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Abstract: Soils are an essential factor contributing to the agricultural production of rainfed crops such
as barley and triticale cereals. Changing environmental conditions and inadequate land management
are endangering soil quality and productivity and, in turn, crop quality and productivity are affected.
Advances in hyperspectral remote sensing are of great use for the spatial characterization and
monitoring of the soil degradation status, as well as its impact on crop growth and agricultural
productivity. In this study, hyperspectral airborne data covering the visible, near-infrared, short-wave
infrared, and thermal infrared (VNIR–SWIR–TIR, 0.4–12 µm) were acquired in a Mediterranean
agricultural area of central Spain and used to analyze the spatial differences in vegetation vitality and
grain yield in relation to the soil degradation status. Specifically, leaf area index (LAI), crop water
stress index (CWSI), and the biomass of the crop yield are derived from the remote sensing data
and discussed regarding their spatial differences and relationship to a classification of erosion and
accumulation stages (SEAS) based on previous remote sensing analyses during bare soil conditions.
LAI and harvested crop biomass yield could be well estimated by PLS regression based on the
hyperspectral and in situ reference data (R2 of 0.83, r of 0.91, and an RMSE of 0.2 m2 m−2 for LAI
and an R2 of 0.85, r of 0.92, and an RMSE of 0.48 t ha−1 for grain yield). In addition, the soil erosion
and accumulation stages (SEAS) were successfully predicted based on the canopy spectral signal
of vegetated crop fields using a random forest machine learning approach. Overall accuracy was
achieved above 71% by combining the VNIR–SWIR–TIR canopy reflectance and emissivity of the
growing season with topographic information after reducing the redundancy in the spectral dataset.
The results show that the estimated crop traits are spatially related to the soil’s degradation status,
with shallow and highly eroded soils, as well as sandy accumulation zones being associated with
areas of low LAI, crop yield, and high crop water stress. Overall, the results of this study illustrate
the enormous potential of imaging spectroscopy for a combined analysis of the plant-soil system in
the frame of land and soil degradation monitoring.

Keywords: hyperspectral imagery; soil degradation; vegetation traits; LAI; crop productivity; water
stress; Mediterranean

1. Introduction

Soils and vegetation have crucial functions in many Earth system processes, including
carbon and water cycling, biogeochemistry, food production, and climate regulation [1].
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Plants provide humans with a wide range of important goods and services, whereas
healthy soils provide the basis for plant growth. However, the increase in soil degradation
severely threatens the soil–plant system and has been recognised as a major threat to food
security [2], with soil erosion as one of the main drivers of soil degradation across the
globe [3,4]. Soil erosion has also been reported to intensify mainly due to the effects of
climate change and land-use and management practices, resulting in a major threat to soil
conditions and ecosystem resilience [5,6]. The sustainable use of natural resources, such as
soil, is an important part of the UN Sustainable Development Goals (SDGs) to promote the
sustainable use of terrestrial ecosystems [7]. In light of this challenging context, there is a
strong requirement for monitoring and understanding the crop response to soil degradation
in order to assess the impact on the global food system and adapt agriculture management
accordingly to prevent negative impacts on soil resources and support sustainable food
production. Especially soils in the Mediterranean region, with their long history of intense
cultivation and a unique combination of relief, parent material, and climate conditions,
have soil loss rates that drastically exceed new soil formation [8,9]. In these sensitive
regions prone to soil erosion, there is a call for a systematic assessment and monitoring of
soil and crop conditions to adapt land management practices and preserve soil fertility and
subsequent crop productivity.

Remote sensing appears to be an essential tool to respond to these mapping and
monitoring requirements as it offers a powerful alternative to traditional methods. It can
provide a rapid, consistent, repeatable, non-destructive, and objective sampling method
to assess the status of soil properties and plant traits based on the optical properties of
the land surface [10,11]. Especially imaging spectroscopy or hyperspectral remote sensing
in the visible-near and short-wave infrared spectral regions (VNIR–SWIR 0.4–2.5 µm) is
well known for its potential to monitor the Earth’s surface accurately and provide valuable
information for a better understanding of environmental processes and soil–plant inter-
actions [12–14]. Established applications of imaging spectroscopy include the estimation
of a wide range of vegetation physiological traits [15–18], soil properties [19,20], as well
as analysis of soil conditions linked to erosion and degradation processes [21–24]. While
hyperspectral remote sensing has been successfully applied in a wide range of agricultural
applications, previous studies have mainly focused on either the estimation of crop bio-
chemical and biophysical properties or the investigation of soil status. For a comprehensive
evaluation of crop growth-limiting factors and to improve the understanding of the inter-
relationship between the bio- and pedosphere, it is important to integrate both the soil
and the plant characteristics in the remote sensing assessment [25]. In the past, only a few
studies provided a combined remote sensing approach to vegetation and soil degradation
assessment [26]. For example, Hill and Schütt (2000) [27] applied concepts taken from
pedology and geomorphology to assess land degradation in addition to the vegetation
status of Mediterranean ecosystems. In an agricultural setting, Yuzugullu et al. (2020) [28]
compared the variability of crop fields to soil management zones defined by differences in
soil properties [28]. However, previous studies mostly rely on broadband remote sensing
data and multispectral vegetation indices for the investigation of plant vitality, whereas the
benefits of hyperspectral narrowband data for the estimation of biophysical properties for
agricultural crops are well known [18,25] but not yet fully explored within the combined
perspective of soil degradation and crop productivity from field to regional scales [29].
Regarding the estimation of crop properties, the near-infrared (700 to 1100 nm) is a region
of high reflectance with limited biochemical absorption. Most absorption in this region
involves water (at 870 and 1240 nm) and compounds typical of plant biomass. The latter
are primarily cellulose, lignin, and other structural carbohydrates that have broad, weak
absorptions across the spectral region. Reflectance is dominated by multiple scattering
of photons by the internal structure, air spaces, and air–water interfaces that refract light
within the leaves [30]. The shortwave-infrared (1100 to 2500 nm) is another region of low
reflectance and strong absorption, primarily by water in green leaves and dominated by
the presence of carbon compounds such as cellulose and lignin in dry conditions [31].
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In addition to the VNIR–SWIR spectral range, the thermal infrared (TIR) or long-wave
infrared LWIR spectral region (8–13 µm) contains complementary information on plant
physiology and the land surface temperature (LST) that can improve the analysis of plant
and soil conditions linked to soil degradation. The LST is a key parameter for the physical
description of the surface energy and water balance processes at the local to global scale [32],
which affect the growth phase of crops and crop yields [33]. Therefore, LST can be used to
detect water-stressed crops [34] or plant diseases [35], as well as to implement irrigation
management strategies [36]. Studies have also shown that the TIR region is more sensitive
to acute water stress of crops than the reflectance in VNIR–SWIR spectral range [37,38].
However, the reflective portion of the spectrum responds to plant water status when it
produces a change in canopy structure, e.g., wilting or leaf rolling, and whenever there is
chronic water stress, that slows growth, and reduces green leaf area [39].

In this frame, the main objective of this study was to assess the impact of soil conditions
and soil degradation on vegetation vitality and crop productivity within a semi-arid
agricultural environment by exploiting hyperspectral data covering the VNIR–SWIR, as
well as the TIR spectral regions. First, we analyze and map the spatial variability of
vegetation vitality and crop yield related to crop stress caused by soil degradation. The plant
physiological parameters, such as the green leaf area, water stress, and resulting crop yield,
are modeled from hyperspectral airborne remote sensing data and qualitatively compared
to bare soil conditions classified as the Soil Erosion and Accumulation stages (SEAS)
defined by Schmid et al. (2016) [22]. Additionally, the direct estimation of soil degradation
stages based on the vegetation canopy spectral signal combined with derived parameters
and surface morphology is tested with random forest (RF) non-linear machine learning
models. Since soils are regularly covered by vegetation during the growing period, this
approach allows for the assessment of soil quality during the growing stage. This combined
analysis of the plant–soil system can be included in environmental monitoring concepts
and has the potential for regional upscaling considering the recent and upcoming increase
in hyperspectral satellite data with a high signal-to-noise ratio (e.g., PRISMA (PRecursore
IperSpettrale della Missione Applicativa) [40], EnMAP (Environmental Mapping and
Analysis Program) [41], as well as future large-scale mapping missions such as ESA CHIME
(Copernicus Hyperspectral Imaging Mission for the Environment) [42] and NASA/JPL
SBG (Surface Biology and Geology), that also covers the TIR spectral range [43]). Overall,
the increase in available airborne and space-borne hyperspectral imagery is bringing new
opportunities for the improved characterization and monitoring of crop fertility linked to
soil health and soil quality in agriculture and ecological contexts [25].

2. Materials and Methods

The methodologies framework utilized in this study is divided into two major parts
(Figure 1). In the first part, an airborne VNIR–SWIR–TIR dataset acquired in the late
growing season was used in conjunction with the field measurements of crop field plots
to spatially estimate the crop properties, such as the Leaf Area Index (LAI), Crop Water
Stress Index (CWSI), and crop biomass. These spatially modeled plant physiological
parameters were then compared to pre-defined soil degradation stages, such as the SEAS
from Schmid et al. (2016) [22], to assess the impact of different soil degradation classes
on crop vitality and yield. In the second part, the SEAS soil degradation classes were
directly estimated based on the crop canopy spectral reflectance, thermal emissivity, and
temperature using random forest (RF) non-linear machine learning models. The estimated
plant physiological parameters, as well as several terrain parameters derived from a LiDAR
digital surface model, were also included in the RF model to predict the SEAS classes and
evaluate the impact of different remote sensing covariates on the prediction accuracy. To
the authors’ knowledge, this methodological framework represents a novel approach for
the assessments of soil quality during the growing stage.
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Figure 1. Schematic overview of the methodological framework applied in this study, including
acquired datasets, pre-processing, and spectral modelling steps.

2.1. Study Site

The study site (Figure 2) is located in Central Spain, close to the small town of Ca-
marena in the province of Toledo within the Autonomous Community of Castilla-La
Mancha, approximately 50 km Southwest of Madrid. Situated in the Upper Tajo River
basin, the region corresponds to the Guadarrama river catchment. Delimited to the north by
the Central System Mountain chain and to the south by the Toledo Mountains, the region
corresponds to the western part of the Madrid Basin and is part of the South Iberian Meseta.
The meteorological station of Las Ventas de Retamosa (Spanish National Network station
3282), situated in the northern limit of the study area, has registered an average monthly
temperature in the range of 6.1–24.7 ◦C with an average annual temperature of 14.6 ◦C and
an average monthly rainfall of 7–56 mm with an average yearly rainfall of 429 mm. The
main cultivations grown are rainfed and include cereal crops, such as barley and triticale,
grapevines, and olive groves, surrounded by abandoned areas that during the growing
season are in fallow or with annual leguminous vegetation to improve the soil nutrients.

The lithological substrate was formed by Miocene arkoses (principally made up of
feldspars, quartz, phyllosilicates, and calcite) and Quaternary sediments with geomor-
phological forms, such as glacis, terraces, and alluvial fans. These substrates and forms
are associated with a gently undulating relief at altitudes between 500 and 640 m above
sea level (a.s.l.). The dominant soils include Alfisols (Calcic Haploxeralfs, according to
the US Soil Taxonomy [44], or Luvisols (Calcic Luvisols, according to the IUSS Working
Group [45]).

Erosion intensity and ploughing practices in the Camarena area determine the presence
of different soil horizons appearing at the surface, with contrasting soil properties. The
spatial mapping of the distribution of the soil degradation stages of the test site was
performed based on the hyperspectral remote sensing approach associated with field
observations and a classification-specific methodology [22]. In their study, Schmid et al.
(2016) [22] used an airborne survey from August 2011, when the crop fields were fallow
and, therefore, had mostly bare soil surfaces. Soil Erosion and Accumulation Stages
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(SEAS) have been defined (Figure 3) and established according to the soil properties of
exposed agricultural fields and spatially mapped (Figure 4) [22]. The assumption for this
classification is that increasing tillage-induced soil erosion brings about the progressive
removal of soil horizons and the corresponding accumulation of soil materials at the slope
bottoms [46]. Therefore, different stages of increasing erosion were identified with emerging
A, Bt/Bw, or C/Ck horizons on the soil surface and the corresponding accumulation stage
of soil materials at a downslope position following a conceptual model established by
De Alba (2001) [47]. The soil horizons were identified according to their physical and
chemical properties, such as color, pH, soil organic matter (SOM), texture, iron-oxides, clay
minerals, as well as carbonate content and spectrally mapped using the airborne data in
a support vector machine approach [22]. With these variable surface and erosion stages
characteristics, the study site represents an excellent test case to assess the impact of soil
degradation on vegetation growth, as well as agricultural productivity, and the potential
for inverse prediction.
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2.2. Airborne Data Acquisition and Processing

The hyperspectral airborne remote sensing data were acquired on the 7 May 2017
over the Camarena test site in the frame of the MASOMED (MApping SOil variability
within rainfed MEDiterranean agroecosystems using hyperspectral data) campaign. The
campaign resulted from a grant of the EU-FP7 European Facility for Airborne Research
(EUFAR) Transnational Access Program that funded a joint field and flight campaign
using a CASA 212-200 airplane operated by the Spanish National Institute of Aerospace
Technology (Instituto Nacional de Técnica Aeroespacial-INTA). The hyperspectral data
were acquired in tandem configuration with the Compact Airborne Spectrographic Imager
1500i (CASI-1500i) and the Airborne Hyperspectral Scanner (AHS) sensors around solar
noon with sun elevations between 62◦ and 66◦ and under clear sky conditions at 2500
m altitude above ground resulting in a ground sampling distance (GSD) of 5 m for the
AHS and 1 m for the CASI sensor. The CASI is a push-broom imaging spectrometer that
records the incoming radiance along a spatial and spectral array, whereas the AHS is a
whiskbroom system that uses a rotating mirror to direct the surface radiation to the sensor.
The CASI-1500i sensor developed by ITRES (Canada) provides 1500 spatial across-track
pixels with a Field of View of 40◦. The instrument covers the VNIR spectral range of
380–1050 nm with 288 spectral bands and a bandwidth of about 3 nm (see Table 1). For this
flight mission, the CASI data have been spectrally binned with a factor of 2 to increase SNR
resulting in 144 final spectral bands.

The AHS sensor developed by ArgonST (USA) has 63 bands in the solar reflective part
of the electromagnetic spectrum and an additional 10 bands in the thermal or longwave
infrared spectral region. The distribution and the width of the spectral bands are different



Remote Sens. 2022, 14, 5131 7 of 24

for each spectral subregion, and they are summarized in Table 2. In VNIR–SWIR, the
instrument provides 750 pixels per scan line with a relatively large viewing angle of 90◦.

Table 1. CASI-1500i spectral configuration [48].

VNIR

Coverage [µm] 0.38–1.05

Bandwidth [FWHM] 3 nm

Number of Bands 288 (144 binned)

Table 2. AHS spectral configuration [49], the MIR bands (3.3–5.4 µm) have not been acquired.

VNIR SWIR I SWIR II TIR

Coverage [µm] 0.43–1.03 1.55–1.65 1.90–2.55 8.00–12.70

Bandwidth [FWHM] 28 nm 90 nm 18 nm 450 nm

Number of Bands 20 1 42 10

For the VNIR and SWIR data, pre-processing to Level-2c (geocoded surface reflectance),
including atmospheric correction and orthorectification, was performed by INTA in an
operational workflow described in detail for the AHS [49] and CASI data [48]. The imagery
of both sensors was geometrically corrected using the in-flight recorded Inertial Navigation
System/Global Positioning System (INS/GPS) information and the orthorectification tool
PARGE [50], including empirical boresight correction based on Ground Control Points
(GCPs) and mosaicking of the flight lines into a single image. The atmospheric correction
for both CASI and AHS was performed using ATCOR4, which is an LUT-based imple-
mentation of MODTRAN targeted for airborne remote sensing data [51]. Considering the
study region and weather conditions, a rural aerosol type and a visibility of 40 km were
assumed. The CASI data showed considerable residual “smile” with an average shift of
about −1.9 nm (blueward) that was empirically corrected using the atmospheric absorption
features. The processing of the AHS TIR data to geocoded surface temperature and surface
emissivity was performed by INTA according to the workflow described in De Miguel et al.
(2018) [52]. The thermal radiance of the AHS TIR bands was calibrated using two internal,
temperature-controlled blackbodies with temperatures set to 10 ◦C and 45 ◦C, resulting
in an estimated thermal noise below 0.2 ◦C. The atmospheric influence on the thermal
radiance was empirically estimated and corrected based on water surfaces in the area with
known emissivity close to a blackbody. The surface temperature was computed using
ATCOR4 [51] by applying the constant emissivity approach, in which ε = 0.98 was assumed
for the AHS band at 10.16 µm. Once the temperature was derived from the inversion of
Planck’s law at this wavelength, the emissivity was estimated for the rest of the AHS bands.

2.3. Field Data Collection

The in situ data collection specifically focused on two regions of interest: the Santa
Ursula (SU) field in the southern and the E1 and TS field plots in the northern part of the
study area (Figure 5). These fields represent the two most prevailed agricultural exploited
soil types of the study region and are characterized by variable top-soil horizons due
to soil degradation and management practices. The sampling points on each field were
selected along morphological gradients that are linked to erosional patterns in order to
capture the variability of the field’s degradation status. The in situ data collection followed
the sampling configuration, as described in detail by Schmid et al. (2016) [22]. For each
sampling point, four sub-plots were acquired, which were arranged using a central point C
and situating an N, SE, and SW sub-plot at a distance of 5 m (one AHS pixel) with an angle
of 120◦ between the corresponding sub-plots. The field measurements of LAI of cereal crops
and soil moisture were performed between the 7th and 9th of May 2017, as simultaneous
as possible to the date of the hyperspectral data acquisition at selected crop fields. At the
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time of the data acquisition, the agricultural fields of interest were cultivated with barley
and triticale crops, which were already in the advanced growth stage, the “heading” phase,
with the head completely emerged, and in some cases, in an initial phase of ripening. At
each sub-plot, the green leaves area index (LAI) was determined non-destructively by
measuring the photosynthetically active radiation (PAR) simultaneously above and below
the crop canopy using the AccuPAR LP-80 (METER Group, Inc., Pullman, WA, USA). For
each sub-plot, three LAI measurements were collected and averaged, resulting in a total
of 64 subplots, which were sampled across the SU, E1, and TS fields. Additionally, at
each location, the volumetric soil moisture was measured using time-domain reflectometry
(TDR) sensors with about 10 cm of penetration depth. For the direct measurement of crop
biomass, the center of each sub-plot of the SU and E1 fields was marked and revisited after
the grain crop was fully mature and harvested in a 1 × 1 m square, resulting in 40 subplots
for the yield in situ data. After drying, the grain and straw were manually separated and
weighed to determine the crop yield in t ha−1.
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2.4. Remote Sensing Data Analysis
2.4.1. Modeling of Crop Properties

The biomass of the crop grain yield and LAI were estimated from the AHS VNIR–
SWIR data using Partial Least Square Regression (PLSR) and the in situ LAI and grain yield
data (n = 64 for LAI and n = 40 for grain yield). The higher resolution CASI VNIR data were
also tested for the regression but led to significantly lower prediction accuracies. PLSR [53]
is an established method for the determination of biophysical variables from hyperspectral
remote sensing data with in situ data for calibration [54,55]. It utilizes and combines the
approach of principal component analysis (PCA) and multiple linear regression analysis.
The method finds the components (or latent variables) from the explanatory variables
(spectra) that are most relevant for the response variables (LAI, grain yield) and reduces
the dimensionality of the dataset [56]. In this study, the optimum number of components
for each PLSR model was selected based on the minimum root mean square errors (RMSE)
using the leave-one-out cross-validation method to avoid overfitting the model [57]. The
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performance of the prediction was evaluated by the coefficient of determination (R2),
Pearson correlation coefficient®, the root mean squared error (RMSE), as well as bias based
on the hold-out samples in leave-one-out validation:

RMSE =
√

∑n
i=1(ypi − yoi)

2/n, (1)

R2 = 1 − ∑n
i=1(ypi − yoi)

2/∑n
i=1(yoi − ŷo)2, (2)

bias = ∑n
i=1(ypi − yoi)/n, (3)

with ypi as the predicted and yoi as the observed values of sample i. ŷo represents the mean
of the observed values and n is the number of samples.

After modeling the LAI and grain yield for each pixel of the barley fields SU and E1,
the results were grouped by the soil degradation status according to the SEAS classification.
The statistical Kruskal–Wallis test was used to investigate whether the distribution of
LAI and grain yield of each SEAS was significantly different from each other on a 95%
significance level. The Kruskal–Wallis test is a non-parametric statistical test that assesses
the differences among three or more independently sampled groups on a single, continuous
variable [58]. It represents an extension of the Mann–Whitney test [59] for more than two
groups and a continuous variable [60]. In contrast to the commonly used analysis of
variance (ANOVA) test [61], the Kruskal–Wallis test is suitable for non-normally distributed
variables, which applies to the LAI and grain yield distribution of the SEAS.

2.4.2. CWSI

Plant health and crop yield are highly dependent on an adequate supply of water. Fol-
lowing the inverse correlation between the crop canopy temperature and the leaf stomatal
opening, the water stress in plants can be indirectly measured by temperature readings [62].
This relationship led to the definition of the crop water stress index (CWSI), which is the
most frequently used method to quantify crop water stress based on canopy surface tem-
perature for different crops and climatic conditions [63]. The CWSI is a normalized form
of temperature difference relative to the maximum and minimum temperature boundary,
whereas the maximum boundary represents the temperature of a non-transpiring leaf with
the stomata completely closed, and the minimum boundary represents the temperature of
well-watered plants with fully open stomata [64]. CWSI is defined as follows [65]:

CWSI =
(TC − Tair)− (Twet − Tair)(
Tdry − Tair

)
− (Twet − Tair)

(4)

where TC is the canopy temperature, Twet and Tdry are the respective minimum and maxi-
mum boundary temperature, and Tair represents the air temperature. Tair was extracted
for the Camarena study site from hourly ECMWF ERA5 climate model data [66] for the
time of the overflight. Following the empirical approach for CWSI estimation proposed by
Krishna et al. (2019) [67], Twet and Tdry were derived from the AHS TIR data using the lower
and upper 5th percentile of the crop field pixel temperatures, respectively. This so-called
“virtual” reference substitutes the use of natural or artificially watered and dry reference
surfaces [68]. The approach was found to provide good estimations in the field of remote
sensing applications, even outperforming other methods for estimations of CWSI [64,69].
In this study, we use the CWSI as a proxy for the assessment of crop water stress of the SU
and E1 fields.

2.4.3. Prediction of SEAS Based on the Canopy Spectral Signal

The CASI and AHS data, as well as the auxiliary information, were evaluated in
a random forest classification procedure for their potential to describe the underlying
SEAS from the spectral response of the crop canopy during the growing season. Such a
model, although site-specific, may help to infer the soil degradation stages without the



Remote Sens. 2022, 14, 5131 10 of 24

need for bare soils remote sensing data acquisition, which are often difficult to acquire
due to the limited time period of bare soil exposure in used agricultural fields. Random
Forest (RF) is a decision-tree-based (non-linear) ensemble learning technique developed
by Breiman (2001) [70]. The method is well established in the field of remote sensing both
for regression and classification applications [71] and shows great potential for digital
soil mapping [72,73] and diverse agricultural applications [74,75]. The basic idea of this
supervised machine learning algorithm is the (random) resampling of training data into
multiple (singular) regression trees. These regression trees build the so-called “forest” and
are finally combined in a decision process to cast a vote on the final classification label,
in this case, the degradation status for each pixel. The method can also handle the high
dimensionality and multicollinearity of hyperspectral data and, furthermore, was found to
be both fast and rather insensitive to model overfitting [71].

In this study, the training data for the RF model consisted of the bare soil classifica-
tion of the SEAS (dependent variable) and a combination of the measured and derived
remote sensing data of the vegetation canopy (independent variables). This remote sensing
dataset was composed of the spectral data recorded by the CASI and AHS sensors cov-
ering the VNIR–SWIR–TIR spectral region, a LiDAR-based digital terrain model (DTM)
derived-elevation parameters, such as the topographical derivates of slope, profile, and
pan-curvature, as well as the additional parameters modeled in the previous section related
to plant physiological conditions (e.g., LAI and CWSI). Spatially, the analysis was carried
out on a 6 m regular spatial grid that corresponds to the pixel size of the original bare soil
SEAS classification map of the study site [22]. All of the input datasets were resampled to
6 m GSD in order to match the spatial resolution of the dependent variable.

The areas included in the RF model were limited to the fields or image pixels that met
the following conditions: (1) These areas had to feature bare soils in the 2011 hyperspectral
imagery, and an estimate of erosion and accumulation stage had to be available [22]:
(2) These areas were vegetated or semi-vegetated in the 2017 hyperspectral imagery. In
the first step, the non-vegetated areas were filtered using a fixed NDVI threshold of 0.2,
which usually is well below the 90th NDVI quantile of cropland during the growing
season [76]. An NDVI threshold of 0.2 represents a common and rather strict threshold
used to differentiate vegetation from bare soils in optical remote sensing analysis [77].
The filtering was followed by a final “clean-up” step that included the removal of minor
patches smaller than 5 pixels (125 m2) using morphological filters in a clump and sieve
approach and the manual removal of single pixels or small patches outside of crop fields.
Finally, the filtered dataset was randomly divided into subsets that included 70% of the
pixels (n = 88,696) for model training and 30% of the pixels (n = 38,012) for validation. In
order to test the impact of using several remote sensing covariates on the classification
accuracy, multiple models were trained, including a different subset of remote sensing
data starting from the most basic to the more complex input data. First, only CASI VNIR
hyperspectral information was used for training, then a combination of the CASI and AHS
VNIR, SWIR, and TIR data were tested. In the next step, the morphological information
from a LiDAR DSM was added, and finally, the spectrally derived parameters, such as LAI
and CWSI, were added to the variable space. Furthermore, in an additional step, the effect
of a reduction in the redundancy of spectral information was tested by applying minimum
noise fraction transformation [78] and selecting the most relevant number of components
before training the RF classifier. For each run of the RF model, 300 trees were created, and
the performance was evaluated by determining the overall accuracy and error matrix using
the 30% hold-out validation dataset.

3. Results
3.1. Field Data

The results of the field measurements for the crop biomass, LAI, and DTR soil moisture
indicate large variability both between the different agricultural fields SU, E1, and TS and
between the field sampling points (Figure 6 and Table 3). In terms of crop (dry) biomass,



Remote Sens. 2022, 14, 5131 11 of 24

the intra-field variability is especially high for the SU field, which shows the lowest and
highest grain yield across all of the test plots. Furthermore, the low-yield SU2 site also has
the lowest ratio of grain-to-total-plant-weight at 19%, whereas more productive sites, such
as SU3, double the grain-to-total-plant-weight relationship with a biomass ratio of 39%.
The E1 field plots, on average, support lower biomass, but the intra-field differences are
less great compared to the SU site. The LAI measurements across the field plots agree with
the results of the total plant biomass after harvest, with the highest LAI for the SU field and,
on average, lower LAI for the E1 and TS sites. The soil moisture measurements indicate
lower water holding capacity for the E1 and TS fields compared to the SU field, with the
exception of sampling point SU4, which has low soil moisture below 5%.
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Figure 6. Field measurements at agricultural field plots: (A) Crop (dry) biomass weight separately
for total plant, straw, and grain, (B) LAI and soil moisture.

Table 3. Summary statistics of field data collected at test sites SU, E1, and TS.

Site Name Total Grain
[kg/ha]

Total Straw
[kg/ha]

Total Plant
[kg/ha]

LAI
[m2/m2]

TDR Moisture
[vol%]

SU

Min 14 1280 1294 0.33 3.20
Max 2108 4561 6669 1.64 19.73

Mean 830 2777 3607 0.98 10.68
Std 630 795 1338 0.38 4.61

E1

Min 237 584 820 0.23 3.60
Max 1509 2859 4269 0.63 10.07

Mean 883 1699 2581 0.39 6.50
Std 314 641 889 0.10 2.35

TS

Min - - - 0.22 3.43
Max - - - 0.98 13.27

Mean - - - 0.52 6.85
Std - - - 0.19 2.54
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3.2. Prediction of Crop Properties

The estimation of LAI and the yield from the AHS VNIR–SWIR imagery received
overall good PLS regression results, with an R2 of 0.83 (r of 0.91 with p < 10−24) and an
RMSE of 0.2 m2 m−2 for LAI and an R2 of 0.85 (r of 0.92 with p < 10−16), and an RMSE of
0.48 t ha−1 for the grain yield (Figure 7). For both models, four PLSR components were
selected based on the minimum RMSE criterion in leave-one-outcross-validation. The
models show no significant bias across the value ranges. The variable importance in the
projection (VIP) of the PLSR models for the LAI and grain yield prediction is shown in
Figure 8. According to the VIP scores, both models placed very high emphasis on the single
rather broad band of the AHS sensor in the SWIR I spectral region. In SWIR II, the most
significant bands are found around 2100 nm for the LAI model, whereas the grain yield
model places a greater emphasis on a wavelength greater than 2400 nm. Further important
bands of both models are found in the red and NIR infrared spectral region.
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Figure 8. Variable importance in projection (VIP) of AHS spectral bands obtained by PLS regression
for (A) LAI and (B) grain yield estimation.

In Figure 9, the spatial distribution of the LAI, grain yield, and crop water stress
models are shown together with the bare soil classification of soil accumulation and the
erosion stages extracted for the SU field site. The general spatial patterns in LAI variability,
grain yield estimation, and CWSI correlate very well over the test site. However, spatially,
grain yield estimation is more variable, having more extreme values compared to the
LAI prediction. LAI and grain yield are spatially correlated well to water stress; e.g., low
LAI and grain yield areas are found close to the sampling points SU2 and SU4, which
also show the highest CWSI values. According to the SEAS classification, the SU2 areas
represent a strongly eroded soil (es3) at the top slope position with exposed carbonate-rich
substratum (Ck-horizon), and the SU4 area forms an accumulation zone (am1) consisting
of coarse-grained sandy material. The areas with moderately eroded soils (es1 and es2),
e.g., around the sampling point SU3 and SU1 and in the west of the SU area, seem to be
the most fertile for the barley crop, with high values for LAI and grain yield and generally
lower CWSI.
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Figure 9. Field plot SU: Spatial distribution of estimated (A) LAI and (B) Grain yield; (C) CWSI
compared with (D) Bare soil classification of SEAS of Schmid et al. (2015).

Figure 10 shows the spatial distribution of the estimated LAI, grain yield, and CWSI,
together with the bare soil classification of the soil accumulation and erosion stages for
the northern field site E1. The predicted LAI and grain yield of E1 are much lower (mean
LAI: 0.29 m2 m−2, mean grain yield: 0.22 t ha−1) compared to the SU field site (mean LAI:
1.10 m2 m−2, mean grain yield: 1.43 t ha−1), whereas the crop water stress indicated by
the average CWSI is much higher, with 0.72 for E1 and 0.44 for SU. About 35% of the E1
field sites have been masked as they fall under the 0.2 NDVI threshold, which is applied to
differentiate bare soils from semi-vegetated and vegetated fields. More than 60% of this
masked area with low fractional vegetation cover is classified as a sandy accumulation
zone (am1) that can be found in the southern part of the site (around the sampling point
E1P1). However, especially in the north part of the field, the moderately eroded soils (es2)
are masked as well.
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Figure 10. Field plot E1: Spatial distribution of estimated (A) LAI and (B) Grain yield; (C) CWSI
compared with (D) Bare soil classification of SEAS of Schmid et al. (2015).

Figure 11 shows the distribution of LAI and grain yield grouped by degradation status
according to the SEAS classification of field sites SU and E1. The SU field represents one of
the strongly degraded soils with a shallow carbonate-rich bedrock. Here, the lowest LAI
is estimated for areas that are classified as most eroded soils with exposed calcic bedrock
(es3c), as well as sandy accumulation zone (am1). According to the Kruskal–Wallis test,
both SEAS classes belong to the same low median LAI distribution with no statistical
difference. The highest median LAI is estimated in areas that belong to the soils with
a higher SOM content of 2% related to accumulation stage (am2), as well as the low to
moderately eroded soils (es1 and es2) and also the strongly eroded class with marl bedrock
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(es3b). The SOM content in the accumulation stage (am2) includes pixels with the highest
LAI values, but the class also shows a large variance, and no significant difference exists
when compared to SEAS es1, es2, and es3b. The after-harvest grain yield of the SU site
shows a similar distribution across SEAS compared to growing season LAI with the notable
difference that the erosion stage with exposed marls (es3b) has significant lower grain yield
that can be differentiated from the low to moderately eroded soils (es1 and es2) and SOM in
am2. At the field site of E1, which is representative in the Camarena of degraded soils with
an acidic substrate, slightly eroded soil (es1) that have some remaining organic A horizon
shows the highest median LAI and grain yield, which is significantly higher compared to
the sandy accumulation zone (am1) and the arkosic bedrock outcrops of the highest erosion
stage (es3a). For LAI also, the moderately eroded soil es2c is in the lower group, whereas
the median for the grain yield rank is significantly higher.
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3.3. Prediction of SEAS Based on the Canopy Spectral Signal

The performance of the RF classification of SEAS based on the vegetation spectral
response in the growing season show large differences in overall model performance
depending on the covariates used (Table 4). The most basic dataset limited to the VNIR
spectral bands achieved overall accuracies of 51.3% in SEAS classification for AHS and
55.8% for the CASI sensor, which have 20 bands and 288 spectral bands in the VNIR,
respectively. The overall accuracies improve to 60.1% when the AHS SWIR and TIR spectral
ranges are included in the RF model, and the combination of high VNIR CASI resolution
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in addition to the full-resolution AHS data achieved slightly higher overall classification
accuracy of 62.5%. A significant improvement in model overall classification accuracy by
about ~6% is realized by applying minimum noise fraction transformation (MNF) for all of
the spectral data that reduces the highly correlated spectral feature space to 22 uncorrelated
components. By also considering morphological information such as terrain elevation,
slope, and curvature, a further minor improvement of about 1–2% in overall classification
accuracy is achieved, whereas the addition of the modeled parameters of LAI, CWSI, and
grain yield only has a minor impact or even lower the classification accuracy.

Table 4. Performance of RF classification of SEAS using different sets of covariates.

RF Data Basis Overall Accuracy

MNF of (CASI VNIR + AHS SWIR–TIR) + DEM + MP * 71.2
MNF of (CASI VNIR + AHS SWIR–TIR) + DEM 71.1

MNF of (CASI VNIR + AHS SWIR–TIR) 68.8
MNF of (AHS VNIR–SWIR–TIR) + DEM 68.0

MNF of (AHS VNIR–SWIR–TIR) 67.9
AHS VNIR–SWIR–TIR + DEM 63.9
CASI VNIR + AHS SWIR–TIR 62.5

AHS VNIR–SWIR–TIR 60.1
AHS VNIR–SWIR 56.3

CASI VNIR 55.8
AHS VNIR 51.3

* MP—modeled parameters (LAI, CWSI, grain yield).

For the best SEAS model that combines the CASI and AHS information with topo-
graphic information, as well as additional modeled parameters, a confusion matrix was
established (Figure 12) using the 30% hold-out validation dataset consisting of 38,012 pixels.
The overall accuracy obtained by this model is 71.2% for the SEAS RF classification. The
individual accuracy of the SEAS classes varies between 59.2% (es3a) and 84.9% (es2c),
indicating how well a certain class can be separated by the model. The highest rate of mis-
classification occurs between the sandy accumulation zone am1 and the highly degraded
erosion stage es3a, with 18% of the misclassified validation pixels. Most other misclassifica-
tion occurs between classes of a similar stage, e.g., moderately to high eroded soils (es2a to
es3b with 16%), between slightly and moderately eroded soils (es1 to es2b/es2c with 10%
of pixels), and between the sandy and SOM accumulation zones (am1 to am2 with about
8% of pixels).
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Figure 13 shows the spatial distribution of the SEAS predicted by the best-performing
random forest model driven by the spectral information of the crop canopy acquired
during the growing season and auxiliary datasets. The results show that the model is able
to reproduce the original classification of the bare soil SEAS map very well and that the
general patterns are preserved at the SU and E1 field sites. From the spatial distribution, it
is apparent that most of the misclassifications (in black, Figure 13) appear at the class edges,
where a clear class distinction is the most difficult, and some fuzziness can be expected.
Therefore, most misclassifications appear where class boundaries are in close distance of
each other, such as the eastern area of field SU and the more central area of the E1 field.
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4. Discussion

Prediction of crop properties

The impact of soil degradation on plant growth and vitality was evaluated by estimat-
ing the LAI and grain yield, as well as the CWSI from the VNIR–SWIR–TIR remote sensing
data and comparing these biophysical characteristics of the crop canopy to the classification
of SEAS. To support a fair assessment of the impact of the SEAS on vegetation growth
and fertility, an accurate estimation of the biophysical crop canopy parameters is crucial.
Regarding crop grain yield, the PLS regression results of this study provide an overall
good relationship between the estimated and harvested grain yields with R2 of 0.85 and
an RMSE of 0.48 t ha−1 by exploiting the VNIR–SWIR hyperspectral airborne data. These
prediction accuracies are comparable to models based on high-quality and well-processed
proximal hyperspectral surveys. To that end, Sharabian et al. (2014) [79] reported on the
yield estimation of winter wheat that achieved prediction accuracies of R2 = 0.89 and an
RMSE = 0.4 after the refinement of the spectral variables and the application of stepwise
multiple linear regression. The presented models further outperform the predictions based
on field scale multispectral UAV imagery for barley crop yield (e.g., [80] with R2 = 0.72
and RMSE = 1.78 t ha−1), as well as predictions by more general crop simulation tools,
such as the FAO AquaCrop model, which assimilates the soil, crop, and climate data
for yield prediction [81] and provides estimations with an R2 and an RMSE of 0.82 and
0.55 t ha−1 according to a study by Jin et al. (2016) [82]. Next to the yield biomass, the LAI
derived by PLS regression also exhibits fairly good prediction accuracies (R2 = 0.83, and
RMSE = 0.2 m2 m−2) compared to similar studies. For example, in a study by Jarmer et al.
(2013) [83], the LAI of wheat crops was derived from comparable AISA–DUAL VNIR–SWIR
airborne imagery and in situ data with an R2 = 0.9 and an RMSE = 0.22 m2 m−2. In contrast
to the estimation for crop biomass, where the exploitation of the hyperspectral data can
significantly improve remote sensing-based predictions [84], good prediction accuracies
for LAI can already be achieved by low-cost multispectral VNIR or even RGB imagery
(e.g., [85] with R2 = 0.92, RMSE = 0.3 m2 m−2).
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Erosion stages in Camarena and their link to crop properties

The spatial distribution of the estimated crop canopy traits, such as LAI, grain yield,
as well as the CWSI, all show high variability at the field scale and across the study site.
The performed statistical analysis strongly indicates a link between the soil conditions
with respect to their degradation status and crop productivity. The main criteria that
influence these field scale soil conditions are the variations in the bedrock substrate, as
well as geomorphological properties, such as the slope position that shape the tillage and
run-off-based process of soil erosion. With reference to the two test sites of interest, SU
and E1, the spatial distribution of SEAS in the northern region E1 is dominated by the
accumulation stage am1, whereas for SU, these accumulation zones are limited to the
concave toe slope positions. The deposition of sandy-textured eroded materials in the
lower areas corresponds to the dominating coarse textures of the arkosic soils within the
northern study region. The distribution of the erosion stage (es3a) is mainly determined by
the parent material, combined with the morphological position at the hilltops. These areas,
dominated by sandy deposition zones (am1), as well as the highly eroded and exposed
arkosic C horizon (es3a), show significantly reduced canopy leaf area in the late growing
season and reduced grain biomass after harvest and are the most prone to high water stress,
as indicated by the high CWSI. As the crop fields in this semi-arid region are mostly rainfed,
sandy soils with low water-retention capacity are highly sensitive to intra-annual rainfall
variability and dry spells [86]. The thermal-based CWSI mainly reacts to the cooling effect
of canopy transpiration and has been found to be closely related to leaf water content, as
well as grain yield (e.g., [87,88]); therefore, leading to high CWSI in areas of low vegetation
cover. In addition to lower cooling by vegetation transpiration, the CWSI might also be
directly influenced by the properties of the exposed soil fraction in the sensors’ field of view
for areas with a less dense vegetation canopy. The soils of the sandy accumulation zones are
expected to have a faster water depletion rate and a lower soil water content, which further
leads to higher soil surface temperatures. Whereas soil with exposed Bt horizon, e.g., the
moderately eroded soils (es2), contain significant amounts of clay minerals, leading to a
higher water holding capacity. Such soils are expected to have a slower water depletion rate
and a higher soil water content that might result in lower land surface temperatures [89].
Next to soil texture, the thickness of the soil cover on the top of the bedrock is a further
important site property that is also related to the specific slope position and controls the
spatial variability of the water holding capacity, nutrient, and OM availability, as well as
crop yield [90,91]. At the study site, highly eroded areas are mostly related to shallow soils
with an outcropping of arkosic parent material (es3a) in the north, as well as marls and
carbonate-rich outcrops (es3b and es3c) that reach the massive to platy bedrock layer in
less than 20 cm depth at some highly eroded areas in the southern parts [22]. These areas
with strongly eroded soils overall show the lowest LAI, as well as low grain yield after
harvest. The LAI was estimated from the canopy reflectance during the crop’s heading
time, which from an agricultural and plant physiological perspective, is considered a key
development stage controlling adaptation to the environment with crucial impacts on crop
grain yield [92]. Therefore, the LAI of the late growing season is expected to be closely
related to the grain yield, e.g., for wheat and barley crops [93]. The results of this study
reflect this relationship very well. Especially for the moisture supply-driven conditions
often found in semi-arid Mediterranean environments [94], a reduction in LAI and an
increase in surface temperature often are expressions of stress symptoms in plants that
limit the potential growth of crop canopies [95]. Soil moisture limitation will have negative
impacts on crop growth regulated by the leaves’ stomatal conductance [96], leading to
premature senescence and a reduction in crop yield [97]. Next to water shortage, further
reasons for the stress symptoms of crops are an insufficient nutrient supply, that is often
associated with highly eroded soil surfaces [91]. Barley crops of the highly eroded soils
in the SU field (es3c) show indications of nutrient deficiency in the form of yellowing
of the leaves (chlorosis) [98]. These areas have a very high concentration of carbonate
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content in the top-soil layer [22], which can cause nutrient deficiency due to the low iron
availability [99].

Prediction of SEAS based on the canopy spectral signal

The SEAS classification based on the crop canopy reflectance data acquired during
the growing season was fairly successful, given the difficulty of the classification scenario
with the complex mosaic of erosion and accumulation processes that occur throughout
the study region. To the author’s knowledge, this is the first time that such a study has
been performed. The most successful SEAS prediction with an overall accuracy above 71%
was achieved by combining the CASI and AHS VNIR–SWIR–TIR data with topographic
information after MNF transformation. The results show that reducing the redundancy
by MNF transformation is a crucial processing step that severely improves the overall
classification accuracy by about ~6%, which is the highest gain in accuracy across the tested
dataset combinations. Previous studies confirm that the use of the hyperspectral data in
the RF models generally improves the classification accuracy [71] but also introduces new
challenges related to the increase in dimensionality [100]. The resulting classifiers are often
unstable and have poor generalization, especially when the number of variables is very
high, and the training data are more limited [101]. The strong increase in classification
performance after the selection of the most relevant MNF components is consistent with the
findings of other studies [102,103] that found MNF-based feature space reduction to con-
sistently produce improved classification results across different classification approaches
and datasets compared to the use of no or other feature selection methods [102,104]. As a
side effect, the computational time for training the random forest classifier is more than
halved by reducing the spectral bands from 198 spectral bands to 22 MNF components. The
incorporation of topographic parameters into the RF model further improved the overall
performance by an additional 2%. The highest contribution to model performance can be
attributed to the first derivation of the elevation, slope, followed by plain elevation. The
slope is well known as a major determining factor that influences the spatial distribution
of soil parameters, e.g., in digital soil mapping initiatives [73], and was found to correlate
with the regional soil organic carbon estimation from the remote sensing data [105]. It
has also been shown that adding elevation information to large-scale multispectral, as
well as airborne hyperspectral data in general, increases classification accuracy [106–108],
primarily due to the vertical structuring of the study area [107]. In this study, a likely benefit
of including the absolute elevation is the improved separation between the topographi-
cally higher northern and lower southern areas of the study site, specifically the arkosic
areas (e.g., E1 at > 600 m a.s.l.) and more carbonate-rich southern area between 530 and
560 m a.s.l. (e.g., the SU field). The addition of spectrally-derived parameters, such as LAI,
grain yield, and CWSI to the RF model did not significantly increase the accuracy of the
SEAS classification. The explanatory power of these parameters might already be included
in the spectral data from which the parameters have been estimated. Regarding the sep-
aration of individual SEAS classes, the results show that most erosion stages can be well
differentiated with class-specific producer’s and user’s accuracies above 60% and mostly
over 70%. However, a high rate of misclassification occurs between the accumulation zone
am1 and the highly degraded erosion stage es3a (producer’s accuracy of 45.4%). This is
a strong loss in accuracy compared to the SEAS classification of Schmid et al. (2016) [22],
which is based on bare soil reflectance and where no significant confusion between these
classes was noted. Although these soil surfaces genetically (and spectrally) represent very
different soil horizons, the major effects of the soil properties relevant to crop fertility are
similar, e.g., with respect to their influence on soil moisture. Both SEAS classes (am1 and
es3a) have very coarse, sandy textures and are highly depleted in organic matter, leading
to decreased water retention capability and soil fertility, confirmed by the lowest LAI and
grain yield across all SEAS. These degraded soil surfaces cannot be reliably separated from
each other based on crop canopy reflectance. However, from a soil fertility and crop yield
perspective, their differentiation also seems less important as their impact on plant growth
is comparable. Further notable confusion exists between the accumulation stages am1
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and am2, with about 11% of am2 reference pixels incorrectly attributed to am1. However,
this confusion is already present to a comparable extent in the classification results of
Schmid et al. (2016) [22] and is, therefore, likely the result of error propagation from the
training dataset. In their study, this misclassification is attributed to the close proximity of
the overlapping depositional processes in the valley bottoms, where the eroded material
accumulates [22]. Based on the spatial distribution of the classification results, it is also
apparent that a significant share of the misclassifications occurs around the edges of SEAS
zones. This is a well-known general problem of pixel-based classifications mainly caused
by mixed pixels in transition zones, general fuzziness of class definitions, and geoloca-
tion errors [109,110]. To avoid mixed pixel on the field plot scale, the very-high spatial
resolution data provided by the first available models of full hyperspectral (VNIR–SWIR)
UAV sensors should be tested, as these systems bear a very high potential for applications
in precision agriculture, with cost-effective and flexible deployment capability regarding
meteorological conditions [20]. Additionally, the application of cleaning methods, such as
morphological filters or object-based approaches, could be applied to further consolidate
the pixel-based classification and increase the overall accuracy, as well as map readability.
The potential of transferring the SEAS mapping approach to the scale of Earth Observation
by exploiting the current generation of spaceborne imaging spectrometers, such as PRISMA
(PRecursore IperSpettrale della Missione Applicativa) [40] and EnMAP (Environmental
Mapping and Analysis Program) [41], still needs to be evaluated. The success of regional
mappings will strongly depend on the data quality (high sensor SNR), as well as the spatial
scale of the degradational processes, their heterogeneity, and the size of the studied fields
in cultivated areas [111].

5. Conclusions

The Camarena study area represents a striking example of rainfed crops in Mediter-
ranean agricultural areas where variable soil surface characteristics, soil erosion stages, land
management, and crop conditions are closely related. The information from the hyperspec-
tral imagery acquired during two different seasons alternating between grain crop (such
as barley) rotations and fallow soils, leaving the fields with exposed bare soils or covered
with vegetation, have been used to investigate the potential of the VNIR–SWIR–TIR data
for the qualitative and quantitative assessment of vegetation vitality and crop harvest yield,
linked to the soil degradation. The results show that crop growth is significantly affected by
the soil conditions, as shown by LAI and grain biomass modeled from the remote sensing
and ground truth data. The main merit of this research is the demonstration of a novel
application of hyperspectral optical and thermal remote sensing for the assessment of soil
degradation impact based on plant vitality and crop yields in the context of heterogeneous
Mediterranean soils. We showed that:

(1) The soil accumulation and degradation stages derived from hyperspectral remote
sensing data are spatially related to crop vitality and yield.

(2) The most severe stages of soil degradation with exposed bedrock, as well as sandy
accumulation zones, do have a strong negative impact on plant vitality and crop yield
across the study area.

(3) The soil degradation status can be directly assessed based on spectral information of
the vegetation canopy, using non-linear machine learning models such as a random
forest classifier.

(4) The exploitation of the spectral VNIR–SWIR and TIR information, as well as the
auxiliary topographical information, increases the modeling potential for the complex
relationship of the vegetation response to soil degradation. Furthermore, the reduction
in the redundant spectral information, e.g., by applying an MNF transformation, is a
crucial processing step that severely improves the overall classification accuracy.

(5) Mapping SEAS zones could provide a tool for farmers to estimate the forthcoming
yield and optimize field management (e.g., selection of suitable crop types, alloca-
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tion of fertilizers, irrigation) by considering the detailed degradation status of their
field plots.

In summary, this study illustrates the tremendous potential for a combined analysis of
the plant-soil system using airborne hyperspectral remote sensing analyses. Further work
is necessary to test this framework on the scale of Earth-Observation by exploiting the data
provided by the next generation of hyperspectral satellite missions and to assess its potential
for regular monitoring of soil resources, land degradation, and agricultural productivity
on a larger scale. Considering future climate projections, Mediterranean countries will
most likely become drier and hotter compared to today’s conditions, thereby increasing the
drought risk and negatively affecting crop yields, specifically for rainfed barley crops [94].
A monitoring framework that is able to combine the assessment of general soil conditions
as well as the seasonal crop productivity would be highly beneficial to support informed
decision-making for agricultural practice and general land management.
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