by potential or real degraded areas, which are tasks traditionally related to the soil geographers,
biogeographers and geomorphologists [79,80]. However, now we state that there is a necessity for
the development of prospective tools in management plans to correctly achieve land degradation
neutrality coinciding with other authors [29,65], but always involving the whole scientific community,
stakeholders and policymakers [81,82]. Land degradation is a big concern for the whole of humankind
and neutrality.

5. Conclusions

The delimitation of spatial soil property maps for nutrient management is an effective strategy for
precision agriculture but also to increase our knowledge about land degradation areas using specific
factors. Management zones using pedo-geomorphological factors were defined in this research on
the basis of elevation values (m), clay content (%) and flow vectors, allowing the differentiation of the
mean micronutrient Fe, Zn, Mn and Cu contents present in the studied region. Moreover, the use
of management zones reduces the cost of laboratory analyses to quantify the micronutrient contents
present in the soil due to the reduction of the number of samples, which could allow the integration
of this tool in countries where policymakers and stakeholders intend to achieve land degradation
neutrality with few economic resources.
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