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G e W N

Abstract: This study investigated whether surface soil organic carbon (SOC) content could be
estimated using hyperspectral data provided by the Italian Space Agency PRISMA satellite. We
collected 100 representative topsoil samples in an area of 30 x 30 Km? in the province of Ferrara
(Northern Italy), estimated their SOC content and other soil properties through thermo-gravimetric
analysis, and matched these to the spectra of the sampled areas that were measured by PRISMA on
7 April 2020. A tentative model was created for SOC estimation using ordinary least-squares (OLS)
regression and an artificial neural network (ANN). Repeated k-fold cross-validation of the OLS and
ANN models yielded R? values of 0.64 and 0.49, respectively. The performance of the models was
inferior to that obtained from the literature using similar modeling techniques in relatively small
areas (up to 3 x 3 Km?) and characterized by restricted SOC variability (0.2-2.1 wt%). However, our
data were collected over a wider area with high SOC content variability (0.7-9.3 wt%); consequently,
significant variations were observed over a spatial scale of just a few meters. Therefore, this work
shows the importance of testing remote sensing techniques for SOC measurements in more complex
areas than those reported in the existing literature. Furthermore, our study sheds light on the
geolocation errors and missing data of PRISMA.
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1. Introduction

The earth critical zone (CZ) is a variable thickness layer composed of soil, rocks, air, and
biota, which is constrained between the treetops and the groundwater bottom [1,2]. It has
an evolving nature that is constantly modified by the interaction of environmental matrices
and related biogeochemical processes [3]. Only the shallowest portion of the CZ can be
directly modified by human activities, in particular by intensive agricultural practices,
which interfere with natural CZ transformations, causing soil and plant degradation. In
this context, monitoring the complexity of CZ processes and the impact of human activities
is fundamental. In particular, geochemistry can offer a picture of the environmental
conditions of the CZ, providing the elemental concentrations for all the involved matrices
(water, soil, and air) and also ensuring replicable methods to monitor changes. Focusing on
soil properties, soil organic carbon (SOC), which represents ~50% of soil organic matter
(SOM), is considered a proxy of soil quality and fertility [4]. The organic carbon pool is
composed of living and dead organic materials, and its presence in soil facilitates soil
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aggregation, consequently affecting soil erosion, aeration, water balance, temperature, root
growth, and biota activities, and also promotes crop productivity [5]. In addition, SOM
represents an important carbon stock, whose preservation is essential to reduce greenhouse
gas emissions, which increase global warming [6]. In this framework, the control of SOM
conditions, especially in agriculture areas, has become a priority, to ensure the fertility of
soils and for climate change mitigation. For this reason, innovative and fast approaches are
urgently needed to monitor and map the SOC content of agricultural soils in wide areas.

Over the last decade, several authors [7-11] have described the rising interest in digital
maps of SOC spatial distribution, which are useful in (i) defining a baseline of carbon
level, (ii) providing soil information to farmers and policymakers, (iii) identifing areas
with gain and loss of C; and (iv) feeding models with new data. Methods that have been
used to estimate the spatial distribution of SOC include in situ measurements such as
electrical conductivity and the spectroscopy of the soil at visible near infrared (VNIR)
and short-wave infrared (SWIR) wavelengths [12]. Spectroscopic analysis carried out in
laboratories has made it possible to construct soil spectral libraries (e.g., ISRIC World
Soil Reference Collection [13]; LUCAS [14]; USDA Rapid Carbon Assessment [15,16]),
which have been used to predict SOC distribution at large scales. However, libraries have
to be constantly improved to take into account local factors that are bypassed and not
considered in earlier versions. Since detailed spectral libraries often originate from local
studies built independently using different protocols for soil and spectral analyses, SOC
predictions for bigger areas using these libraries are often inaccurate [17]. Spectroscopy
can alternatively be carried out using remote spaceborne sensors (e.g., [18,19]). Remote
satellite spectroscopy can be an inexpensive way to quantify SOC concentration quickly.
These methods still require complex statistical processing and modeling [20] and, in spite
of continuous improvements in sensor technology, they remain constrained by sources of
noise such as soil roughness, soil moisture, and vegetation cover [12]. Nevertheless, the
accuracy of SOC estimation methods that rely on remotely sensed soil spectra is currently
increasing [12,21-24].

In our study, we explored the potential of hyperspectral spaceborne sensors for predict-
ing SOC. These sensors are characterized by 200+ bands and can thus sample spectra with
a very fine spectral resolution. In particular, we have largely reprised the processing and
modeling methods used by Meng et al. [24], applying them to 100 topsoil samples (0-15 cm
in depth), which we gathered in the province of Ferrara, and to the soil spectra detected in
the sampling locations by the Italian Space Agency hyperspectral satellite PRISMA [25].
Ferrara province is characterized by wide SOC variability, as it hosts different environments
from medium-textured soils with low SOM contents to peat soil with high SOM contents,
resulting from the drainage of the province in the XX century [26]. In addition, this area,
like the rest of the territories of the Padanian Plain, is intensively used for agriculture;
therefore, a digital map of SOC is in the interest of local farmers, as well as for policymakers
to plan future land use.

2. Materials and Methods
2.1. Study Area

This study was carried out in the area surrounding the municipality of Jolanda di
Savoia (JDS) in Ferrara province in Northern Italy (Emilia-Romagna region; Figure 1a).
Overall, Ferrara province has a surface of ~2636 km? and is located south of the Po River
and in the easternmost part of the Padanian plain (Figure 1a). The territory is occupied
by alluvial, deltaic, and coastal plains [27] formed during the Holocene (<10,000 years) by
the Po and Apennine Rivers (i.e., the Reno River and its tributaries), which contributed to
the infilling of the Padanian plain, and by coastal remodeling in the east [28]. Complex
and various geomorphologies such as paleo-channels, crevasses splay, and marsh lagoon
environments are therefore widespread [26,29,30], and this is reflected in the textural
composition of the main soil types, which vary as follows: medium-fine-textured soils
(68% of the territory), medium-fine sands (9% of the territory), and peaty soils (23% of



Environments 2023, 10, 173

30f15

the territory) [26,28,29,31]. The current physiographic framework is the result of several
drainage activities of the palustrine environment that were carried out up to the XX
century [32,33].

Figure 1. (a) Location of the sampling sites within the study area Jolanda di Savoia (JDS; represented
using the border, in green, of the 30 x 30 Km? area covered by the PRISMA image) in Ferrara province,
Emilia-Romagna region (Northern Italy), and (b) in each location, a composite sample was collected,
mixing five aliquots of soil within a square (30 x 30 m?) probed at a depth of 0-15 cm.

As described by Colombani et al. [26], the prevalent land use in Ferrara province is
agriculture, with ~50% of crops represented by winter cereals (~32%) and maize (~22%)
and the remaining represented by rice paddy (especially in the reclaimed area of JDS),
soybean, and horticulture.

Ferrara province has a sub-coastal temperate climate, mainly due to the proximity
of the Adriatic Sea (Figure 1a). It is therefore characterized by cold winters and warm
summers, elevated humidity, moderate precipitation, low wind speed, and moderate daily
and seasonal temperature excursions [29].

2.2. PRISMA

PRISMA (PRecursore IperSpettrale della Missione Applicativa) is a pre-operational hy-
perspectral satellite mission of the Italian Space Agency (ASI). The satellite’s payload
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comprises a medium-resolution panchromatic camera and an imaging spectrometer. The
former acquires panchromatic images in the 400-700 nm spectral range with a 5 m ground
sampling distance (GSD), whereas the latter is designed to take images with a 30 m GSD
in 66 bands in the VNIR spectral range (400-1010 nm) and 173 bands in the SWIR range
(920-2500 nm), for a total of 239 bands [34]. The images acquired by PRISMA in each band
are composed of 1000 x 1000 30 m pixels and hence cover an area of about 30 x 30 km?.
The corresponding panchromatic image is, obviously, composed of 6000 x 6000 5 m pixels.

PRISMA data products available to the public include a level 1 (L1) product containing
top-of-atmosphere (TOA) radiance data, which also includes a cloud cover mask, and
three level 2 (L2) products containing bottom-of-atmosphere data obtained from the L1
products by applying an atmospheric correction algorithm. Specifically, the L2 products
include at-surface radiance (L2B) and reflectance (L2C) data and a geocoded reflectance
data product (L2D) where corrections have been implemented to account for collection
geometry distortions and the terrain topography. We chose to work with surface reflectance
data and, specifically, L2C images, avoiding L2D products because the geocoding process
reprojects the data onto a new grid, whereas we wanted to preserve the original data
collection geometry.

2.3. Available PRISMA Images and Soil Sampling

The JDS area was, as of March 2022, covered by 17 PRISMA images, 13 of which had
cloud cover of < 10%. The reason for this abundance of acquisitions in the JDS municipality
is the presence of a wide farmland area often used as a study area for remote sensing studies,
particularly in the field of agriculture (e.g., [35]). We selected the PRISMA images that we
would use in our analysis on the basis of its low cloud cover and of the abundance of bare
soil pixels, with no vegetation cover. We made the assumption that the soil properties,
and specifically the SOC content, would not have significantly changed since the image
acquisition date.

To check the presence of a vegetation cover, we used Copernicus Sentinel-2 (European
Space Agency) normalized difference vegetation index (NDVI) data. Sentinel-2 supplies
global multispectral data with a spatial resolution of 10 m and a revisit time of 5 days.
Sentinel-2 NDVI is computed as follows:

NDVI Sentinel-2 = (B08 — B04)/(B08 + B04)

where B04 and B08 are the red and near infrared Sentinel-2 bands, respectively.

We used a reserved API key on the ADAM Platform (https://adamplatform.eu;
accessed on 6 December 2021) managed by MEEO Srl to download the Sentinel-2 NDVI
time series for our study area in the period December 2016-December 2021.

We then focused specifically on the NDVI values observed on the dates closest to the
acquisition dates of the PRISMA images. We set the NDVI upper limit for bare soil to 0.3
and classified the PRISMA images based on the fraction of bare soil within their extent at
the time of their capture.

We thus concluded that the most suitable PRISMA image would be the one collected
on 7 April 2020. On this image, we selected 100 bare soil 30 m pixels distributed across
its extent and chose these as our soil sampling sites. Since the geolocation error for these
pixels could sometimes exceed 30 m, we had to visually examine each pixel both in the
30 m hyperspectral and 5 m panchromatic images to identify features that would allow
us to ascertain its actual location on the ground. The position of our 100 sampling sites is
shown in Figure 1a. Table 1 shows how many of our sampling sites would have been free
of vegetation cover had we used a different image or a different NDVI threshold.
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Table 1. Number of sampling locations (out of 100) for which, in each date corresponding to the JDS
PRISMA images, the Sentinel-2 NDVI value is smaller than the bare soil upper limit. The numbers do
not take into consideration the possibility that some of the sampling locations might be outside the
area imaged by PRISMA on each date, which is never precisely the same.

NDVI
PRISMA Date Sentinel-2 Date

<0.2 <0.3

21 October 2019 21 October 2019 93 96
7 April 2020 8 April 2020 99 100

17 May 2020 18 May 2020 80 99

23 May 2020 23 May 2020 45 69

26 June 2020 27 June 2020 5 9

31 July 2020 1 August 2020 1 5

16 September 2020 15 September 2020 52 68

14 February 2021 14 February 2021 7 12

24 April 2021 23 April 2021 68 76

23 May 2021 23 May 2021 46 61

4 June 2021 4 June 2021 6 6

11 September 2021 10 September 2021 54 65

Soil sampling was carried out in October 2021, under the assumption that the SOC
content would not have changed significantly since April 2020. Since the SOC content
could vary over a scale of just a few meters, and thus be lower than the 30 m PRISMA
hyperspectral resolution, we collected 5 aliquots of topsoil (0-15 cm in depth) in each
sampling location over the square parcel of 30 x 30 m? which corresponded to the site’s
PRISMA hyperspectral pixel (Figure 1b). The 5 aliquots were then mixed to create a
composite sample. Sampling was carried out using a gouge auger (Eijkelkamp®, Zevenaar,
The Netherlands).

2.4. Analyses of Soil Samples
2.4.1. Thermo-Gravimetric Analyses

At the Department of Physics and Earth Sciences of the University of Ferrara, soil
samples were air-dried, sieved at <2 mm, and powdered using an agate mortar. Sequential
loss on ignition (LOI) was performed by heating the soil samples in a muffle furnace at
different temperatures [36]. The gypsum and hygroscopic water content (LOI 105 °C) was
estimated after heating the soil samples at 105 °C for 12 h and calculated as follows:

LOI 105 °C (wt%) = (WS — DW105)/WS x 100

where WS is the air-dried weight and DW105 is the dry weight after heating at 105 °C.
After the evaluation of LOI 105 °C, the same soil samples were heated at 550 °C to
determine the content of soil organic matter (LOI 550 °C) as follows:

LOI 550 °C (wt%) = (DW105 — DW550)/DW105 x 100

where DW105 is the dry weight after the heating at 105 °C and DW550 is the weight of the
exsolved SOM.

Finally, the same soil samples were heated at 1000 °C to calculate the soil inorganic
fraction (LOI 1000 °C) as follows:

LOI 1000 °C (wt%) = (DW550 — DW1000)/DW550 x 100

where DW550 is the dry weight after heating at 550 °C and DW1000 is the weight of the
destabilized part of the inorganic fraction (carbonates and clay minerals).
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2.4.2. Elemental Speciation of Carbon

The C fraction contents were measured on the powdered soil samples using an ele-
mental analyzer Soli TOC Cube (Elementar®, Langenselbold, Germany) at CREA (Council
for Agricultural Research and Economics, Gorizia, Italy). The analysis was carried out with
a “smart combustion” method which allows the determination of total (TC), organic (SOC),
and inorganic (SIC) carbon contents (wt%) [37]. As required by this method, the samples
were heated to 600 °C under oxygen-rich conditions for the measure of the SOC contents,
after which further heating was caried out under anoxic conditions until 900 °C for the
measure of SIC contents. A standard of calcium carbonate (CaCOj3, Calciumcarbonat, Ele-
mentar) and a soil standard (Bodenstandard, Elementar) were analyzed prior to, between,
and after each run. The analytical precision and accuracy of the instrument were better
than 5% of the absolute measured value [38].

2.5. Modeling

We used an artificial neural network (ANN) and ordinary least-squares (OLS) re-
gression to model the relationship between the PRISMA spectra and the soil properties.
We mainly used SOC as the output variable, but we also tested the other soil variables
(which are not independent). The input variables were obtained from the soil spectra.
We compared the performance of the ANN and OLS models using the R? coefficient of
determination obtained through repeated k-fold cross-validation.

2.5.1. Pre-Processing

We carried out a series of pre-processing steps to select the input variables for our
model. In this, we imitated the procedure used by Meng et al. [24] in their work on SOC
and Gaofen-5 hyperspectral data. The steps were as follows:

1. Valid bands: We removed from the PRISMA spectra the bands that were affected by
missing data or that were outside atmospheric windows (Table 2).

2. First derivative: We computed the first derivative curve of each reflectance spectrum
to remove noise and emphasize some spectral features that might have been concealed
in the original curves. We carried out the subsequent preprocessing steps and the
modeling operations using both the original spectra and the first derivative (FDR)
spectra to check which ones would perform best.

3. Wavelet transform: We applied a discrete wavelet transform (DWT) to smooth the
spectral curves. A DWT utilizes coupled high-pass and low-pass filters, which are
applied to a curve yield a set of detail and approximation coefficients. The filters are
then applied iteratively to the approximation coefficients I times, where 1 is the level
of the DWT, ultimately yielding one set of approximation coefficients and 1 sets of
detail coefficients. By then applying the inverted filters only to the approximation
coefficients, a smoothed curve can be obtained. We applied a 3-level DWT using a
Daubechies 4 wavelet.

4.  PCA: We carried out a principal component analysis (PCA), using the smoothed
curves. The components found by a PCA are the eigenvectors of the covariance
matrix computed for all the bands under consideration, while their corresponding
eigenvalues are their explained variances. We searched for a number of components
whose total explained variance would be at least 0.85. We then used the eigenvector
entries for each band to assign a weight to each band.

5. Spectral indices: For any two bands, we computed three spectral indices.

NDI = (Ri — Rj)/(Ri + Rj)
RI = Ri/Rj

DI =Ri — Rj

where: R is the spectral data and i # j
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6. Inputs: We used as “optimal” input variables the NDI, RI, and DI whose coefficients
of correlation with the output variable were highest. To these, we added the three
bands whose weights, computed in Step 4, were the highest. These were the 1595.9796
nm, 1575.3931 nm, and 1585.6315 nm bands for the original spectra and the 2462.813
nm, 2469.4155 nm, and 2476.7913 nm bands for the FDR spectra.

Table 2. PRISMA bands that were excluded from the data. The bands were excluded due to
atmospheric absorption (i.e., they were not within an atmospheric window) or because they were
invalid (i.e., all data were missing and no central wavelength was indicated in the metadata). Two
bands, finally, were excluded because half the image was missing from the corresponding data slice.

Spectral Region Band Number Central Wavelength (nm) Reason for Exclusion Optlg:rllézputs
VNIR 1-3 N/A Invalid bands 0.598
VNIR 66 402.4402 Half the image missing 0.513
SWIR 1-3 2496.874-2483.5906 Atmospheric absorption 0.336
SWIR 72-86 1949.639-1812.8206 Atmospheric absorption
SWIR 126-132 1416.3103-1349.599 Atmospheric absorption 0.405
SWIR 171 942.9579 Half the image missing 0.564
SWIR 172-173 N/A Invalid bands 0.450

2.5.2. Neural Network

Artificial neural networks are a powerful and versatile machine learning system that
can be configured to tackle a wide variety of tasks. The base unit of a neural network is
an artificial neuron, a function that receives a series of numerical inputs, computes their
weighted sum, adds an offset term, and then runs the result through a non-linear activation
function. The most common neural network architecture, the multi-layer perceptron (MLP)
is composed of artificial neurons arranged into multiple layers. The neurons of the first
layer receive all the model’s input variables, while the neurons of the following layers,
known as hidden layers, receive all the outputs of the previous layer. In a regression MLP,
used to estimate a continuous variable like SOC content, the last layer is composed of a
single neuron which takes the outputs of the previous layers and yields the estimated value
of the output variable.

A neural network is trained by supplying it with a dataset of associated input and
output variable values. In the course of the training process, the weights used by each
neuron are adjusted until the model converges to a plateau level of accuracy.

We used an MLP configuration composed of 1 hidden layer of 12 neurons, like the one
used by Meng et al. (2020) [24]. The other parameters of the configuration are displayed in
Supplementary Table S1. The inputs were the six “optimal” variables defined in Section 2.5.1
and the output variables were the SOC value.

2.5.3. Ordinary Least-Squares Regression

In addition to the ANN, we also used a more conventional multivariate ordinary
least-squares (OLS) regression. As inputs for the OLS model, we first used all the PRISMA
bands, minus the ones indicated in Table 2. We then used the six “optimal” input variables.

In both cases, after fitting the full model, we used a stepwise algorithm to drop non-
significant variables based on the Akaike information criterion (AIC). We then used a
second stepwise algorithm to remove collinear variables whose variance inflation factor
(VIF) exceeded 5. We then applied the AIC stepwise algorithm a second time to remove any
remaining non-significant variables. To ensure that the model would only yield positive
values, the output variable used in the regression was the logarithm of the soil property of
interest. The R? coefficient was computed using the original quantity, however.



Environments 2023, 10, 173

8 of 15

2.5.4. Cross-Validation

We evaluated the performance of both models using repeated k-fold cross-validation,
with k = 5 and 20 repetitions. This consisted of randomly splitting the dataset into five
equally sized subsets, with four being used to fit the model and one being used to test it.
After repeating the procedure for each subset, a different subdivision of the dataset was
used. This was completed 20 times.

The metric we used to evaluate the models was the R? coefficient of determination,
defined as:

R? =1 — ([} (vj — 9°1/ 13 (v — 9)°1)
where yj is the true value of the output variable, yj is the value predicted by the model, ¥ is
the true average value, and j is the index of the sample.

The R? that we took into consideration, specifically, was the average of the R? values
obtained from the models fitted and tested on the various data subsets.

3. Results and Discussion
3.1. Geochemical Analyses

The distributions of the soil parameters analyzed in the JDS area are reported in
Figure 2 and the complete analytical dataset is reported in Supplementary Table S2. Accord-
ing to the thermogravimetric analyses (Figure 2a), LOI 105 °C, which represents gypsum
and hygroscopic water contents, varied between 0.30 wt% and 7.43 wt%, with an average
of 2.23 wt%. LOI 550 °C, which is correlated with the SOM contents, had a large range
varying from 2.14 wt% to 20.97 wt%, with an average of 7.40 wt%. The highest values of
LOI 550 °C are indicative of the abundance of organic matter and they are typical of the
soil samples collected in the northeastern part of Ferrara province, where peaty soils are
present [38]. LOI 1000 °C, which represents carbonates and clay minerals, had a range
between 1.96 wt% and 8.87 wt%, with an average of 5.25 wt% (Figure 2a). Low contents of
carbonates in the soil samples were expected considering the scarce presence of carbonatitic
lithology in the JDS area; therefore, LOI 1000 °C is probably mostly related to the presence
of clay minerals. However, even if LOI 1000 °C totally represents the presence of clays,
the clay mineral contents in the JDS soil samples are relatively low, posing a risk to SOM
preservation in this area. In fact, clay minerals usually form aggregates in which the organic
matter remains protected from microbial decomposition [39]. According to the C speciation
analyses (Figure 2a), the TC varied between 1.21 wt% and 9.50 wt%, with an average
of 2.96 wt%, the SOC values were between 0.68 wt% and 9.34 wt%, with an average of
1.87 wt%, and the SIC had a range between 0.05 wt% and 2.20 wt%, with an average of
1.09 wt%. The predominance of SOC in the JDS soil with respect to the SIC is indicative of
the abundance of organic matter, typical of the peaty soil in this area. Figure 3 shows the
distribution of SOC contents in JDS municipality and also evidences the strong variability
in SOC contents in this area. The soil samples collected in the central and eastern parts
of the area exhibit the highest SOC contents. These zones correspond to areas with peat
soils [26], which are particularly enriched in SOM. Such soils resulted from the drainage
wetland program started before World War II and ended in the 1970s, in which marshes
and swamps were drained to develop new lands for agricultural purposes [33]. On the
other hand, the western and most eastern parts of the JDS area, which do not host peat
soils, show the lowest SOC contents. These areas are characterized by medium-fine or
medium-textured soils [26]. Typically, soils with a medium-coarse texture have a scarce
ability to sequester C with respect to their finer texture, as organic matter is easily accessible
to microorganisms [39]. In addition, Brombin et al. [40] demonstrated that low contents of
SOC are typical of agricultural fields located in the Padanian plain, including fields where
farmers have adopted more sustainable management practices (e.g., minimum tillage and
biological practices). This is due to the unfavorable pedoclimatic settings of the Padanian
Plain like hot temperatures and droughts, which encourage the microbial activity that
decomposes organic matter.
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Figure 2. Box and whisker distribution plots of the results of the analyzed JDS topsoils: (a) thermo-
gravimetric analyses (i.e., LOI 105 °C, LOI 550 °C, and LOI 1000 °C) and (b) elemental carbon
speciation (i.e., TC, SOC, and SIC). Average (red cross) and median (black line) values are also reported.
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Figure 3. The SOC contents in the 100 soil samples collected in the JDS municipality measured
through geochemical analysis.

3.2. Time Series of the Sentinel-2 NDVI

For each investigated site, we downloaded a complete time series of the Sentinel-2
NDVI for the period of December 2016-December 2021 from the ADAM Platform. In
general, in this period, the NDVI varied from —0.18 to 0.87, with an average of 0.28. Such
values represent bare soil and dense vegetation conditions, respectively, as NDVI values
lower than 0.3 are typical of soil with no cover vegetation; on the contrary, values higher
than 0.7 are typical of strong green vegetation at the peak of growth. The time series thus
made it possible to observe the phenological cycle [41,42] of each crop that covered the
sampling sites.

The time series of the monthly averaged NDVI is reported in Figure 4a. Moreover, for
the entire year of 2021, we recognized that 37 out of 100 sites were cultivated from before
January to June with winter wheat (Figure 4b), while 47 sites were covered by vegetation
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from May to October with maize, soybean, and rice (Figure 4c). The remaining 16 sites were
not cultivated or they displayed multiple phenological cycles (i.e., horticultural crops).
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Figure 4. (a) Sentinel-2 NDVI time series of the 100 sampling sites for the period December
2016-December 2021; (b) the Sentinel-2 NDVI time series in 2021 of 37 sampling sites show a
phenological cycle typical of winter wheat (bare soil conditions are under the brownfield); and
(c) Sentinel-2 NDVI time series in 2021 of 47 sampling sites that show a phenological cycle typical
of summer cultivars as maize soybean and rice (bare soil conditions are under the brownfield). The
averaged time series are represented by a red curve.

For each sampling site, the minimum NDVI values of Sentinel-2 are related to the
soil conditions represented by the geochemical parameters. In Figure 5, the correlation
plots show that the geochemical parameters related to carbon species are well correlated
with the intrinsic characteristics of the soil. In particular, examples of good correlations
exist between SOC and LOI 550 °C (R? = 0.86), SOC and TC (R? = 0.93), and SIC and
LOI 1000 °C (R? = 0.94). Despite the weak correlations, we can observe that the lower the
NDVIindex, the higher LOI 105 °C, LOI 550 °C, TC, and SOC (Figure 5). On the contrary,
NDVI correlates positively with both LOI 1000 °C and SIC (Figure 5). Such conditions are
probably imputable to the color of the bare soil. In particular, the high presence of black
material, as occurs in the peaty soils of JDS or finer soils mainly composed of clay, is related
to the lower NDVI values. On the other hand, soils with a high presence of carbonates
and coarse material, which can favor SOM degradation and SOC depletions, are related to
higher NDVI values.

3.3. Model Results

The performances of the models linking the soil spectra to the SOC content and the
other soil properties are shown, in terms of R?, in Table 3. The R? for SOC specifically was
0.64 for the OLS model but 0.49 for the neural network model. This suggests that the former
is a more adequate modeling technique for this problem than the latter. It is important to
note that, for both the OLS and ANN models, the FDR spectra perform better than the
original spectra and that the models using the “optimal” inputs defined in Section 2.5.1 are
an improvement over those that use the original bands. This implies that spectral features
linked to SOC may indeed better emerge in the FDR spectra and that indicators obtained
by combining pairs of bands may highlight soil properties even further.
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Figure 5. Correlation plots among the minimum calculated Sentinel-2 NDVI (period: December
2016-December 2021), SIC, SOC, TC, LOI 105 °C, LOI 550 °C, and LOI 1000 °C.
Table 3. R? values obtained from the cross-validation of the OLS and ANN models for the various
soil properties using the FDR and original spectra. For the OLS spectra, both the “optimal” inputs
computed in Section 2.5.1 and the original spectral bands were used, while only the former inputs
were used for the ANN.
OLS Regression Neural Network
Geochemical FDR Spectra Original Spectra FDR Spectra Original Spectra
Parameter
Bands Optimal Inputs Bands Optimal Inputs Optimal Inputs Optimal Inputs
SOC 0.546 0.641 0.560 0.598 0.490 0.441
SIC 0.467 0.473 0.400 0.513 0.476 0.523
TC 0.328 0.542 0.343 0.336 0.174 0.203
LOI 105 °C 0.373 0.372 0.372 0.405 0.161 0.223
LOI 550 °C 0.492 0.554 0.544 0.564 0.420 0.463

LOI 1000 °C 0.506 0.524 0.463 0.450 0.432 0.535
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Table 4 shows which input variables were significant in the OLS model for SOC. It is
evident that among the “optimal” inputs, the spectral indices (NDI and DI) are significant,
while the wavelengths are not. This is not surprising, as the indices were chosen based on
their correlation with the SOC values.

Table 4. Significant variables in the OLS models for SOC. The PRISMA bands are indicated using the
central wavelength preceded by the letter “‘W’. The bands used to compute the NDI and DI indices
are also indicated. For each variable, the coefficient, its error, and its p-value are indicated.

First Derivative Original
Variable Coeff Error p-Value Variable Coeff Error p-Value
(Intercept) 2.4874 0.1996 <2 x 10716 (Intercept) 2.4301 0.2412 <2 x 10716
W411 —532.181 273.0237 0.0543 W411 11.5369 6.6923 0.088
Band W434 —3114.71 610.7111 1.76 x 1076 W623 —18.5079 3.3148 223 x 1077
ands W1501 612.3953 253.1339 0.0175 W1078 —3.8762 2.4529 0.117
W2198 1059.413 637.0933 0.0997 W2456 3.8642 2.6764 0.152
W2283 711.4486 424.7182 0.0972
(Intercept) 2.1442 0.1763 <2 x 10716 (Intercept) 2.3981 0.2256 <2 x 10716
. NDI (W596,
Optimal W538) 1.4379 0.4935 0.00443 W1595 —2.985 1.8033 0.101
values
DI (W2143, T DI (W434, 5
W426) 2064.025 278.5008 4.68 x 10 W463) 121.0718 22.0937 3.36 x 10

Among the PRISMA bands, the most significant appear to be the 434 nm band for the
FDR spectra and the 623 nm band for the original spectra.

The model for SOC yielded better performance than those for the other soil properties.
Therefore, organic carbon appears to be easier to detect from soil spectra than inorganic
carbon or other soil properties. Among the soil properties other than carbon, the models
that performed best were those for SOM (LOI 550 °C) and the inorganic fraction (LOI
1000 °C), both with R? above 0.5. The OLS models performed better than the ANN models
for all the variables except SIC and the inorganic fraction. The best-performing OLS models
were usually the ones using FDR spectra and “optimal” inputs, while the ANN models
usually performed better with the original spectra. Our models performed worse than
those employed in previous studies. Meng et al. [24], who performed a similar study,
associated data of the GaoFen-5 hyperspectral satellite with 315 soil samples collected in
an area of 80 x 80 Km? in Northeast China and obtained R? = 0.83 using FDR spectra and
an ANN model. Mzid et al. [43] associated PRISMA data with 61 soil samples collected in
two small study areas (up to 3 x 3 Km?) in Lazio and Basilicata (central-southern Italy),
characterized by restricted SOC variability (0.2-2.1 wt%). The authors reached RZ=0.85
using PLSR and Cubist regression on the original PRISMA spectra. Therefore, our results
seem worse than those reported in the literature. However, it should be taken into account
that the former study used a considerably larger dataset (>300 samples), while the latter
operated over smaller study areas characterized by far lower carbon variability. On the
contrary, the study area selected for this work is wider and characterized by greater soil
and SOC variability due to the complex alluvial-deltaic environment and moreover due
to the simultaneous presence of cultivated soils with and without peat soils, enriched in
SOM. The flaws of PRISMA data are other reasons for the poor performance of our model.
The geolocation error affecting the PRISMA pixels was particularly problematic. We chose
to use L2C PRISMA products because we were aware that the SOC content could vary
significantly on a scale smaller than the 30 m resolution of the PRISMA sensor. We thus
needed to take multiple samples in the area covered by each pixel (see Section 2.3) to obtain
the average properties that might correspond to the average soil spectrum captured in that
pixel. Since the L2C product preserved the original observation geometry, whereas the
L2D product did not, we therefore chose to use the former, albeit at the cost of using an
image that was not geocoded to a specific geographic coordinate system. However, the L2C
pixel geolocation was affected by an error that could exceed 30 m, making it complicated to
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match each sampling site with the correct PRISMA pixel. We had to carry this out visually,
with the help of the 5 m panchromatic image. Our work was further complicated by the
presence of a discrepancy between the hyperspectral and panchromatic images, as the
corresponding pixels in the two images did not cover precisely the same area and the
difference also sometimes exceeded 30 m.

4. Conclusions

This study attempted to develop a methodology that would use hyperspectral satellite
data and geochemical analysis of in situ soil samples to predict soil organic carbon (SOC)
content at Jolanda di Savoia (JDS), in Ferrara Province, which is characterized by extreme
variability in soil types and composition. In fact, according to the geochemical analyses
of soil samples collected in the study area, JDS shows SOC variability (0.7-9.3 wt%) due
to the complexity of its alluvial-deltaic environment. The central and eastern parts of
the study area exhibit the highest SOC contents, as they host peat soils enriched in SOM.
On the contrary, the western and most eastern parts of the JDS area, are characterized
by low SOC contents, as they are medium-fine or medium-textured soils, which are not
able to protect the SOM from the depletion triggered by the climatic conditions and/or
unsustainable agricultural practices. It is clear that in this context, an accessible digital
map showing the distribution of SOC is fundamental for farmers and policymakers. In
particular, global warming and climate change also due to agricultural impacts (e.g., CO,
released into the atmosphere due to the breakdown of organic matter compounds) are
transforming environments and soil compositions (e.g., SOC baseline). Therefore, our
study shows how predictions of geochemical maps in soils with high variability of SOC
and other geochemical parameters are difficult to infer using spectral data. Nevertheless,
our approach could be a useful tool to model such parameters in the near future which will
impose more baselines related to environmental matrices.

In this area, our best-performing model for SOC prediction, obtained using ordinary
least-squares (OLS) regression, reached a maximum R? of 0.64, whereas a model based
on a neural network reached only 0.49. This performance is not, in any case, sufficient to
reliably predict the SOC content over the entire study area. In fact, in our case study, a large
area such as JDS and with such high variables, the accuracy of SOC prediction is based
not only on indices derived from remote sensing but also requires a higher population
of in situ geochemical measurements and other accurate models. The production of an
adequate model is made more difficult by the flaws in the PRISMA data, like geolocation
errors and missing data, of which the experts should be warned to resolve the discrepancies.
In summary, it is necessary to conduct further investigations (e.g., a greater number of
soil surveys and geochemical analyses for the same area; new ad hoc spectral indexes
for each soil type) to improve our local model prediction ability and provide a robust
tool for soil carbon detection in areas characterized by extreme soil and organic carbon
variability, such as Ferrara province. Updated soil mapping would be useful to estimate
soil degradation and would constitute a helpful tool for policymakers and farmers to
plan future sustainable land use and agricultural practices, especially in the areas hosting
peat soils and /or susceptible to the effects of global warming. This is particularly urgent
nowadays, considering the climatic issue with which our planet is dealing. In fact, besides
the improvement of increased soil fertility, agricultural sustainable practices will play a
significant role in the mitigation of climate change, sequestering C from the atmosphere
and reducing greenhouse gas emissions.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/environments10100173 /s1. Table S1: Parameters of the
configuration of the ordinary least-squares (OLS), neural network (ANN), and significant variables of
the OLS. Table S2: Dataset of the analyses of the total carbon (TC), soil organic carbon (SOC), soil
inorganic carbon (SIC), loss on ignition at 105 °C (LOI 105 °C), loss on ignition at 550 °C (LOI 550 °C),
and loss on ignition at 1000 °C (LOI 1000 °C). Supplementary folder: Codes for OLS and ANNs in R
and Python, respectively.
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