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Abstract.

The use of management zones (MZ) to subdivide agricultural areas based on the variability of
yield potential and production factors is increasingly being explored by scientific research and
demanded by farmers. However, there is still much uncertainty about which layers of information
and procedures should be adopted for this purpose. Thus, our goal was to demonstrate whether
simplistic approaches to creating MZ can satisfactorily address the variability of yield potential
and soil classes. For such, we used a 109-ha grain-producing field, which harvests two crops a
year. We used yield maps, soil taxonomic classification, grid soil sampling, and electromagnetic
induction sensing to explore the MZ strategy. We did not observe any major similarities among
the information layers used or among the management zones obtained. However, when
integrating all data available (20 layers), the subdivision of the area was consistent with the
existing variability. This demonstrates the importance of choosing the information layers and, at
the same time, how the return with this technique is still dependent on the technical knowledge of
)z:he users. Thus, there is still a long way to go before the MZ approach is safe and profitable for
armers.

Keywords.
Soil survey, soil sensing, pedometric, yield monitor

The authors are solely responsible for the content of this paper, which is not a refereed publication. Citation of this work should state
that it is from the Proceedings of the 16th International Conference on Precision Agriculture. EXAMPLE: Last Name, A. B. & Coauthor,
C. D. (2024). Title of paper. In Proceedings of the 16th International Conference on Precision Agriculture (unpaginated, online).
Monticello, IL: International Society of Precision Agriculture.




Introduction

Agricultural areas are not uniform, and even in small portions of a field, there are differences in
production factors that can result in heterogeneous crop development and, consequently, demand
for localized treatments. This site-specific management, respecting the spatial variability
observed within the fields, is the focus of precision agriculture. Thus, it is a consensus today that
agricultural exploration needs to consider crops' spatial and temporal variability to be sustainable
and profitable and have a diminished environmental impact (Gebbers & Adamchuk, 2010). In this
sense, it is mandatory to identify the variability of agricultural soils since much of the management
carried out in crops depends on this knowledge, such as soil preparation, choice of cultivars,
fertilization, irrigation, crop rotation, and population rate, among others.

Several approaches have been developed to identify spatial and temporal variability in fields. The
proposal for evaluating and managing crops through “management zones” has become popular
among them. In its original definition, a management zone (M2) is a field's sub-region expressing
a relatively homogeneous combination of production-limiting factors for which a single input rate
or specific crop management is appropriate (Doerge, 2000). This approach divides the crop field
into smaller homogeneous units that can be managed individually, making localized management
more feasible since detailed and periodic investigation of variability would no longer be required
regularly.

As the MZ concept was proposed by the practitioners that initiated precision agriculture, the
information layers generally used for this delineation are those that are routinely available in areas
applying PA techniques, like information on soil properties in the superficial soil layer (usually 0-
0.2 m, sometimes more profound, but generally in the region of interest for fertilizer
recommendations), proximal soil sensing data, such as soil apparent electrical conductivity
(Peralta & Costa, 2013; Nawar et al., 2017), as they provide information in higher density than
sampling and, ideally, historical crop yield maps (Khosla et al., 2008). However, this MZ
delineation approach often does not integrate the various production factors present in the field,
which can reduce the return on adopting precision agriculture techniques.

The MZ delineation aims to subdivide the agricultural fields, but it is often unclear what each
zone's limiting factors and yield potential are. On the other hand, the pedological survey is based
on the evaluation of soil horizons, mainly in the subsurface (between 1 and 2 m), seeking to
classify the soil according to its natural characteristics, which refers to the dynamics of water and
solutes that occur in it; thus, allowing inferences about its productive potential under different
climate and cultivation situations in a holistic way. Thus, pedological mapping uses all the
specialist's knowledge to divide the areas based on natural soil variations and standardized
characterization of each soil type's characteristics, potentials, and limitations. As a result, despite
the different conceptual issues, both approaches aim to express the variability of agricultural
areas, which leads us to seek a relationship between the MZ technique (which focuses on data
collected with high sampling density and often easy to obtain and focus on the surface layer of
the soil) and pedology (which focuses on the soil as a whole and also addresses issues related
to the subsurface).

This study aimed to verify whether simplistic approaches to creating management zones can
satisfactorily address the variability of yield potential and soils in agricultural areas. Thus, in this
study, we demonstrate that soil chemical fertility zones and zones generated from
electromagnetic induction sensors have a limited relationship with the historical grain yield.
Furthermore, we use a detailed pedological map as a reference, demonstrating the importance
of integrating the expertise areas (pedology and PA) for a correct understanding of variability at
the field level and its yield potential for the sustainable adoption of precision agriculture.
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Material and Methods

The study site consists of a 109 ha grain-producing area, subdivided into ten fields (Fig. 1), located
in the interior of the state of Sdo Paulo, Brazil. The region's climate is humid subtropical with dry
winter and hot summer (Cwb - Koppen), with an average annual rainfall of 1,300-1,600 mm and
an average temperature of 20-22°C.

The area is cultivated in a succession of crops, that is, two crops are grown throughout the year,
one being considered the first crop (main harvest), which is sown at the beginning of the rainy
season, usually between October and December; the second crop is sown immediately after the
harvest of the first crop, seeking to take advantage of the residual soil moisture or the last rains
before the beginning of the dry season of the year, usually between February and April. In this
study, we used data from three years, i.e., six harvests. As the first crop, soybean was grown in
all three years; as second crop, sorghum was cultivated in the 2021 and 2023 seasons, while
oats were cropped in the 2022 harvest (Table 1).

Table 1. Sowing and harvesting time of crops used in the study.

Crop Growth season Sowing date Harvesting date
Soybean 20/21 Late November 2020 Middle March 2021
Sorghum 2021 Early April 2021 Early August 2021
Soybean 21/22 Late November 2021 Late March 2022

Oat 2022 Late April 2022 Middle September 2022
Soybean 22/23 Early November 2022 Late March 2023
Sorghum 2023 Early April 2023 Early September 2023

The crop was harvested in all seasons with a yield monitor installed on a harvester. The monitor
components were checked before harvesting, and the amount of grain harvested was reported to
the monitor after finishing the study site harvest to obtain the calibration factor, converting all
datasets to a realistic grain yield basis. Even with monitor calibration, evaluating the whole dataset
and removing unrealistic data is essential; thus, the raw data were subjected to a step of removal
of outliers and inliers (Maldaner et al., 2022).

We performed dense soil sampling for surface characterization of soil chemical fertility and texture
(Fig. 1). We collected one composite sample every 40 meters, resulting in a sampling density of
six samples per hectare, totaling 656 composite samples. Each sample comprised six
subsamples collected within a five-meter radius of the central point and a collection depth of 0-
0.2 m, using an automated drill installed on an ATV. In this work, we sought to infer the chemical
variability of the soil as a whole and, therefore, we determined in a commercial laboratory (Raij et
al., 2001) the following attributes: pH and hydrogen plus aluminum (H+Al), comprising soil acidity
parameters; cation exchange capacity (CEC) and organic matter (OM), attributes related to the
soil's ability to store nutrients; and, regarding the amount of nutrients available to plants, we used
the sum of bases (SB) and the isolated contents of available phosphorus (P) and potassium (K).
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Fig 1. Experimental area, showing the ten fields (A) and the distribution of the soil sampling points and clay content map
(B).

An electromagnetic induction sensor was also used to quantify soil variability within the study site
(EM38-MK2, Geonics). The sensor was driven within the area, collecting data every second (~5
m) along the pass, with passes spaced every 15 m. This sensor records two types of signals:
apparent electrical conductivity (ECa) and magnetic susceptibility (MSa). ECa is already widely
used in PA (Corwin & Lesch, 2005; Moral et al., 2010), having great potential to indicate soil
variability, influenced mainly by soil texture (Sanches et al., 2022). MSa is less explored in PA
studies, but there are also reports regarding its feasibility to assist in mapping soil attributes
(Ramos et al., 2021) and texture differentiation, mainly because MS is highly influenced by soil
mineralogy (Shirzaditabar & Heck, 2022). In addition, as the EMI sensor has two coils that induce
the electromagnetic current, measurements can be obtained at two depths; thus, here, we work
with measurement depths up to 0.37 m and up to 0.75 m.

All the data mentioned above, i.e., grain yield of the different crop seasons, soil attributes obtained
through sampling, and EMI sensor data, were interpolated to obtain continuous maps. For this
purpose, we used the gstat package available in the R environment (Pebesma, 2004). We
performed the variographic modeling according to the recommendations of Oliver and Webster
(2014), interpolating values every five meters through ordinary kriging in 30 x 30 m blocks. This
block size was defined as being a multiple of the EMI sensor pass (15 m) and close to the width
of the harvester platform (9.2 m), with a focus on reducing the “noise” present in high-density data
sets, but also maintaining this configuration for the soil sampling data to follow the same pattern
and ensure correct data colocalization.

Pedological survey was carried out at a detailed level following the methodology proposed by
Santos et al. (1995) (Fig. 2A). For this purpose, a synthetic image of bare soil (SySI — Fig. 2B),
which represents a direct measurement of soil reflectance on the surface, was obtained using the
procedure proposed by Dematté et al. (2018). SySl allows inferences about soil color, texture,
and moisture, among other factors. In addition, a digital elevation model (DEM) with a resolution
of 12.5 m was obtained from the ALASKA platform (https://www.asf.alaska.edu/) of the PALSAR
sensor (Fig. 2D). With the support of the DEM and SySI, sampling points were allocated by the
responsible pedologist according to the toposequence method. The soil surveys were carried out
at depths of 0-0.2 m, 0.4-0.6 m, and 0.8-1.0 m, followed by physical and chemical analyses of the
soil. The sampling points were classified according to the methodology adapted from Santos et
al. (2018). These sampling points show the location of occurrence of each soil class in the area,
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and the boundaries between the classes of these soils in the landscape were delimited according
to the DEM and SySlI, obtaining a detailed soil map (scale of 1:20,000). The soils found in the
study site were Red Latosol with a very clayey texture (LV1) and Red Latosol with a clayey texture
(LV2), both classified as Oxysols by the Soil Taxonomy, and Haplic Gleysol with a clayey texture
(GX — Entisol).

We implemented different approaches to subdivide the area into management zones for
exploratory purposes. They consisted of:

1) Creation of soil chemical fertility zones (SFZ) based on grid sampling performed at the surface
(0-0.2 m) since most precision agriculture users have adopted the concept of management zones
for fertilizer recommendation purposes (Kerry et al., 2024).

2) An approach in which EMI sensor data were grouped (EMI) since most MZ research uses this
type of data as the primary information on soil variability (Moral et al., 2010; Serrano et al., 2020).
We clustered the four sensor outputs (ECa and MSa at two depths) since we identified slight
variations between the maps (Fig. 3), and we wanted the clustering result to be unaffected by the
choice of one layer or another.

3) An approach that encompasses all the data available in the survey (from now on referred to as
the Integrative Terrain Approach — ILA), i.e., the six yield maps and their standard deviation map
(further explained), the fertility maps (except P), the four EMI sensor outputs and, in addition,
trying to emulate the layers used by the pedologist, we also added the altitude of the area (DEM)
and the bare soil image. In this case, we converted the visible color space of the SySI image
(RGB) to the HSI space (hue-saturation-intensity space), using the saturation information, also
called color purity, to represent the bare soil variability within the study site (Fig. 2C).

Fig 2. Soil taxonomic classes (A), RGB bare soil image (SySlI - B), saturation from HIS space for bare soil image (C), and
area elevation (D).
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Fig 3. Soil Electromagnetic Induction Sensing (EMI): apparent electrical conductivity (ECa) and magnetic susceptibility
(MSa) in two depths (1 — up to 0.37 m; 2 — up to 0.75 m).

Furthermore, the yield maps were standardized so that the average of each harvest represented
100%, allowing us to identify where the yield was below or above the average (Suszek et al.,
2011). We also averaged these standardized maps. These mean values were extracted for the
coordinates of the soil sampling points to calculate the yield variance reduction (Ping &
Dobermann, 2003) to evaluate the different MZ scenarios in terms of within-MZ yield
homogeneity.

To delineate the MZs using the different approaches, we used the methodology proposed by
Cordoba et al. (2016). It consists of applying fuzzy c-means cluster analysis to the spatial principal
components (PCs) acquired by multivariate spatial principal components analysis (MULTISPATI-
PCA) (Dray et al., 2008) applied to the selected layers. The number of PCs used in the cluster
analysis was defined based on the total explained variance, and we adopted a minimum value of
80%. The cluster analysis was applied to 2, 3, 4, and 5 groups (zones), adopting a fuzziness
weighting value equal to 1.3 and the Euclidean distance to express the distance between the
observations and the centroids of the groups. We obtained the clustering indices FPI (fuzziness
performance index) and MPE (modified partition entropy) to indicate the best number of MZ, while
the lower their values, ranging from 0 to 1, the better the cluster quality. Finally, we applied the
median filter (Gonzalez & Woods, 2008) to the MZ maps to make the zones more continuous and
less fragmented.

Results and Discussion

It was not possible to identify a clear pattern of variability in soybean yield (first crop) among the
harvests (Fig. 4A). However, the crops sown as second crop (sorghum and oats) presented some
spatial characteristics in common: it is possible to note a region with high production in the center
of the area for the three harvests (field 4), in addition to reduced sorghum production in the
northern half of the area (fields 1, 2 and 3). The average standardized yield and standard deviation
express these patterns (Fig. 4B-C).

MULTISPATI-PCA resulted in different numbers of PCs to explain at least 80% of the total
variance of the data in the different MZ input layer scenarios (Table 2). This variation occurs
mainly due to the number of input layers and the correlation among them, i.e., the greater the
number of variables and the smaller the relationship between them, the greater the number of
PCs required for the cluster analysis. In addition, one issue regarding this choice of the number
of PCs is the threshold of the explained variance, which can significantly alter the final result. We
used the 80% cutoff point, but if we had used 70%, as in some other papers (Gavioli et al., 2016;
Miranda et al., 2021), the zoning results could be different. This shows another source of variation
in the MZ design strategy.

We performed the MZ delineation based on the yield maps (Fig 5A). However, when analyzing
the result of the number of zones indicated by the cluster quality indices (Fig. 5B), only two zones
would be indicated to subdivide the study area. However, evaluating the series of yield maps and
the spatial variation among the crop seasons, the area subdivision did not reliably represent some
crop patterns, especially the higher productivity in the Field 4 surroundings. In addition, the soil
map (Fig. 2A), corroborated by the bare soil image (Fig. 2B), showed an area with Gleysol, which
would need to be identified when subdividing the area into MZ, since this soil is quite distinct from
the Latosols also present in the area. Therefore, we explored other methods to create these grain
yield zones, aiming to contemplate the variability present in the area better.
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Fig 4. Grain yield maps of the six crop seasons (A), average standardized yield (B), and standard deviation of the
standardized yield of the six harvests (C).

Table 2. Explained variance (V) and the total explained variance (Vacu), in %, of the spatial principal components (PCs)
applied to the different scenarios and the number of PCs adopted to reach at least 80% (N).

YZ-1 YZ-2 YZ-3 SFZ EMI ILA

P T Ve V. Vs V. Vs V. Ve V. Ve V. Vs
1 5 56 49 49 56 56 63 63 95 95 53 53
2 15 7 16 65 44 100 26 89 15 68
3 12 8 13 77 9 76
4 9 86 6 82
N 3 4 2 2 1 4

YZ-1: yield maps; YZ-2: yield maps + standard deviation; YZ-3: average standardized yield + standard deviation; soil fertility maps
(SFZ); EMI sensing (EMI); and the integrative landscape approach (ILA).

Thus, we explored three ways of delimiting yield zones: 1) grouping the maps of the six crop
seasons (initial approach - YZ-1); 2) grouping the six crop seasons and adding a layer of the
standard deviation of the standardized yield, seeking to express the temporal stability of grain
yield (YZ-2); and 3) creating a layer of average standardized yield and, together with the standard
deviation layer, grouping the productivity zones (YZ-3). However, evaluating the clustering indices
and the reduction of the yield variance (VR) (Fig. 5), it is noted that there is no clear pattern, and
the cluster indices even contradict the results of the VR. This result may have been impacted by
the fact that we have three crops in the area, grown in two seasons of the year, which can respond
differently to the production factors present and climatic conditions occurring during the growth
season. This shows that subdividing agricultural areas into smaller zones remains a challenge
despite numerous studies outlining protocols and guidelines for such MZ creation (Guastaferro et
al., 2010; Coérdoba et al.,, 2016; Javadi et al., 2022). Therefore, we will address the
representativeness of the different layers and approaches for MZ delineation in a more subjective
and exploratory way.
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Fig 5. Yield zones created through three approaches (YZ-1: yield maps; YZ-2: yield maps + standard deviation; YZ-3:
average standardized yield + standard deviation for two to four zones (A), cluster quality indices (MPE and FPI) (B), and
variance reduction (VR %) of yield data for one to five zones (C).

The grain yield variability throughout the growth seasons (Fig. 4) and the yield zones obtained
with the different approaches (Fig. 5) did not present explicit agreement with the soil maps
(pedological classification — 2A; soil color — 2B; electromagnetic induction — Fig. 3; and fertility
maps — Fig. 6A). Some points to consider when comparing the yield zones with the soil
information: 1) Although Gleysol is morphologically distinct from Latosols and, therefore, has a
different yield potential and distinct management demand, the yield zones were not able to identify
such soil class; 2) regions with high levels of soil fertility in the surface layer (Fig. 6A) should
supposedly be more productive, but this trend was not observed in the study area; 3) regions with
high ECa tend to have higher yield potential since it indicates more clayey soil with greater water
retention capacity, but this was also not observed. In a way, this relatively low level of agreement
between the yield and soil maps is expected since crop productivity depends on several other
factors, such as planting quality, pest attacks, weather during the growth season, harvesting
efficiency, among others. However, these results show the complexity of agricultural production
and how decision-making based on a few production factors can be limited. If the practitioner
uses only plant information (yield maps or even vegetation indices from remote sensing), it would
not be possible to identify regions with different soils since the plant information layer showed
variable behavior within the crop seasons. Therefore, the choice of information layers used in the
MZ delineation must be carefully made based on the survey's goals, seeking information layers
that complement each other to explain crop productivity and soil characteristics.

Among the seven parameters used to infer soil chemical quality, only one demonstrated
excessively variable spatial behavior (available P — Fig. 6A). Evaluating the P map, it is clear that
this is an attribute with a highly random distribution, which has already been reported in several
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studies (Bottega et al., 2013; Lopez-Castanieda et al., 2022). Therefore, this attribute was not
considered in the delimitation of soil fertility zones, since MZ with a certain spatial continuity are
sought. It is possible to identify two main spatial behaviors when analyzing the other fertility maps:
1) there is a visual relationship between most of the attributes, with a region with higher CEC,
OM, SB and K contents in the northern part of the area, mainly Fields 1 and 3, while also
presenting higher potential acidity (H+Al), which corresponds to the region with more clayey soil
on the surface (Fig. 1B); and 2) there was a region that presented higher pH (Field 4), with values
close to the neutrality range (pH between 6 and 7) and, consequently, with lower potential acidity
(H+Al), which corresponded to the region with the highest sorghum yield, perhaps because it
favors rooting and makes the crop less susceptible to lack of water throughout its growth during
the dry season. MULTISPATI-PCA captured precisely these two behaviors by selecting the first
two PCs (Table 2), as is evident in the PC score maps (Fig. 6B).

H+Al (mmolc dm?) CEC (mmolc dm?3)

P (mgdm=)

I80.3

Fig 6. Soil chemical fertility maps interpolated by ordinary kriging (A) and the score values for Principal Components 1 and
2 (B).

The EMI sensor measures two signals (ECa and MSa) at two depths each, but the maps of each
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one were similar (Fig. 3). The PCA corroborated that, as 95% of the total variance was explained
by the first PC (Table 2). However, observing the spatial distribution of the EMI maps, it is noted
that they were unable to capture the Gleysol region, but it did present a visual relationship with
the pattern of high soil fertility (Fields 1 and 3), which is probably due to this region also presenting
a higher clay content (Fig. 1B). However, even though the Gleysol region had a lower clay content,
the EMI sensor was unable to identify this, resulting in zones that do not include this location (Fig.
7B). In contrast, the bare soil image clearly shows this region (Fig. 2B). This shows that the
information present in the different sensing methods is complimentary. Thus, although there are
studies that use only the ECa or MSa information to divide soil zones (Moral et al., 2010; Sanches
et al., 2022), such variation must be complemented with other information, seeking to contemplate
more variability factors in the definition of management zones.

After constructing all these scenarios for delimiting MZa (Fig. 7), it is again clear that such a task
is quite variable and challenging. Below are some more observations on the different approaches
results:

- Soil fertility zones (SFZ): According to the clustering indices (FPI and MPE — Fig. 8), the area
should be divided into two fertility zones, which would present around 60% similarity with the
same yield zone. However, taking into account the knowledge already acquired through the
exploration of data from different sources, the subdivision of the area into four zones seems to
encompass better the variability present within the central zone of the area, mainly composed of
Field 4, which presents a different pattern of soil acidity (pH and H+Al) and higher sorghum yield.
In addition, it also highlights the Gleysol region and the low average yield in the northern part of
the area (Fields 1 and 3).

- Zones obtained with the EMI sensor (EMI): The clustering indices indicate the definition of three
zones (Fig. 8). However, even using a larger subdivision (5 zones — Fig. 7B), it is not possible to
identify the fertility zones (Fig. 7A) or to have a good relationship with the soil pedological
classification (Fig. 2A). This confirms that each technique has its potential to deliver information
and their integration is essential to quantify the variability present within the fields.

- Integrative Landscape Approach (ILA): This approach better captured the most contrasting
regions within the study area (Fig. 7C), which would be expected since 20 information layers were
used, requiring four PCs to represent at least 80% of the data variance (Table 2). When the area
was subdivided into four zones (Fig. 7C), it was possible to identify the region composed by the
Gleysol, the center of the area with the highest and most variable yield (Field 4), and the north of
the area, which presents the highest ECa/MSa and fertility levels (Fields 1-3). Thus, this approach
could be adopted to encompass the most significant possible variability of production factors.
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According to the cluster quality indices, based on the SFZ, the area should be divided into two
zones; evaluating only the EMI sensor, the ideal would be three zones; for the ILA (with all
available data), the best subdivision would be four or five zones. However, we found that none of
these combinations of zones satisfactorily covers all the variation in average grain yield over the
years: for the SFZ, the VR would indicate the delimitation of three zones, for EMI it would be four
zones, and the ILA would indicate the need for five zones. Thus, such results again highlight that
the definition of MZ remains challenging, as well as the evaluation of this approach, as there is a
lack of studies demonstrating the return generated by this site-specific management.
Furthermore, it is a fact that several studies used the reference (or similar) approach that we used
here (Gavioli et al., 2016; Miranda et al., 2021; Ouazaa et al., 2022). However, in general, these
studies do not demonstrate the impact that slight variations in the process have on the final zoning
result, such as the choice of a different information layer or which algorithms and grouping metrics
are considered for delimiting the zones. Therefore, any type of proposal for creating MZ is still
quite subjective and dependent on the analyst's experience and field checks, in addition to
exploring more information layers to determine the best option for each situation. Thus, the path
to greater adoption and return on the subdivision of areas into MZ involves the integration of
knowledge from pedology and geotechnology, combined with the concepts and tools of precision
agriculture.

Conclusion

Here, we presented several ways of subdividing an agricultural area with a succession of grain
crops, including exploration of yield maps, soil taxonomic classification, and soil sampling and
sensing techniques. However, despite the range of approaches explored for creating
management zones, we found that there is still a long way to go to make this approach suitable
so that it becomes less dependent on information layer selection and the analyst's knowledge.
Research in this subject needs to focus on integrating tools and knowledge from pedology,
geotechnology, and precision agriculture to make it more viable for safe and profitable use by
farmers.
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