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Abstract: Sustainable agriculture increasingly relies on strategies that improve soil fertility
while reducing the environmental footprint of chemical inputs. The primary objective of
this research was to disentangle the individual and combined effects of crop rotation and
fertilization on soil quality. This study aimed to determine whether the effectiveness of
fertilization was modified by rotational practices—exploring whether these interactions
were additive, antagonistic, or synergistic. This study assessed the impact of two-year
open-field crop rotations—broccoli–tomato and broccoli–pepper—combined with organic
and mineral fertilization on soil chemical and biological properties. Treatments included
sulfur bentonite enriched with orange waste (SBO), horse manure (HM), mineral fertilizer
(NPK), and an unfertilized control (CTR). Soil samples were collected after each crop cycle
and analyzed for enzymatic activities (fluorescein diacetate hydrolase, dehydrogenase,
catalase), microbial biomass carbon (MBC), organic matter, total nitrogen, and macro- and
micronutrient content. The results showed that organic amendments, particularly SBO and
HM, significantly increased microbial activity, MBC, and nutrient availability compared
to NPK and CTR. Organic treatments also led to a reduction in soil pH (−12%) and a
more balanced ionic profile, enhancing soil biological fertility across both rotations. By
contrast, the NPK treatments favored higher nitrate and chloride concentrations (3.5 and
4.6 mg * g−1 dw, respectively) but did not improve biological indicators. Improvements
were more pronounced in the second crop cycle, suggesting the cumulative benefits of
organic amendments over time. These findings highlight the potential of combining organic
fertilization with crop rotation to enhance soil health and support long-term sustainability
in horticultural systems.

Keywords: soil fertility; organic amendments; crop rotation; microbial biomass; enzyme
activity; sustainable agriculture

1. Introduction

Global food production must increase by 70% to meet the demands of a growing
population, projected to reach 9.7 billion by 2050 [1]. This has led to the intensification of
agriculture to boost productivity, driven by the widespread use of mineral fertilizers and
plant protection products. However, this intensification has also contributed to a rise in soil
degradation, threatening soil health. Agriculture plays a crucial role in natural resource
management, but its expansion and intensification can negatively impact environmental

Land 2025, 14, 1171 https://doi.org/10.3390/land14061171
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protection and accelerate the degradation of agricultural lands [2,3]. In response, an ongo-
ing debate has emerged regarding the need for improved fertilizer management and more
sustainable soil nutrient use. This highlights the importance of integrating methods and
practices that ensure adequate plant nutrition while maintaining long-term soil productivity.
Sustainable soil management remains a fundamental challenge in modern agriculture, par-
ticularly in the face of growing environmental concerns and the need for efficient resource
utilization. To maintain or to improve the fertility and productivity of the agricultural
soil, many types of waste can be used, such as organic municipal waste, sewage sludge,
waste from agricultural crops, manure from animals, and some types of industrial wastes,
as a source of organic matter [4]. In previous works Muscolo et al. [5], Maffia et al. [6],
and Panuccio et al. [7] used fertilizers produced from different agro-industrial wastes to
improve crop yield and quality, and soil quality. The results evidenced at different extents
a positive impact of all the fertilizers produced from wastes on the soil and crops. The
integration of agro-industrial waste-derived fertilizers with crop rotation strategies has
recently emerged as a promising approach to enhance soil fertility while reducing reliance
on synthetic inputs. However, the dynamic interactions between soil amendments and
cropping systems require thorough investigation to verify if their combination can be
more suitable and productive than their single use, to optimize agronomic practices and
ensure long-term sustainability. Crop rotation is a -time-honored agricultural practice
known to improve soil health, manage pests and diseases, and enhance crop yields by
diversifying the crops grown in succession on the same land [8]. By alternating crops with
different nutrient requirements and rooting patterns, crop rotation helps to maintain soil
nutrient balance and structure, thereby reducing the need for chemical fertilizers [9]. The
utilization of agro-industrial wastes as fertilizers presents an eco-friendly alternative to
conventional fertilization methods. Composting and vermicomposting agricultural and
industrial wastes can improve both aboveground and belowground ecosystem services,
contributing to sustainable agriculture [10]. Sulfur is a macronutrient essential for optimal
plant growth and for enhancing resistance to soil-borne fungal and bacterial diseases [11].
In recent years, sulfur has gained renewed importance as a plant nutrient due to its declin-
ing availability in the soil. This reduction is attributed to the following: (1) the increased
use of mono-ammonium and di-ammonium phosphate fertilizers, which contain less sulfur
compared to traditional superphosphate; (2) the decreased atmospheric deposition of sulfur
as a result of reduced industrial emissions; and (3) the adoption of higher-yielding crop
varieties that extract greater amounts of sulfur from the soil during harvest [12].

Furthermore, sulfur is permitted in organic agriculture worldwide, making the re-
covery of sulfur from agricultural and industrial wastes an agronomically beneficial and
environmentally sustainable strategy [13]. In the Calabria region of Southern Italy, re-
search has shown that the application of sulfur bentonite combined with orange processing
wastes—rich in valuable biomolecules such as nutrients and phenolic compounds—can
improve soil fertility and promote eco-friendly agricultural practices [14–17]. Based on
previous experiments, this study investigated the combined effects of crop rotation and the
innovative fertilizer produced from agro-industrial wastes (sulfur bentonite plus orange
waste) on soil quality and fertility. Conducted over two consecutive years, the research em-
ployed a rotational system alternating a winter crop (broccoli) with two different summer
crops (tomato and pepper). Specifically, Calabrian broccoli, Big Rio tomato, and Topepo
pepper were selected, as these are crops cultivated in Calabria with significant economic
impact. The experiment was carried out in two distinct plots (1/2 hectare each) within
the same area, each plot was further divided into multiple subplots to ensure statistical
robustness. One plot featured a broccoli–pepper rotation, while the other employed a
broccoli–tomato rotation. The primary objective of this research was to disentangle the
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individual and combined effects of crop rotation and fertilization on soil quality, with par-
ticular attention to the influence of different summer crops grown in rotation with broccoli.
The study aimed to determine whether the effectiveness of fertilization was modified by
rotational practices—exploring whether these interactions were additive, antagonistic, or
synergistic—and whether different rotational crops exerted distinct impacts on soil fertility
parameters. Additionally, the research sought to evaluate how the integration of agro-
industrial waste-derived fertilizers with diversified cropping systems could contribute to
the long-term improvement of soil health and function. By analyzing a range of soil physi-
cal and chemical properties under varied crop and fertilization combinations, this study
offers critical insights into soil–plant dynamics, informing carbon farming strategies and
supporting the transition toward sustainable, resilient, and productive agricultural systems.

2. Materials and Methods

2.1. Fertilizer Production

Sulfur bentonite plus orange waste (called pastazzo) have been produced by SBS Steel
Belt Systems srl in tablets of 3/4 mm, as described by Muscolo et al. [18,19]. Sulfur (S)
was mixed with bentonite (B) and orange residues (O) coming from the food industry.
Elemental S was the principal component of the fertilizer [20]. The fertilizer was tested for
pathogens (total coliforms, faecal coliforms, salmonella spp., and Escherichia coli) and heavy
metals to avoid a pollutant impact on the soil [21]. The results evidenced an absence of
pathogens and heavy metals [20]. The composition of the sulfur bentonite plus orange
waste and horse manure fertilizers is reported below, in Table 1.

Table 1. Chemical characteristic of sulfur bentonite plus orange waste and horse manure fertilizers.
Data are the mean of three replications ± standard deviation. Different letters in the same row
indicate, significant differences among the treatments (* Tukey’s test, p ≤ 0.05).

Chemical Properties HM SBO

pH 7.0 a* ± 0.1 6.8 a ± 0.2
EC (mS/cm) 12 a ± 1.1 1.3 b ± 0.9
Moisture (%) 86.7 a ± 3.2 nd ± 2.9
OC (%) 22.6 a ± 1.9 6.3 b ± 2.5
TN (%) 3.0 a ± 0.6 0.9 b ± 0.3
C/N 7.3 a ± 1.9 9.3 a ± 1.7
Na+ (mg g−1 dw) 1.8 a ± 0.5 0.12 b ± 0.2
NH4

+ (mg g−1 dw) 0.24 a ± 0.03 0.09 b ± 0.04
K+ (mg g−1 dw) 3.2 a ± 2.3 1.32 b ± 2.6
Mg2+ (mg g−1 dw) 1.9 a ± 0.4 1.41 b ± 0.7
Ca2+ (mg g−1 dw) 2.3 a ± 0.7 1.1 b ± 1.0
Cl− (mg g−1 dw) 3.8 a ± 0.5 0.11 b ± 0.6
PO4

3− (g g−1 dw) 2.8 a ± 0.4 0.3 b ± 0.3

2.2. Open Field Experiment

Extensive open-field tests were conducted over a total area of 1 hectare to evaluate
the effects of fertilizer application and seasonal vegetable crop rotation on soil properties.
The experiment took place at Falcone Farm in San Lorenzo (Reggio Calabria). The soil
is classified as Sandy–Clay–Loam, with an alkaline pH and a low organic matter content
ranging from 0.7% to 1.6%. Before the fertilizer application, the soil in the subplots under-
went comprehensive analysis, with the results reported in the Tables as T0. The 1-hectare
field was divided into two plots of 0.5 hectares each, which were further subdivided into
subplots. Four fertilizer treatments were applied on a nitrogenous base:

• SBO (476 kg S ha−1)—Sulfur-based amendment
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• CTR (Control)—Unfertilized soil
• NPK (20/10/10) (476 kg S ha−1)—Chemical fertilizer
• HM (430 kg ha−1)—Horse manure as an organic amendment

The experiment was arranged in a randomized complete block design and three repli-
cates of each treatment were conducted across three subplots, with six soil samples collected
per subplot for each treatment. The experiment was conducted over two consecutive years,
and the results represent the average of three independent trials. Throughout the study,
irrigation was maintained at 70% of field capacity to support soil vitality. Soil water content
was monitored using a direct-read soil pH/moisture meter (R181). The SBO application
rate was selected based on the literature data, which suggests pure sulfur application rates
ranging from 2200 kg S ha−1 to 3300 kg S ha−1, depending on the soil texture [18,22]. Broc-
coli was placed in the soil in October and collected in February. After broccoli harvesting,
one plot rotated with the Topepo red pepper, and the other one with the tomato Big Rio F1.
The tomato and pepper were harvested in July. Soil was collected after the crop harvesting,
dried and sieved at 2 mm except for microbial biomass C, and analyzed for their chemical
and biological properties, as reported in the soil chemical analysis paragraph.

2.3. Soil Chemical Analysis

The following soil properties were detected. Soil texture with the hydrometer
method [23]; electric conductibility (EC) in 1:5 soil/water suspension, after stirring at
15 rpm for 1 h was measured with a Hanna instrument conductivity meter; the pH was
determined in soil/solution ratio 1:2.5 with a glass electrode. Organic carbon was detected
using the Walkley–Black method [24]. Total nitrogen (TN) was assessed using the Kjeldahl
method [25]. C/N was quantified as a carbon/nitrogen ratio. Water soluble phenols were
extracted and analyzed as described by Kaminsky and Müller [26], and monomeric and
polyphenols were determined by the Box method [27], using tannic acid as the standard.
The concentration of water-soluble phenolic compounds was expressed as tannic acid
equivalents (μg TAE g−1D.W.). The cation exchange capacity was analyzed using the
barium chloride method [28]. Cations and anions were detected using ion chromatography
(DIONEX ICS-1100) [29].

2.4. Soil Biological Analysis

The microbial biomass carbon (MBC) was assessed using the chloroform fumigation–
extraction procedure [30] on fresh soil. Fumigated and unfumigated soil sample extracts
were used to detect the soluble organic C [24]. Fluorescein diacetate hydrolase (FDA) activ-
ity was determined according to the method of Adam and Duncan [31]. Dehydrogenase
(DHA) activity was assessed using the von Mersi and Schinner method [32]. Catalase
activity (CAT) was detected by assessing the absorbance during the transformation of H2O2

to oxygen and water [18]. The decrease in the absorbance was measured at 240 nm, using
the extinction coefficient of 39.4 M−1 cm−1. Protease activity was detected as reported
in Muscolo et al. [18]. Urease activity was determined as described in Sidari et al. [33].
Ammonium concentrations were determined at 690 nm by using a calibration curve. The
results are reported as μg N-NH4 g−1 d−1 3 h−1.

2.5. Statistical Analysis

An analysis of variance was used for all the data sets. One-way ANOVA with Tukey’s
honestly significant difference tests for analyzing the effects of fertilizer and crop rotation
on each of the parameters measured were used. The ANOVA and t-test were performed
using SPSS software, version 29.0. The effects were significant at p ≤ 0.01. To analyze the

4



Land 2025, 14, 1171

relationships between the fertilizer, crop rotation, and soil parameters in the two different
plots, a principal component analysis (PCA) was used.

3. Results

After the first cycle of the broccoli–tomato crop rotation, notable changes were ob-
served in the soil chemical properties. The water content increased across all treatments
compared to both the baseline control (initial soil conditions) and the unfertilized soil
(Table 2). The soil pH decreased significantly only in the presence of SBO. Among the
treatments, the SBO uniquely increased the concentration of water-soluble phenols (WSP),
whereas the NPK was the only treatment that led to a significant reduction in WSP. Organic
carbon (OC), total nitrogen (TN), cation exchange capacity (CEC), and microbial biomass
carbon (MBC) increased across all treatments, including the unfertilized control (Table 2).
Enzymatic activities, including fluorescein diacetate hydrolysis (FDA) and dehydroge-
nase (DHA), increased in the HM and SBO treatments relative to both controls. However,
catalase (CAT) activity decreased with the SBO application (Figure 1). No significant differ-
ences were found in the lithium content. By contrast, potassium and magnesium levels
rose compared to the control, while the calcium content declined in the soil treated with
HM and SBO. Nitrate concentrations peaked with the NPK treatment, whereas sulfate
concentrations were highest in the soil treated with SBO (Figure 2).

Figure 1. Fluorescein diacetate hydrolase (FDA, μg FDA/g d.s.), dehydrogenase (DHA, μg TTF/h/g d.s.),
and catalase, (CAT, O2/3 min/g d.s.) detected in soil after the second cycle of broccoli–tomato
crop rotation. The data refers to the open field experiments carried on from October 2022 to July
2023. Soil samples were collected after the tomato harvest. The treatments include T0 (initial soil),
CTR (unfertilized control), HM (horse manure), SBO (sulfur bentonite plus orange waste), and NPK
(mineral fertilizer). Different letters indicate statistically significant differences among the treatments
according to Tukey’s test (p < 0.05).

5
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(b)

(a)

Figure 2. Cations (a) and anions (b) (mg * g−1 dw) in soil under the broccoli–tomato crop rotation.
The first crop rotation cycle, from October 2022 to July 2023, with soil samples collected after the
tomato harvest. The treatments include T0 (initial soil), CTR (unfertilized control), HM (horse
manure), SBO (sulfur bentonite plus orange waste), and NPK (mineral fertilizer). Different letters
indicate statistically significant differences among the treatments according to Tukey’s test (p < 0.05).
n.s. = not significant (p > 0.05).

In the second cycle of the broccoli–tomato rotation, electrical conductivity (EC) in-
creased compared to the initial conditions (T0), especially in the soil treated with SBO and
NPK. The pH again decreased with the SBO application (Table 3), while WSP increased
in all treatments, most markedly in the unfertilized soil. FDA and DHA activities, along
with OC, TN, and MBC, increased in the HM and SBO treatments relative to controls.
Conversely, the CAT activity declined (Figure 3).
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Table 2. Chemical and biological properties of soil after the first crop cycle of the broccoli–tomato
rotation (October 2022–July 2023), with samples collected after tomato harvest. The treatments
include T0 (initial soil), CTR (unfertilized control), HM (horse manure), SBO (sulfur bentonite plus
orange waste), and NPK (mineral fertilizer). The measured variables include water content (WC, %),
pH, electrical conductivity (EC, μS cm−1), water-soluble phenols (WSP, μg TAE g−1 dry soil), organic
carbon (OC, %), organic matter (OM, %), total nitrogen (TN, %), carbon-to-nitrogen ratio (C/N),
cation exchange capacity (CEC, cmol+ kg−1), and microbial biomass carbon (MBC, μg C g−1). Values
are expressed as a mean ± standard deviation. Different letters within the same column indicate
statistically significant differences among the treatments according to Tukey’s test (p < 0.05).

WC (%) pH EC WSP OC OM TN C/N CEC MBC

T0 7.8 ± 0.2 b 8.16 ± 0.1 a 100 ± 6 e 23.3 ± 3 b 0.73 ± 0.03 d 1.25 ± 0.1 d 0.09 ± 0.01 b 8.1 ± 0.2 b 13.4 ± 0.1 b 433 ± 8 e

CTR 8 ± 0.2 b 8.24 ± 0.2 a 171 ± 9 d 23.2 ± 2 b 1.40 ± 0.02 c 2.40 ± 0.3 c 0.10 ± 0.02 b 14.0 ± 0.2 a 15.2 ± 0.1 b 476 ± 10 d

HM 13 ± 0.2 a 8.19 ± 0.2 a 232 ± 10 a 22.4 ± 3 b 1.70 ± 0.04 b 2.92 ± 0.1 b 0.15 ± 0.01 a 11.3 ± 0.1 a 17.1 ± 0.2 a 752 ± 12 b

SBO 16 ± 0.2 a 7.99 ± 0.1 a 207 ± 8 b 28.8 ± 2 a 1.98 ± 0.1 a 3.40 ± 0.2 a 0.14 ± 0.02 a 14.1 ± 0. 2 a 17.0 ± 0.2 a 788 ± 11 a

NPK 16 ± 0.2 a 8.38 ± 0.2 a 195 ± 9 b 19.5 ± 3 b 1.67 ± 0.07 b 2.87 ± 0.2 b 0.18 ± 0.02 a 9.2 ± 0.01 b 16.5 ± 0.02 a 611 ± 13 c

Figure 3. Fluorescein diacetate hydrolase (FDA, μg FDA/g d.s.), dehydrogenase (DHA, μg TTF/h/g d.s.),
and catalase, (CAT, O2/3 min/g d.s.) detected in soil after the second cycle of the broccoli–tomato
crop rotation. The data refers to the open field experiments carried on from October 2022 to July 2023.
Soil samples were collected after the tomato harvest. Different letters indicate statistically significant
differences among the treatments according to Tukey’s test (p < 0.05).
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Table 3. Chemical and biological properties of soil after the second crop cycle of the broccoli–tomato
rotation (October 2022–July 2023), with samples collected after tomato harvest. The treatments
include T0 (initial soil), CTR (unfertilized control), HM (horse manure), SBO (sulfur bentonite plus
orange waste), and NPK (mineral fertilizer). The measured variables include water content (WC, %),
pH, electrical conductivity (EC, μS cm−1), water-soluble phenols (WSP, μg TAE g−1 dry soil), organic
carbon (OC, %), organic matter (OM, %), total nitrogen (TN, %), carbon-to-nitrogen ratio (C/N),
cation exchange capacity (CEC, cmol+ kg−1), and microbial biomass carbon (MBC, μg C g−1). Values
are expressed as a mean ± standard deviation. Different letters within the same column indicate
statistically significant differences among the treatments according to Tukey’s test (p < 0.05).

WC (%) pH EC WSP OC TN C/N OM CEC MBC

T0 7.85 ± 0.2 c 8.16 ± 0.2 a 100 ± 7 d 23.3 ± 2 c 0.73 ± 0.05 d 0.09 ± 0.001 b 8.1 ± 1 d 1.25 ± 0.05 d 13.4 ± 0.5 c 433 ± 15 d

CTR 11.0 ± 0.1 b 8.21 ± 0.1 a 217 ± 9 c 45.1 ± 6 a 1.62 ± 0.1 c 0.08 ± 0.002 b 20.2 ± 3 a 2.40 ± 0.1 c 15.7 ± 0.7 a 498 ± 14 d

HM 14.0 ± 0.7 a 7.89 ± 0.2 ab 220 ± 8 c 30.2 ± 4 b 2.14 ± 0.2 ab 0.19 ± 0.001 a 11.2 ± 1 c 3.68 ± 0.2 a 16.3 ± 0.5 a 952 ± 15 b

SBO 14.0 ± 0.6 a 7.50 ± 0.2 b 310 ± 11 b 27.9 ± 3 b 2.30 ± 0.2 a 0.17 ± 0.001 a 13.5 ± 2 b 3.95 ± 0.3 a 15.0 ± 1 a 988 ± 10 a

NPK 11.0 ± 0.8 b 8.29 ± 0.3 a 370 ± 9 a 25.0 ± 2 c 1.95 ± 0.1 b 0.17 ± 0.002 a 11.4 ± 1 c 3.35 ± 0.2 b 14.4 ± 0.4 b 0761 ± 11 c

When comparing the first and second crop cycles, soil properties, anions, and cations
changed within each treatment. To integrate these multidimensional changes, a principal
component analysis (PCA) was conducted using all chemical, biochemical, and ionic
parameters measured across both crop cycles under the broccoli–tomato rotation. The biplot
(Figure 4) shows the spatial distribution of treatments and variables along the first two
principal components, which together explained 59.03% of the total variance (F1: 39.49%;
F2: 19.54%). Samples from the second cycle (T02, CTR2, SBO2, HM2, NPK2) generally
shifted toward the positive side of F1, closely associated with improved biological and
fertility indicators, including MBC, DHA, FDA, EC, TN, and CEC. By contrast, untreated
or initial-cycle samples, like T02 and CTR1, were positioned on the negative side of F1,
in proximity to variables such as Cl−, Br−, NO2

−, and Na+, suggesting lower microbial
activity and potential ionic accumulation. This multivariate visualization supports the
observed trend of progressive soil improvement under organic treatments across successive
crop cycles, distinguishing them from the mineral or unfertilized plots both chemically
and biologically.

In the first broccoli–pepper crop rotation cycle, the SBO treatment led to a decrease
in the soil pH and an increase in EC, WSP, FDA, OC, OM, and MBC, especially when
compared to the NPK treatment and the two controls. The water content increased across
all treatments compared to T0 and the control (Table 4).

Table 4. Chemical analysis of soil under the broccoli–pepper crop rotation. The first cycle refers to the
first crop rotation cycle, from October 2022 to July 2023, with soil samples collected after the pepper
harvest. The treatments include T0 (initial soil), CTR (unfertilized control), HM (horse manure),
SBO (sulfur bentonite plus orange waste), and NPK (mineral fertilizer). The measured variables
include water content (WC, %), pH, electrical conductivity (EC, μS cm−1), water-soluble phenols
(WSP, μg TAE g−1 dry soil), organic carbon (OC, %), organic matter (OM, %), total nitrogen (TN, %),
carbon-to-nitrogen ratio (C/N), cation exchange capacity (CEC, cmol+ kg−1), and microbial biomass
carbon (MBC, μg C g−1). Values are expressed as a mean ± standard deviation. Different letters
within the same column indicate statistically significant differences among the treatments according
to Tukey’s test (p < 0.05).

WC (%) pH EC WSP OC TN C/N OM CEC MBC

T0 7.85 ± 0.2 c 8.16 ± 0.3 a 100 ± 2.1 c 23.34 ± 0.6 b 0.73 ± 0.5 c 0.09 ± 0.5 b 8.1 ± 0.6 c 1.25 ± 0.1 c 13.4 ± 0.4 b 433 ± 4.6 c

CTR 9.3 ± 2.1 b 8.16 ± 0.5 a 188 ± 4.1 b 30.96 ± 0.7 a 1.48 ± 0.4 b 0.08 ± 0.1 b 18.5 ± 0.3 a 2.54 ± 0.7 b 14.1 ± 0.5 b 499 ± 3.4 c

HM 16.5 ± 1.2 a 8.14 ± 0.7 a 233 ± 2.3 ba 26.85 ± 0.5 b 1.93 ± 0.1 b 0.18 ± 0.1 a 10.7 ± 0.5 b 3.31 ± 0.2 a 18.2 ± 0.5 a 852 ± 4.4 b

SBO 16.5 ± 3.1 a 7.94 ± 0.9 a 275 ± 2.1 a 24.34 ± 2.1 b 2.16 ± 0.1 a 0.17 ± 0.2 a 12.7 ± 0.4 ab 3.71 ± 0.1 a 16.9 ± 0.7 a 988 ± 5.6 a

NPK 16.00 ± 3.4 a 8.38 ± 0.1 a 295 ± 3.4 a 19.55 ± 1.4 c 1.67 ± 0.3 b 0.18 ± 0.1 a 9.2 ± 0.6 c 2.87 ± 0.2 b 15.6 ± 0.8 b 735 ± 5.5 b
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Figure 4. Principal component analysis (PCA) of chemical, biochemical, and ionic soil parameters
under the broccoli–tomato crop rotation. The biplot represents soil samples collected after the first
cycle (T01, CTR1, NPK1, HM1, SBO1) and the second cycle (T02, CTR2, NPK2, HM2, SBO2).

FDA activity, representing the overall microbial hydrolytic potential, was highest in
the SBO-treated soil, followed closely by HM, while the lowest values were observed in
the CTR and NPK treatments. DHA activity followed a similar pattern, peaking under
the SBO treatment, indicative of enhanced microbial respiration and metabolic activity.
By contrast, CAT activity, which reflects oxidative stress regulation, remained relatively
low across all treatments, with only slight variations among them. The T0 and NPK
treatments showed slightly higher CAT values compared to the organic amendments
(Figure 5). The cation analysis revealed higher concentrations of K+ and Mg2+ in the HM
and SBO treatments, indicating improved nutrient availability from organic sources. Ca2+

was most abundant in the NPK and CTR treatments, while Na+ levels were elevated in
the T0 and mineral-fertilized soil (Figure 6a). Regarding anions, NO3

− and Cl− peaked
under NPK, confirming the influence of synthetic fertilization. SO4

2− and PO4
3− were

notably higher in the SBO-treated plots, reflecting sulfur and phosphorus contributions
from the amendment (Figure 6b). Overall, organic treatments enriched the soil with key
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macroelements while minimizing salt accumulation. This trend continued in the second
cycle: The pH decreased in the HM and SBO treatments, while EC, OC, OM, TN, CEC, and
MBC increased compared to both T0 and control (Table 5).

Table 5. Chemical analysis of soil under the broccoli–pepper crop rotation. The second cycle refers
to the second crop rotation cycle, from October 2023 to July 2024, with soil samples collected after
the pepper harvest. The treatments include T0 (initial soil), CTR (unfertilized control), HM (horse
manure), SBO (sulfur bentonite plus orange waste), and NPK (mineral fertilizer). The measured
variables include water content (WC, %), pH, electrical conductivity (EC, μS cm−1), water-soluble
phenols (WSP, μg TAE g−1 dry soil), organic carbon (OC, %), organic matter (OM, %), total nitrogen
(TN, %), carbon-to-nitrogen ratio (C/N), cation exchange capacity (CEC, cmol+ kg−1), and microbial
biomass carbon (MBC, μg C g−1). Values are expressed as a mean ± standard deviation. Different
letters within the same column indicate statistically significant differences among the treatments
according to Tukey’s test (p < 0.05).

WC (%) pH EC WSP OC TN C/N OM CEC MBC

T0 7.85 ± 0.1 c 8.16 ± 0.1 a 100 ± 1.5 b 23.34 ± 1.5 b 0.73 ± 0.1 c 0.09 ± 0.2 a 8.1 ± 0.7 c 1.25 ± 0.1 c 13.4 ± 1.2 b 433 ± 2.5 c

CTR 10 0 ± 0.2 b 8.25 ± 0.2 a 192 ± 2.5 ab 37.5 ± 0.5 a 1.54 ± 0.1 b 0.10 ± 0.3 a 15.4 ± 0.8 a 2.65 ± 0.3 b 13.9 ± 1.3 b 501 ± 2.7 c

HM 13.5 ± 0.2 b 7.97 ± 0.4 a 223 ± 2.7 a 25.50 ± 1.7 b 1.93 ± 0.2 b 0.16 ± 0.3 a 12.1 ± 1.1 b 3.31 ± 0.3 a 15.2 ± 1.6 a 879 ± 3.5 a

SBO 13.0 ± 0.3 b 7.81 ± 0.4 a 249 ± 3.5 a 32.50 ± 1.2 a 2.10 ± 0.2 a 0.13 ± 0.3 a 16.2 ± 1.2 a 3.61 ± 0.4 a 15.81 ± 1.2 a 955 ± 4.7 a

NPK 16.00 ± 0.3 a 8.38 ± 0.7 a 264 ± 2.3 a 19.55 ± 1.4 c 1.67 ± 0.3 b 0.18 ± 0.2 a 9.2 ± 1.2 bc 2.87 ± 0.1 b 15.6 ± 1.2 a 755 ± 5.6 b

Figure 5. Fluorescein diacetate hydrolase (FDA, μg FDA/g d.s.), dehydrogenase (DHA, μg TTF/h/g
d.s.), and catalase, (CAT, O2/3 min/g d.s.) detected in soil after the first cycle of the broccoli–pepper
crop rotation. The data refers to the open field experiments carried on from October 2022 to July 2023.
Soil samples were collected after the tomato harvest. Different letters indicate statistically significant
differences among the treatments according to Tukey’s test (p < 0.05).
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(b)

(a)

Figure 6. Cations (a) and anions (b) (mg * g−1 dw) in soil under the broccoli–pepper crop rotation.
The first crop rotation cycle, from October 2022 to July 2023, with soil samples collected after the
pepper harvest. The treatments include T0 (initial soil), CTR (unfertilized control), HM (horse
manure), SBO (sulfur bentonite plus orange waste), and NPK (mineral fertilizer). Different letters
indicate statistically significant differences among the treatments according to Tukey’s test (p < 0.05).
n.s. = not significant (p > 0.05).

Enzymatic activities measured after the second cycle of the broccoli–pepper rotation
(Figure 7) showed an overall increase compared to the first cycle. FDA activity remained
highest in the HM and SBO treatments, indicating sustained microbial hydrolytic capacity,
followed by the T0 and NPK treatments. DHA levels were also elevated under the SBO
and HM treatments, confirming enhanced microbial respiration. CAT activity remained
consistently low across all treatments, with minor differences; slightly higher values were
recorded in the T0 and CTR treatments suggesting limited oxidative stress variation among
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the treatments. Overall, the enzymatic profiles in the second cycle mirrored those of
the first, with a general trend of increased microbial functional activity in organically
amended soil. In the second cycle of the broccoli–pepper rotation, Ca2+ remained highest
in the NPK-treated soil, while K+ and Mg2+ increased under the HM and SBO treatments,
indicating enhanced nutrient input from organic amendments, while Na+ persisted at
higher levels in T0, and NH4

+ stayed low across all treatments. Among anions, Cl− and
NO3

− peaked in the NPK treatment, reflecting continued mineral fertilization. SO4
2− and

PO4
3− were elevated in the SBO and HM treatments, supporting the influence of sulfur-

and phosphorus-rich amendments. Minor ions, such as NO2
− and Br−, remained low,

with slight increases in the mineral treatments. Overall, organic inputs improved nutrient
availability, while the NPK treatment favored ion accumulation (Figure 8).

Figure 7. Fluorescein diacetate hydrolase (FDA. μg FDA/g d.s.), dehydrogenase (DHA. μg TTF/h/g d.s.),
and catalase. (CAT. O2/3 min/g d.s.) detected in soil after the second cycle of the broccoli–pepper
crop rotation. The data refers to the open field experiments carried on from October 2022 to July
2023. Soil samples were collected after the tomato harvest. The treatments include T0 (initial soil),
CTR (unfertilized control), HM (horse manure), SBO (sulfur bentonite plus orange waste), and NPK
(mineral fertilizer). Different letters indicate statistically significant differences among the treatments
according to Tukey’s test (p < 0.05).
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(a)

(b)

Figure 8. Cations (a) and anions (b) (mg * g−1 dw) in soil under the broccoli–pepper crop rotation.
The second crop rotation cycle, from October 2023 to July 2024, with soil samples collected after
the pepper harvest. The treatments include T0 (initial soil), CTR (unfertilized control), HM (horse
manure), SBO (sulfur bentonite plus orange waste), and NPK (mineral fertilizer). Different letters
indicate statistically significant differences among the treatments according to Tukey’s test (p < 0.05).
n.s. = not significant (p > 0.05).

To integrate the multivariate effects of treatments over time, a principal component
analysis (PCA) was conducted using chemical, biochemical, and ionic soil parameters
measured across both crop cycles under the broccoli–pepper rotation. The biplot (Figure 9)
illustrates the distribution of treatments and active variables along the first two principal
components, which together explained 62.80% of the total variance (F1: 41.38%; F2: 21.43%).
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Samples from the second cycle (T02, CTR2, SBO2, HM2, NPK2) displayed a clear separation
from first-cycle samples, with SBO2 and HM2 positioned on the far right of F1, closely
associated with MBC, OM, DHA, SO4

2−, and CEC, indicating enhanced microbial and
nutrient status under organic management. First-cycle treatments, such as SBO1 and
HM1, were also positively associated with fertility-related variables like EC, TN, and
WC. Conversely, T02 and CTR1/CTR2 were located on the negative side of F1, clustering
with Cl−, NO2

−, Na+, and Mg2+, suggesting lower biological activity and possible ionic
accumulation. NPK1 and NPK2 were grouped along the upper right quadrant, aligning
with NO3

−, NH4
+, and CAT, reflecting a mineral nitrogen-driven soil profile. This PCA

confirms the distinct and progressive enrichment of soil biological and chemical properties
under organic amendments, while distinguishing the mineral- and non-treated plots along
contrasting multivariate trajectories.
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Figure 9. Principal component analysis (PCA) of chemical, biochemical, and ionic soil parameters
under the broccoli–pepper crop rotation. The biplot represents soil samples collected after the first
cycle (T01, CTR1, NPK1, HM1, SBO1) and the second cycle (T02, CTR2, NPK2, HM2, SBO2).

To assess whether the combined effects of fertilization and crop rotation influenced
soil functioning, a correlation matrix was computed using all chemical and biochemical
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variables measured across both crop cycles (Table 6). This analysis revealed several sig-
nificant relationships that clarify how different management strategies shape soil fertility
dynamics. The correlation matrix highlights strong positive relationships among organic
matter (OM), organic carbon (OC), total nitrogen (TN), cation exchange capacity (CEC),
and microbial biomass carbon (MBC), indicating enhanced fertility with organic inputs.
Enzymatic activities (FDA, DHA) correlate positively with MBC and negatively with pH
and catalase (CAT), suggesting increased microbial activity under acidified conditions.
Electrical conductivity (EC) and water content (WC) also show positive associations with
key fertility indicators.

Table 6. Correlation matrix (Pearson (n − 1) among soil chemical, biochemical, and ionic variables
measured across both crop rotation cycles and all fertilization treatments. Values in bold are different
from 0 with a significance level, alpha = 0.005.

Variables WC pH EC WSP FDA CAT DHA OC TN C/N OM CEC MBC

WC 1 −0.313 0.446 0.042 0.144 0.049 0.242 0.773 0.760 0.141 0.779 0.800 0.718
pH −0.313 1 −0.242 −0.199 −0.730 0.615 −0.901 −0.506 −0.326 −0.132 −0.522 −0.064 −0.715
EC 0.446 −0.242 1 0.225 0.209 −0.106 −0.020 0.820 0.638 0.334 0.810 0.269 0.704

WSP 0.042 −0.199 0.225 1 −0.274 0.146 0.080 0.275 −0.265 0.842 0.159 0.116 0.062
FDA 0.144 −0.730 0.209 −0.274 1 −0.901 0.781 0.266 0.399 −0.384 0.345 −0.099 0.642
CAT 0.049 0.615 −0.106 0.146 −0.901 1 −0.632 −0.056 −0.180 0.394 −0.120 0.394 −0.416
DHA 0.242 −0.901 −0.020 0.080 0.781 −0.632 1 0.267 0.183 −0.035 0.291 0.097 0.573
OC 0.773 −0.506 0.820 0.275 0.266 −0.056 0.267 1 0.767 0.426 0.992 0.640 0.892
TN 0.760 −0.326 0.638 −0.265 0.399 −0.180 0.183 0.767 1 −0.225 0.821 0.490 0.839

C/N 0.141 −0.132 0.334 0.842 −0.384 0.394 −0.035 0.426 −0.225 1 0.320 0.361 0.089
OM 0.779 −0.522 0.810 0.159 0.345 −0.120 0.291 0.992 0.821 0.320 1 0.625 0.922
CEC 0.800 −0.064 0.269 0.116 −0.099 0.394 0.097 0.640 0.490 0.361 0.625 1 0.481
MBC 0.718 −0.715 0.704 0.062 0.642 −0.416 0.573 0.892 0.839 0.089 0.922 0.481 1

Three-way ANOVA (Table 7) revealed that fertilization had a significant effect on all
soil chemical and biological variables (p < 0.001). Several parameters, including MBC, CAT,
DHA, FDA, and OM, also exhibited significant two- and three-way interactions.

Table 7. The p-values from three-way ANOVA testing the effects of fertilization, crop rotation, and
year on soil chemical and biological variables. Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001,
n.s. = not significant (p > 0.05).

Variable Fertilizer Fertilizer × Rotation Fertilizer × Year Fertilizer × Year × Rotation Rotation Year Year × Rotation

C/N *** *** *** *** n.s *** ***
CAT *** *** *** *** *** *** n.s
CEC *** *** *** *** * *** n.s
DHA *** *** *** ** *** *** *

EC *** n.s *** *** n.s *** ***
FDA *** *** *** *** n.s *** n.s
MBC *** ** ** *** *** *** ***
OC *** * * ** n.s *** ***
OM *** *** ** *** n.s *** ***
TN *** n.s *** *** n.s n.s ***
WC *** *** *** *** *** *** ***
WSP *** *** *** *** *** *** ***
pH *** n.s * n.s n.s *** n.s

Main effects of the year were significant for most variables, especially for microbial
and enzymatic indicators such as FDA and WC. By contrast, the rotation alone had limited
effects, but its interaction with other factors (notably Year × Rotation) was significant for
selected variables including OC, TN, and WC.

4. Discussion

Scientific studies have investigated the individual and combined effects of crop rota-
tion and organic amendments on soil health and crop productivity illuminating that both
practices offer significant benefits, with their effectiveness varying in respect to specific
agricultural contexts and objectives. Crop rotation has been shown to enhance soil mi-
crobial biomass and diversity. A global synthesis revealed that crop rotation increased
soil microbial biomass carbon (MBC) by 13.43% and microbial biomass nitrogen (MBN)
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by 15.84%, compared to continuous monoculture systems [34]. Additionally, Shannon’s
diversity index, a measure of microbial diversity, was significantly elevated by 7.68% un-
der crop rotation practices [35]. These improvements were attributed to the varied root
exudates and organic matter inputs from different crops, which create a more hospitable
environment for diverse microbial communities [36]. These findings can also explain
the increase in organic matter in the plots amended with the inorganic fertilizer NPK.
The application of organic amendments instead directly added organic matter to the soil,
thereby enhancing the soil organic carbon (SOC) stocks. Research carried on in UK arable
systems, comparing diversified crop rotations and organic amendments have confirmed
our results, evidencing significant SOC accumulation in the upper layer of the soil (0–30 cm)
amended with organic fertilizers [37]. The increase in soil organic carbon (SOC) has been
consistently associated with enhanced soil physical and chemical properties, including
improved aggregate stability, increased water-holding capacity, and greater nutrient reten-
tion and availability. Furthermore, the application of organic amendments significantly
stimulated soil biological activity, as evidenced by elevated enzymatic activities, such
as dehydrogenase and FDA. These enzymatic processes are key indicators of microbial
functioning and nutrient turnover, thereby playing a pivotal role in sustaining nutrient
cycling and promoting long-term soil health and fertility [38]. Our results demonstrated
that fertilization exerts a more dominant influence on soil fertility and ecosystem func-
tioning than crop rotation alone. Specifically, the control plots subjected to crop rotation
without fertilization exhibited significantly lower levels of soil organic matter, microbial
biomass carbon (MBC), and enzymatic activities, indicating that the absence of nutrient
input limits biological and biochemical soil functions. This trend was further supported by
observations in the plots treated with mineral fertilizers (NPK), which also showed reduced
concentrations of organic matter, MBC, and enzymatic activity compared to the organically
amended plots. These findings highlighted the limited capacity of crop rotation by itself
to sustain soil biological quality in the absence of external nutrient inputs. A principal
component analysis (PCA) further reinforced this conclusion by revealing a strong positive
correlation between dehydrogenase activity, MBC, and organic matter with the HM and
SBO treatments, underscoring the central role of fertilization in enhancing microbial-driven
soil processes. While both crop rotation and organic fertilization independently contributed
to the improved soil health, they contribute to varying extents. Organic fertilization, par-
ticularly with biologically enriched amendments, tends to have a more immediate and
pronounced effect on microbial activity, soil organic carbon (SOC) accumulation, and nutri-
ent availability. By contrast, crop rotation—especially when incorporating diverse species
or extended ley periods—contributes more gradually by enhancing root diversity, soil
structure, and long-term nutrient cycling. For example, integrating multi-year grass–clover
leys within crop rotations, combined with compost fertilization, has been shown to sig-
nificantly increase SOC levels compared to either practice alone [39]. This combination
leverages both the continuous input of organic residue and the structural and functional
benefits of diverse cropping, ultimately leading to improved soil fertility, biological activity,
and agroecosystem resilience. The changes observed in the soil properties across two crop
rotation cycles (broccoli–tomato and broccoli–pepper) highlighted the interactive effects of
both crop identity and fertilization strategies. While the crop species (tomato vs. pepper)
significantly influenced microbial and nutrient dynamics, the type of fertilizer applied
played a central role in modulating soil health indicators, such as pH, enzymatic activity,
organic matter, and nutrient availability [40]. These findings reinforce the complexity of
plant–soil–microbe–fertilizer interactions in agroecosystems, and their importance in shap-
ing sustainable soil management practices [41]. The fertilizer type had a marked influence
on the direction and magnitude of soil property changes. Notably, SBO and HM were
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more effective than NPK or the unfertilized control in enhancing microbial activity, organic
carbon levels, and nutrient cycling. Organic fertilizers, such as SBO and HM, significantly
reduced the soil pH, particularly with SBO, and with the effect being more pronounced
in the broccoli–pepper system in the second cycle of both rotations. This acidification is
likely due to the sulfur added with SBO that is well known to decrease the pH. Souri and
Sayadi [42] demonstrated the efficiency of sulfur bentonite granules in decreasing the soil
pH and improving the uptake of nutrient elements by the crop cultivated in calcareous
soil. Additionally, the decrease in the soil pH in the presence of HM and mostly of SBO
can be ascribed also to the oxidation of organic compounds, nitrification of ammonium,
and excretion of organic acids by roots due to an increase in microorganisms enhanced by
the high carbon input from organic amendments and by sulfur, as already demonstrated
by other authors [43]. The mild acidification of the NPK fertilization is consistent with its
targeted nutrient supply and minimal organic content. The increase in EC, most prominent
under NPK, followed by SBO, reflected the accumulation of soluble ions released during
the mineralization of organic matter (in SBO) or supplied directly via inorganic salts (in
NPK). There is a difference in the soil electric conductivity also between tomato and pep-
per in rotation with broccoli, which may be due to the different absorption capacity and
amount of soil ions between the two varieties. Although higher EC can indicate improved
nutrient availability, it may also signal potential risks of salinity build up by fertilizer
application [44].

All fertilization treatments, including the unfertilized control, even if at a different
extent, led to an increase in the soil organic carbon (OC) and total nitrogen (TN), suggest-
ing a cumulative contribution from plant residues and microbial biomass. However, the
greatest increases were recorded under SBO and HM, due to their direct organic inputs and
their role in stimulating microbial carbon use efficiency and residue incorporation [45]. By
contrast, NPK showed a limited capacity to build the SOC, confirming the well-established
notion that inorganic fertilization alone lacks the capacity to sustain long-term improve-
ments in soil organic matter [46]. Interestingly, while SBO initially increased TN, a decline
was observed in the second cycle of broccoli–pepper, likely due to the combination of rapid
nitrogen mineralization and high uptake by pepper plants. This points to a potential mis-
match between nitrogen release and crop demand, emphasizing the need for synchronized
fertilization strategies. CEC increased under all treatments except for NPK, with the most
significant enhancement seen in the SBO- and HM-treated soil. This is attributable to the
high humified material supported by high value of C/N which contribute to greater ion
retention and buffering capacity [44]. The decline in exchangeable calcium, sodium, and
magnesium, particularly under organic treatments, may result from enhanced leaching
or competitive uptake by plants and microorganisms. Organic amendments significantly
promoted enzymatic activities (FDA and DHA), confirming their role in stimulating mi-
crobial metabolism through increased substrate availability [47]. The application of SBO,
in particular, elevated water-soluble phenols (WSP), which serve as carbon-rich energy
sources for microbes and can enhance the degradation of complex organic matter [48].

However, catalase (CAT) activity declined under SBO, suggesting a possible oxida-
tive stress response or a shift in microbial community composition, possibly away from
catalase-producing taxa [47]. While a decrease in catalase activity is often associated with
oxidative stress and microbial imbalance, in certain contexts it may also reflect a stabiliza-
tion or maturation of the soil microbial community. For example, in soil where organic
matter inputs are reduced and overall microbial respiration rates decline, the generation of
reactive oxygen species (ROS), like hydrogen peroxide, may also decrease. As a result, the
microbial demand for antioxidant enzymes, such as catalase, diminishes, leading to lower
catalase activity. In this case, the decline could indicate a lower oxidative burden in the soil
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environment, potentially associated with more stable redox conditions or a shift toward
microbial communities that maintain equilibrium with reduced enzymatic antioxidant
requirements. The contrasting effects of SBO—increasing overall microbial activity while
reducing CAT—highlight the complex, compound-specific impacts of organic fertilizers on
microbial ecology. The NPK application led to increased nitrate and ammonium concen-
trations, indicating high immediate nutrient availability. However, its effect on microbial
activity, organic carbon, and CEC was limited, aligning with the findings that inorganic
fertilization often supports short-term productivity but fails to improve the long-term soil
health [49]. The reduction in WSP under the NPK treatment further underscores its limited
support for microbial substrate pools. While the type of fertilizer shaped the baseline soil
changes, the subsequent crop species modulated the degree and direction of those changes
through rhizosphere-driven mechanisms. For instance, pepper, particularly under SBO,
intensified the decline in TN and pH, and amplified enzymatic activities, compared to
tomato. This suggests that pepper’s rhizosphere environment is more dynamic, with higher
exudate-driven microbial turnover, possibly due to greater dependence on AMF symbioses
and root-induced nutrient solubilization [50]. The synergistic effect of organic amendments
with pepper roots likely accelerated nutrient cycling processes, explaining the elevated
nitrate and sulfate concentrations. Conversely, tomato’s effects appeared more moderate
and buffered, promoting a more stable microbial environment, with less dramatic shifts in
nitrogen and pH.

The strong and consistent effect of fertilization across all variables supports the central
role of nutrient input in determining soil fertility status. However, the significant interaction
effects—especially those involving year and crop rotation—highlight that fertilization
outcomes are not static, but depend on the temporal and biological context.

Microbial and enzymatic indicators, such as MBC, CAT, DHA, and FDA, were espe-
cially sensitive to interactions, suggesting that microbial dynamics are modulated by both
management practices and the crops involved. The effect of rotation was more evident in
the interaction terms than as a main factor, which suggests that crop sequence influences
soil processes indirectly, by modifying the plant–microbe interactions over time.

These results emphasize the need to consider fertilization strategies in combination
with crop rotation and seasonal dynamics to optimize soil health and biological functioning
in diversified cropping systems. In the current context of high fossil fuel prices, the use of
crop rotation combined with sulfur bentonite organo-mineral fertilizer (SBO) offers a more
sustainable alternative to synthetic fertilizers such as NPK. With conventional fertilizers
priced at €616/ton for nitrogen, €525/ton for phosphate, and €534/ton for potassium, SBO,
priced at only €230/ton [7], provides a cost-effective and environmentally friendly option,
particularly when considering its additional value in land restoration. This integrated
approach supports both soil health and long-term economic viability for farmers.

5. Conclusions

The outcomes of this study demonstrate that both fertilization strategy and crop
identity play pivotal roles in shaping soil chemical and biochemical properties across
successive rotation cycles. Organic amendments, such as SBO and HM, significantly
enhanced microbial activity, soil organic matter content, and cation exchange capacity.
However, these benefits were accompanied by increased acidification and accelerated
nutrient turnover—particularly when applied in conjunction with pepper cultivation, a
biologically active crop. By contrast, the NPK fertilization promoted short-term nutrient
availability but did not contribute substantially to long-term indicators of soil health.

These findings underscore the importance of considering the interaction between
fertilizer type and crop species in the design of crop rotation systems. Organic inputs,
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when strategically paired with microbial-stimulating crops, like pepper, may optimize
soil microbial functioning and nutrient cycling. However, this approach also presents
challenges, such as the need for careful monitoring of soil pH, nitrogen availability and
synchronization, and the potential buildup of salinity.

Looking forward, the key challenge will be to refine and implement fertilization
regimes that are not only crop-specific but responsive to site conditions and long-term
sustainability goals. Future research should focus on developing dynamic nutrient man-
agement frameworks that integrate organic and inorganic inputs, account for microbial
functional diversity, and mitigate the risks associated with acidification and nutrient imbal-
ance. Moreover, there is a pressing need to evaluate these systems under varying climatic
and soil conditions to ensure their adaptability and resilience.

In summary, our findings indicate that, under the specific pedoclimatic conditions
of this study, organic fertilization can independently enhance soil ecosystem functioning,
regardless of the crop rotation scheme. This suggests that neither crop rotation nor organic
amendment alone can be universally regarded as superior; rather, their effectiveness is
highly context-dependent. A synergistic strategy that combines tailored organic inputs
with carefully planned crop rotations appears to be the most effective approach for im-
proving soil health, strengthening agroecosystem resilience, and advancing sustainable
agricultural productivity.
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Abstract: Desertification affects over 90% of Moroccan territory, leading to soil degradation
that reduces agricultural productivity, diminishes biodiversity, and alters environmental
functions. This study estimates the total economic cost of desertification in Morocco using
a zonal approach based on regional sensitivity. The methodology includes two stages:
quantifying productivity losses from water and wind erosion, salinization, overgrazing,
silting of dams, carbon storage loss, and land-use changes; and monetizing impacts using
methods such as productivity change, replacement cost, and the social cost of carbon. The
total cost is estimated at USD 2.1 billion per year, with 78.02% from agricultural and grazing
land productivity losses, 2.95% from dam silting, 18.47% from carbon storage loss, and
0.56% from land-use changes. These findings underscore the urgency of public policies,
including land use planning, sustainable agriculture, irrigation modernization, and com-
munity engagement. Drawing on successful initiatives in the MENA region and globally,
Morocco can mitigate desertification’s impacts and foster sustainable development.

Keywords: desertification; soil degradation; economic cost; land productivity; carbon
storage loss

1. Introduction

Desertification, characterized by the degradation of land productivity, is a pressing
environmental and developmental challenge exacerbated by anthropogenic activities, cli-
mate variability, and biodiversity changes [1–3]. This phenomenon affects over 40% of the
global population, with more than 90% residing in developing countries, particularly in
arid, semi-arid, and dry sub-humid regions [4]. Drylands, occupying 40% of the Earth’s ter-
restrial surface, are the most vulnerable, with Africa accounting for 37% of global dryland
areas, followed by Asia (33%) and Australia (14%) [5].

In Morocco, desertification is a critical issue, impacting over 90% of the country’s terri-
tory, particularly in arid and semi-arid zones. This process is driven by fragile soils, climate
conditions, and unsustainable exploitation of natural resources by rural populations [6,7].
To combat desertification, Morocco adopted a National Action Program to Combat Deserti-
fication (PANLCD) in 2001, emphasizing territorial integration, participatory approaches,
and synergy between sectoral programs [8–10].

Land degradation imposes significant global economic costs, estimated at over USD
10 trillion annually, due to productivity losses, biodiversity decline, and water pollu-
tion [11]. While sustainable management projects, such as Mali’s restoration initiative,
have demonstrated high returns on investment (e.g., USD 12 for every USD invested), the
economic burden remains disproportionately high in developing countries, where rural

Land 2025, 14, 837 https://doi.org/10.3390/land14040837
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livelihoods are heavily dependent on natural resources. In Morocco, the economic cost of
environmental degradation was estimated at USD 3.41 billion (3.52% of GDP) in 2014 [12].

Despite extensive research on global land degradation, few studies isolate deser-
tification as a distinct phenomenon or address the economic costs associated with its
impacts. Existing studies often overlook regional variations in these costs, particularly in
heterogeneous landscapes like Morocco. This study seeks to fill this gap by answering
the question: “How are the economic costs of desertification impacts distributed across
Morocco’s homogeneous zones, and what are the variations in these costs?”

To address this question, the study aims to:

• Assess land degradation and its economic impacts across Morocco’s homogeneous zones.
• Quantify productivity losses resulting from water and wind erosion, salinization,

overgrazing, and changes in land use.
• Develop actionable recommendations for sustainable land management tailored to

the specific characteristics of each homogeneous zone.

By leveraging spatial analysis tools such as InVEST 3.10.2 software and economic
evaluation methodologies—including productivity change and replacement cost—this
research highlights the importance of incorporating desertification costs into decision-
making. It also provides a framework for tailoring strategies to mitigate desertification and
promote sustainable development in Morocco’s diverse regions.

2. Literature Review

2.1. Global Perspectives on Desertification and Degradation

Land degradation and desertification have become critical global challenges, threaten-
ing ecosystems, economies, and livelihoods. The increasing reliance on satellite imagery
and geospatial analysis has enhanced our understanding of these issues on a regional and
global scale. Studies such as those by [13,14] have underscored the alarming rates of soil
erosion under current land management practices and projected their worsening under
climate change scenarios. These studies highlight the urgent need for targeted mitigation
and adaptation strategies. Additionally, the authors of [15] provided a framework for
linking land degradation to economic costs, emphasizing the global implications of failing
to address desertification.

Other studies have shed light on regional disparities in desertification drivers and
impacts. For example, ref. [16] demonstrated how varying socio-economic conditions
influence land degradation trends across the MENA region. In sub-Saharan Africa, ref. [15]
highlighted the role of poverty and weak governance in accelerating land degradation
while simultaneously showcasing successful interventions through community-driven
restoration projects. These global and regional perspectives underscore the complexity of
desertification and the need for region-specific solutions.

2.2. Advances in Assessing Land Degradation

Technological advancements have played a pivotal role in advancing the methodolo-
gies used to assess land degradation. For instance, the integration of remote sensing data
with field observations, as demonstrated by [15], has improved the accuracy of identifying
degraded lands. Similarly, ref. [17] explored how hydrological modeling combined with
socio-economic data can provide deeper insights into the cascading effects of degradation
on water resources and agricultural productivity. Such interdisciplinary approaches have
set a new benchmark in understanding the multifaceted nature of land degradation.

The use of spatially explicit models has also become increasingly prominent. The
Universal Soil Loss Equation (USLE) remains a cornerstone for soil erosion assessments, but
its integration with advanced tools like the InVEST Sediment Delivery Ratio (SDR) model
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has allowed for greater precision in quantifying erosion and its economic impacts [18,19].
Meanwhile, the application of machine learning techniques in land use classification, as
seen in studies by [20], has improved the reliability of degradation assessments, particularly
in heterogeneous landscapes.

Beyond technical tools, frameworks for understanding the socio-economic dimensions of
desertification have gained traction. Ref. [21] emphasized the need to integrate socio-economic
variables into desertification studies, arguing that land degradation cannot be fully understood
without considering human activities, institutional weaknesses, and governance structures.
Similarly, the role of community participation in combating desertification has been highlighted
in studies like those of [22], who demonstrated the effectiveness of participatory approaches in
reversing degradation trends in vulnerable regions.

2.3. Economic Impacts and Policy Implications

The economic consequences of land degradation are profound, with far-reaching im-
pacts on national economies and local livelihoods. Ref. [12] estimated that land degradation
costs some countries as much as 9% of their GDP annually. In the MENA region, ref. [12]
found that Morocco’s economic losses due to environmental degradation amounted to
3.52% of GDP, highlighting the urgency of addressing these issues. Studies have empha-
sized the need for robust policy frameworks that integrate land restoration with socio-
economic development. For instance, ref. [15] suggested that incentivizing sustainable land
management practices through subsidies and community programs can yield significant
economic and environmental benefits.

2.4. Relevance to the Case Study

This study builds upon the methodologies discussed, applying them to Morocco’s
unique context. Unlike global studies that provide generalized findings, this research
employs a zonal approach to assess economic costs across Morocco’s homogeneous zones.
By integrating spatial tools like InVEST and incorporating recent economic valuation tech-
niques, this study bridges critical gaps identified in the prior literature, such as those
highlighted [12]. Furthermore, it contributes to the growing body of knowledge by demon-
strating how localized assessments can inform national and regional policy frameworks.

2.5. Analytical Framework for the Case Study

To ensure a robust analysis, this study adopts an interdisciplinary framework that
integrates biophysical and economic methodologies. Key components include:

• Spatial analysis tools: Advanced tools like the InVEST SDR model and carbon
storage models were employed to quantify erosion and ecosystem service losses.
These tools provide high-resolution insights into degradation patterns, enabling
targeted interventions.

• Economic valuation: The economic impacts of degradation were monetized using
established methods, including replacement costs for dam siltation and social costs
of carbon for ecosystem losses. This approach ensures alignment with global best
practices while tailoring the results to Morocco’s context.

• Zonal approach: By segmenting Morocco into homogeneous zones based on climatic,
geological, and land-use characteristics, this study captures the spatial variability
of degradation impacts. This approach ensures that recommendations are context-
specific and actionable.
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3. Materials and Methods

3.1. Study Area
3.1.1. Relief and Climate

Morocco’s relief (Figure 1a) has been spatialized on the basis of USGS Earth Explorer
data at 30 m resolution and is highly diversified, influencing both climate and vegetation.
On the one hand, there are the mountain ranges with their high peaks, such as the mountain
of Toubkal at 4167 m, which is the highest point in the Anti-Atlas, Middle Atlas, and High
Atlas, as well as the Rif mountains. In addition, there are the fertile Atlantic coastal plains
and the arid plateaus to the east, and finally, the south and southeast regions of the country
(the Sahara) are dominated by expanses of desert and Saharan dunes.

With regard to rainfall distribution, we used [23] standardized rainfall index over
40 years (1981–2020). After studying this map (Figure 1b), we can see that the Rif mountain
range in the north is the country’s wettest region, with annual rainfall totals in excess of
1000 mm, records annual rainfall of less than 400 mm, with values decreasing towards
the south and west, particularly in the area framed by the Atlas Mountains, with stations
recording values ranging from 600 mm in the north to 200 mm in the south. The south and
southeast, which are the pre-desert and Saharan domains, are characterized by extreme
drought, with annual accumulations of less than 100 mm.

3.1.2. Soil and Vegetation

The land cover of Morocco 2020 (Figure 1c) with a resolution of 10m was drawn up
based on the [24] SENTINEL-2 Land Cover product, which was created using SENTINEL-2
satellite imagery from the European Space Agency (ESA). The Impact Observatory is the
classification model used to create this product, and it identified 10 classes of the earth’s
surface, including vegetation, bare surfaces, crops, and urban areas.

Morocco’s soils (Figure 1d) are the fruit of varied and sometimes complex natural
processes, giving rise to a great diversity of soils. According to [25], Morocco has sandy soils
rich in iron oxides, clay soils near the coast, and brown soils under forests, which are highly
suitable for agriculture. In limestone areas, the slope and disappearance of vegetation
accelerate soil degradation. There are also rough mineral soils on rocky formations and
eroded soils on marl soils, as well as shallow soils on steep slopes, which are highly subject
to erosion.

  
(a) (b) 

Figure 1. Cont.
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(c) (d) 

Figure 1. (a). Relief map of Morocco. Source: [26]. (b). Map of mean annual precipitation in Morocco
(1981−2020). Source CHIRPS data: [23]. (c). Impact Observatory land-use map of Morocco 2020.
Source: adapted from [24]. (d). Typical soil map of Morocco. Source: [25].

3.2. Methodology

In order to study the phenomenon of land degradation and desertification in Morocco,
we worked on eight homogeneous zones (Figure 2) identified and delimited within the
framework of the PANLCD 2013 with regard to sensitivity to desertification. In fact, the
delimitation of these zones was based on 3 main criteria according to [9], which are relief,
climate, and soil capital.

Figure 2. Map of homogeneous zones in Morocco. Source: adapted from [9].

To estimate the total economic cost of desertification in Morocco in 2020, we proceeded
to monetize the impacts of desertification. The methodological approach adopted in our
study does not cover all the cases likely to occur in reality but focuses on the most frequently
encountered and most important cases. We have used a zonal approach to desertification
sensitivity to calculate the costs of the following types of degradation: degradation of
agricultural land by water and wind erosion and salinization, followed by overgrazing of
rangelands, silting of dams, loss of carbon storage, and changes in land use.
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To do this, our methodology is divided into 2 main stages: firstly, we quanti-
fied the various impacts of degradation based on InVEST, the PANLCD 2013 report,
and secondly, we monetized these impacts using the various methods for assessing
the economic cost of degradation, the totals of which are the total economic cost of
desertification in Morocco in 2020.

3.2.1. Quantifying the Impacts of Desertification

A. Degradation of agricultural land

A-1 erosion

In order to assess the extent of water erosion-related land degradation in Morocco,
we used the Sediment Delivery Ratio (SDR) model of the InVEST tool, which uses the
universal soil loss equation of [27]: USLE = R × K × LS × C × P to estimate the potential
soil loss for each pixel within the country.

The inputs to the SDR model are as follows:

• Digital terrain model raster (Figure 1a);
• Raster of the erosivity factor (R) (See Supplementary Materials Figure S1) calculated

on the basis of the global rainfall erosivity map [28];
• Raster of the erodibility factor (k) (See Supplementary Materials Figure S2) deter-

mined using the harmonized soil database [13] and the erodibility factor estimation
table K [29];

• Land use raster (Figure 1c);
• Biophysical table (Table 1) with two factors (—Usle_c: cover management factor—Usle_p:

supporting practices factor).

Table 1. Biophysical table of sediment delivery ratio (SDR) model.

Description Lucode Usle_c Usle_p Data Source

Water 1 0.04 1 [18]
Forest 2 0.003 1 [18]
Pastures 3 0.15 0.9178 [19]
Wetlands 4 0.03 1 [18]
Cultivated
Land 5 0.19 1 [18]

Shrub
vegetation 6 0.05 0.9178 [19]

Built-up areas 7 0.1 1 [18]
Bare Soil 8 1 1 [18]

After running the SDR model, we obtained the total amount of potential soil loss due
to water erosion in Morocco, then mapped this information by water erosive state, which
according to [30] are grouped into 4 states: very low (<5 t/ha/yr), low (5–10 t/ha/yr),
medium (10–20 t/ha/yr), and high (≥20 t/ha/yr). As the high level of degradation was
irrecoverable, it was not included in the analysis. This map of erosive water conditions was
then superimposed on the land use map to determine the surface area of agricultural land
affected by light (very low, low) and moderate erosion.

A-2 Wind erosion

To measure the extent of land degradation linked to wind erosion, we used the map
(Figure 3) drawn up as part of PANLCD 2013. Studying this map enabled us to calculate
the surface area affected by each erosive condition, which are 35.23 million hectares for
very low erosion, and 3.37, 24.17, and 7.24 million hectares of affected surface area for low,
medium, and high erosion, respectively.
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Figure 3. Wind erosion states in Morocco. Source: adapted from: [9].

A-3 Salinization

In order to quantify salinization-related degradation, we used the percentage of soil
area degraded by salinization, as calculated within the framework of the PANLCD and
listed in Table 2. We then calculated the area of soil affected by salinization for each
homogeneous zone.

Table 2. Percentage of agricultural land area affected by salinization.

Homogeneous Zone
% Area of Agricultural Land Affected by

Salinization

1 1
2 1
3 5
4 1
5 1
6 1
7 1
8 1

Source: [9].

B. Overgrazing of rangelands

To quantify the degradation of rangelands, a two-step method was used.
Firstly, we calculated the overall forage production of natural rangelands (forest, alfa

grass cover, and productive rangelands) for each homogeneous zone. Based on the areas
drawn from the land use map (Figure 3) and specific data from [31,32], the estimate of
productive rangelands was set at 12.5 forage units/ha. The needs of livestock satisfied by
stabling, representing 40% of their total consumption, were taken into account [6].

The results were calculated from data provided by the HCP in several reports [32–35] in
Livestock Units (LU) according to the ratios of [6], and forage requirements in forage units
per LU were set at 1200 FU/ha. Overconsumption was finally calculated by subtracting local
production from the estimated offtake for each zone.
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C. Siltation of dams

To quantify ex situ land degradation resulting in dam silting, we initially calculated the
amount of sediment exported (in tons per year) by each major Moroccan watershed, using
the InVEST (SDR) model and the same parameters as those employed to quantify water
erosion (in situ), in addition to shapefiles representing Moroccan watersheds (Figure 4) and
then identified the main dams located downstream of each watershed. To quantify dam sil-
tation by homogeneous zone, the watershed map was superimposed on the homogeneous
zone map.

Figure 4. Watersheds of Morocco. Source: adapted from: [36].

D. Loss of carbon storage

In order to quantify the carbon storage lost annually, we used InVEST’s Carbon Storage
and Sequestration model, applied between 2000 and 2020. We then calculated the difference
in the quantity of carbon between these two dates to determine the quantity of degraded
carbon storage in Morocco, and finally to identify its annual loss in Morocco. To do this,
we need two inputs: the land cover rasters for the years 2000 and 2020 (See Supplementary
Materials Figures S3 and S4), which will be drawn up on the basis of the CAS EARTH [37]
product at 30m resolution, using pixel-based image classification and object-based image
classification, and offering 10 classes, 8 of which are suitable for Morocco, namely crop,
forest, grassland, shrub vegetation, wetland, water body, urban area, and bare soil. We
also use a biophysical table (Table 3) comprising above-ground biomass carbon density,
below-ground biomass, soil carbon, and dead matter carbon.

Table 3. Biophysical table of carbon storage and sequestration.

LULC_Desc Lucode C_above C_below C_soil C_dead Data Source

Cultivated Land 1 44.43 29.3 10.45 0 [20]
Forest 2 132.4 26.14 15.67 0 [20]
Pastures 3 31.2 1.1 18.67 0 [20]
Shrub vegetation 4 10 3 25 0 [19]
Wetlands 5 82 1.3 20 0 [18]
Water bodies 6 0 0 0 0 [18]
Built-up areas 7 3 0.6 13.5 0 [20]
Bare Soil 8 3.5 0.35 16.5 0 [18]

29



Land 2025, 14, 837

E. Land use trends

In order to understand the evolution of land use, we used the MCD12Q1.061 MODIS
product, which offers 500m resolution with an IGBP classification of 17 classes according
to [38], of which only 14 are available in Morocco. Our study was based on multi-date
mapping between 2001 and 2020, with change analysis carried out using the Google Earth
Engine, which enabled us to obtain the change matrix for transitions between the main land
uses, which we will reduce to 7 classes (Table 4). In order to attenuate the annual variations
recorded due to climatic conditions, notably precipitation, we calculated a five-year moving
average of the changes over a 16-year period from 2005 to 2020. Based on the moving
averages, we calculated the average annual change for each land use class.

Table 4. Classes used to assess land use evolution 2001–2020.

Integration of Classes to Assess
Evolution Between 2001 and 2020

Classes MCD12Q1.061

Bare soil or sparse vegetation Bare soil or sparse vegetation

Cultivated land
A mosaic of cultivated land and natural

vegetation
Cultivated land

Forests

Deciduous forests
Evergreen deciduous forests

Mixed forests
Evergreen forests

Pastures Pastures

Shrub vegetation

Dense shrublands
Open shrublands

Savannahs
Wooded savannahs

Built-up areas Urbanized and built-up areas

Wetlands Wetlands

3.2.2. Estimating the Economic Cost of Degradation

A. Degradation of agricultural land

A-1 Erosion

The economic cost of agricultural land erosion due to water and wind erosion in 2020
was estimated on the basis of the loss in value of agricultural production caused by a fall in
productivity. For each homogeneous zone, we used four cropping systems: cereal, legume,
sugar, and oilseed, based on [32] data by province. We then calculated a weighted average
of prices in USD per quintal: 27.83 for cereals, 89.36 for pulses, 72.66 for oilseeds, and
13.38 for sugars to estimate cereal productivity in each homogeneous zone.

In short, the economic cost of lost productivity is calculated by multiplying lost
agricultural production (PAP) by the price of cereals in 2020. This estimate was made for
each homogeneous zone using the following formula: PAP (homogeneous zone) = lost
agricultural productivity × area of land affected by different erosive conditions

A-2 Salinization

To calculate the cost of salinization-induced land degradation, we multiplied the
affected land area for each homogeneous zone by 390.5 USD/ha, which is the economic
cost induced by losses in agricultural productivity due to salinization according to [12]

B. Overgrazing of rangelands

The cost associated with rangeland degradation is equivalent to the quantity of forage
units over-consumed, multiplied by the unit price of a forage unit. Each forage unit
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represents one kilogram of barley. According to [32], the unit price of a kilogram of barley
is between USD 0.26 and 0.83.

C. Siltation of dams

To calculate the cost of land degradation ex situ, we first transformed the quantity
of sediment exported from the t into m3, knowing that the weight by volume of dam silt
is 1.8 t/m3 [39], then used the replacement cost method. This approach was supported
by reference to the cost of developing water resources, assessed on the basis of the cost of
mobilizing water from another dam intended to replace the lost storage capacity, which
consisted of multiplying this quantity by the average cost of developing the mobilized
water, varying between 0.21 and 0.63 USD/m3 according to data from [40].

D. Loss of carbon storage

In order to estimate the economic cost of the loss of carbon storage, our analysis is
based on the social valuation of a ton of sequestered carbon, representing the social damage
avoided by preventing the release of CO2. According to [12], the social price of carbon
ranges from USD 40 to 80. To monetize the quantity of degraded carbon obtained by the
InVEST model, we multiply this quantity by the extreme values of this range, then average
the two.

E. Land use trends

To estimate the cost of the average annual change in land use on the total economic
value (Table 5), 4 classes will be retained for reasons of significant importance.

Table 5. Total economic value of ecosystems (TEV).

Land Use VET (USD/Year) Data Source

Forest 103 [12]
Wetlands 9778 [41]
Cultivated land 482 *
Pastures 132 [12]

* Value estimated by the authors based on available agricultural productivity data for Morocco (2022).

4. Results

4.1. Degradation of Agricultural Land
4.1.1. Water Erosion

Running the SDR model of the InVEST tool generated a map of land degradation
(Figure 5) resulting from water erosion in Morocco. The classification of the latter by erosive
state shows us that Morocco is affected by light erosion (very low and low) on sixty percent
of its surface, nine percent is affected by moderate erosion, and one-third is affected by
strong erosion.

On the one hand, the surface area of agricultural land affected by the various erosive
conditions was obtained by superimposing the land use map and the map of erosive water
conditions in Morocco. Extracting the results by homogeneous zone enabled us to calculate
the surface area of agricultural land degraded by water erosion by homogeneous zone.

In addition, the calculation of lost productivity in Q/ha (quintal per hectare) per
homogeneous zone according to light and medium erosive conditions and its product
by the agricultural areas (ha) affected by these two conditions provided us with the
average production (Q) lost per homogeneous zone. Lastly, we estimated the cost of
lost cropland production caused by water erosion (Table 6), which results in an annual
loss of USD 263.1 million.
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Figure 5. Soil losses in Morocco in 2020.

Table 6. Annual costs of loss of cropland production caused by water erosion (×1 million USD).

Homogeneous
Zone

Average Productivity
(Q/ha)

Lost Production (1000 Q/Year) Due
to Light and Medium Erosion

Cost (×1 Million USD
/Year)

1 4.4 4 0.1
2 20.1 71.6 2
3 6.9 265.5 7.4
4 38.4 3255.8 91.2
5 9.9 1978.4 55.4
6 23 767.54 21.5
7 27.2 3011.2 84.4
8 11 32.3 0.9

Total 9386.6 263.1

4.1.2. Wind Erosion

Following the same approach adopted to monetize the impact of water erosion, and
based on the wind erosion conditions (Figure 3), we calculated the cost of lost cropland
production caused by wind erosion, which results in an annual loss of USD 317.6 million
(Table 7).

Table 7. Annual costs of loss of cropland production caused by wind erosion (×1 million USD).

Homogeneous
Zone

Average Productivity
(Q/ha)

Lost Production (1000 Q/year) Due
to Light and Medium Erosion

Cost (×1 Million USD
/year)

1 4.4 5.4 0.15
2 20.1 61.2 1.7
3 6.9 239.8 6.7
4 38.4 2981.9 83.6
5 9.9 1934.3 54.2
6 23 850.1 23.8
7 27.2 4988.3 139.8
8 11 269.2 7.5

Total 11,330.67 317.6

32



Land 2025, 14, 837

4.1.3. Salinization

The cost of agricultural land degradation associated with salinization in Morocco is
USD 25.03 million (Table 8).

Table 8. Annual costs of loss of cropland production due to salinization (×1 million USD).

Homogeneous Zone
Affected Farmland

(ha)
Economic Cost (USD Million)

1 119 0.04
2 603.2 0.23
3 17,284 6.75
4 7764.2 3.03
5 13,451 5.25
6 3760.5 1.47
7 18,550 7.25
8 2568.7 1.00

Total 64,100.6 25.03

4.2. Degradation of Rangelands Through Overgrazing

Total forage production from forests and productive rangelands was calculated by ho-
mogeneous zone, with Homogeneous Zone 4 standing out as the most productive, closely
followed by Homogeneous Zone 6, while Homogeneous Zone 5 had the lowest production.
Calculation of forage harvesting by livestock by homogeneous zone revealed that Homoge-
neous Zone 7 had the greatest pressure from livestock, followed by Homogeneous Zone 5,
while Homogeneous Zone 8 had the lowest annual forage harvesting. The annual cost of
pasture degradation due to overgrazing is estimated at USD 1.03 billion (Table 9).

Table 9. Annual costs of pasture degradation due to overgrazing (×1 million USD).

Homogeneous
Zone

Annual Production
(106 UF)

Annual Withdrawal
(106 UF)

Annual Overconsumption
(106 UF)

Economic Cost
(Million USD)

1 177.8 310.8 132.4 37.5
2 143.8 218.2 74.4 21
3 332.6 744 411.3 116.6
4 486.2 1012.4 526.1 149.1
5 27.2 1126.5 1099.2 311.6
6 373.7 889.2 515.5 146.1
7 104 1377.5 1273.5 361
8 62.9 215.2 152.3 43.1

Total 1708.5 5893.8 4184.9 1037.1

In order to spatialize the intensity of the pastoral load (Figure 6), we calculated the
index of pastoral pressure by homogeneous zone, which is the ratio between the actual
load and the equilibrium load. Given that these homogeneous zones are very extensive, the
calculation of these indices was reduced to the provincial level of the country, and analysis
of the results shows that Homogeneous Zone 5 suffers the greatest pressure, followed by
Homogeneous Zone 7, while Homogeneous Zone 2 endures the least intensity.
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Figure 6. Degree of overgrazing by province in Morocco.

4.3. Dam Silting

The economic cost induced by dam silting is an annual value of 61.6 million USD
(Table 10), established on the basis of the economic costs of dam silting by catchment area
(Appendix A.3).

Table 10. Annual costs incurred by siltation of dams (×1 million USD).

Homogeneous Zone Economic Cost (Million USD)

1 7.1
2 16.7
3 12.8
4 7.6
5 6.4
6 5.5
7 3.3
8 2

Total 61.6

4.4. Degradation of Carbon Storage

Implementation of the InVEST carbon storage and sequestration model has given
us the quantity of carbon stored between 2000 and 2020 (Appendix A.1) in Morocco and
by homogeneous zone. The carbon storage lost in Morocco between 2000 and 2020 is
12.48 107 t, representing a loss of USD 7.77 billion over a 20-year period, i.e., an average
annual loss of 6.24 106 t and an average annual economic cost of 390 (million USD/year)
for the Kingdom (Table 11).

Table 11. Annual costs incurred by loss of carbon storage between 2000 and 2020 (×1 billion USD).

Homogeneous Zone Percentage Variation (%)
CO2 Sequestered

Between 2000 and 2020
(107 t)

Economic Cost (in
Billions of USD)

1 −2.96% 15.4 9.58
2 −3.81% 1.76 1.10
3 −43.96% 2.28 1.42
4 −5.85% 26.32 16.38
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Table 11. Cont.

Homogeneous Zone Percentage Variation (%)
CO2 Sequestered

Between 2000 and 2020
(107 t)

Economic Cost (in
Billions of USD)

5 19.47% 3.51 2.18
6 −13.81% 11.64 7.25
7 4.40% 8.28 5.15
8 −2.96% 2.63 1.64

Total 12.48 7.77

4.5. Land Use Trends

Evolutionary trends, using 2001 as the reference year (value = 1), highlight the non-
linear nature of land use transformations. Some land occupations show an overall upward
trend, others a downward trend, while some evolve in an increasing manner during one
period and regressively during another (Figure 7). The annual change matrix obtained en-
abled us to ascertain the average evolution of each land use, namely a decline in cultivated
land (19,084 ha), grassland (12,857 ha), and wetlands (87 ha), and a net increase in forest
(796 ha), representing an annual lost cost of USD 11.55 million for land use change.

 

Figure 7. Surface change in land use in Morocco (2001–2020).
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4.6. Total Annual Economic Cost of Desertification in Morocco

The total annual economic cost of desertification in 2020 is estimated at USD 2.1 billion
(Table 12), representing 1.77% of Morocco’s GDP, with degradation of agricultural land
accounting for 28.75% of the total cost, and degradation of rangelands through overgrazing,
degradation of carbon storage, siltation of dams and changes in land use accounting for
49.27%, 18.47%, 2.95%, and 0.56%, respectively (Figure 8).

Table 12. Total economic cost of desertification in Morocco (billions of USD).

Degradation Economic Cost (Billion USD)

Degradation of agricultural land 0.6
Degradation of rangelands through
overgrazing 1.04

Degradation of carbon storage 0.39
Siltation of dams 0.06
Land use changes 0.01

Total annual economic cost of desertification
in Morocco 2020

2.1

 

Figure 8. Contribution of each degradation (%) to the total cost of desertification.

5. Discussion

Determining the economic cost associated with desertification is intrinsically complex,
and its relevance is inextricably linked to the accessibility of relevant knowledge and
information. Thus, the material losses considered in this study reflect only a limited fraction
of the impacts of desertification, which are likely to be underestimated. The conceptual
approach adopted to assess the cost of desertification-related degradation focuses on the
most prevalent and significant cases without claiming to encompass all possible situations.

To estimate the costs of desertification and land degradation, “in situ” effects such
as water and wind erosion, overgrazing, salinization, carbon stock degradation, and land
use change have been addressed, as well as “ex situ” effects, including water loss in dams
due to transport of surface soil horizons and siltation. The data needed to estimate these
degradations are the land area and its occupation, the degree of degradation, and the
consequent variation in agricultural and pastoral productivity. The prices of agricultural
and forestry products, the social cost of carbon, and the total economic value of ecosystems
make it possible to estimate the economic cost of desertification in monetary terms.
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The total economic cost of desertification is estimated at USD 2.1 billion, or 1.77%
of Morocco’s GDP in 2020. Pasture degradation due to overgrazing accounts for the
majority of this cost (49.27%), while overconsumption of available forage resources
by livestock is estimated at 4.1 billion forage units per year. Homogeneous Zone 5 is
the most affected, with pressure corresponding to 25% of overconsumption. The loss
of productivity of agricultural land through water and wind erosion and salinization
results in a loss of more than 20 million quintals of agricultural production and accounts
for 28.75% of the total cost of desertification. Wind erosion causes the most losses,
and homogeneous Homogeneous Zone 7 is the most degraded. With regard to the
degradation of carbon storage, more than 6 million tC is lost annually and its cost
represents 18.47% of the total cost, with Homogeneous Zone 4 losing the most storage.
The effects of ex situ water erosion, manifested by the silting-up of dams, account for
2.95% of the total cost, with homogeneous Zone 2 suffering the most damage. Land use
change accounts for the smallest share of the total economic cost of desertification, at
0.56%. Analysis of change over a 20-year period shows that there has been an annual
decline in cultivated land (19,084 ha), grassland (12,857 ha), and wetlands (87 ha), and
a net increase in forest (796 ha). Evaluating the cost of degradation by homogeneous
zone, the seventh homogeneous zone is the most affected by degradation with a cost
exceeding USD 580 million, followed by the sixth with a cost exceeding USD 420
million, while the least degraded homogeneous zones are the first (USD 47.25 million)
and second (USD 42 million).

It is essential to continue efforts to better understand the causes and dynamics of
soil degradation in Morocco. This requires the development of more in-depth analyses to
obtain more accurate and comprehensive estimates. In addition, carrying out cost/benefit
studies could help to identify interventions that have the greatest positive impact on the
environment while remaining economically viable. To guarantee sustainable management,
it would be advisable to set up a rigorous monitoring and evaluation system based on
observatories that are well distributed across the homogeneous zones identified. These
efforts should not be limited to the physical and biological aspects of combating degradation
but should also include social and economic dimensions, with the active participation of
local communities. Finally, it is imperative to promote sustainable agricultural and land
management practices adapted to the specific characteristics of each region to preserve
soils and improve their resilience in the face of climatic and anthropogenic pressures.

5.1. Comparison with Earlier Studies

This study’s findings align with and expand upon those of [12], who estimated that
environmental degradation costs Morocco 3.52% of its GDP. While their research provided
a comprehensive assessment of environmental degradation, including urban and industrial
factors, this study focuses specifically on desertification-related land degradation. The
economic cost of desertification in this study, estimated at USD 2.1 billion (1.77% of GDP),
reflects a narrower scope but provides greater detail in terms of zonal analysis and specific
drivers such as overgrazing and wind erosion.

Additionally, ref. [12] highlighted the significant role of land degradation in rural poverty,
a finding corroborated here through the identification of homogeneous zones 5 and 7 as areas
bearing the highest economic burden. Unlike their broader approach, this study incorporates
newer datasets and advanced tools, such as the InVEST SDR model, to achieve spatially
explicit insights. By using a zonal approach, it advances prior findings by revealing spatial
variability in degradation impacts and the economic consequences for specific zones.

Moreover, while [12] emphasized the broader implications of environmental degrada-
tion on Morocco’s economy, this study underscores the specific mechanisms of desertifica-
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tion and provides actionable recommendations for land management tailored to each zone.
This targeted approach offers a framework for prioritizing interventions and allocating
resources efficiently, thereby advancing earlier findings.

5.2. Public Policy Recommendations and Comparative Analysis

To address desertification, Morocco should strengthen land use planning, promote
ecosystem restoration through reforestation and soil conservation, and modernize irrigation
systems to combat salinization. Sustainable agricultural practices such as no-till farming
and crop rotation, coupled with community engagement, are vital for long-term success.

Morocco can learn from regional examples like Tunisia’s Land Degradation Neutrality
targets and Jordan’s water harvesting techniques, as well as global initiatives like China’s
Loess Plateau restoration and India’s watershed programs. These highlight the value of
integrating traditional knowledge with modern solutions. Morocco’s PANLCD provides a
strong foundation, but scaling up region-specific interventions and monitoring systems
will enhance its effectiveness.

6. Conclusions

The findings of this study reveal that land degradation in Morocco is a significant and
ongoing issue, affecting more than 90% of its territory and generating significant economic
costs. This study estimates the total cost of land degradation at USD 2.1 billion per year,
representing 1.77% of Morocco’s GDP in 2020. Among the various forms of degradation,
rangeland overgrazing contributes the most (49.27%), followed by the loss of agricultural
land productivity (28.75%), carbon storage degradation (18.47%), dam siltation (2.95%),
and land use changes (0.56%).

The findings reveal that certain homogeneous zones, particularly Homogeneous Zone 7
and Homogeneous Zone 6, bear disproportionate economic burdens due to high pressures on
natural resources. In contrast, homogeneous zones 1 and 2 are the least affected, reflecting sig-
nificant spatial variability in degradation impacts. Despite the robustness of the methodologies
employed, this study acknowledges several limitations, including the lack of field validation
for certain parameters (wind and water erosion) and the use of temporally non-harmonized
data. These limitations highlight the need for updated climatic and environmental datasets
and the establishment of monitoring systems tailored to regional characteristics.

To mitigate the impacts of desertification, targeted efforts must be implemented, such as:

• Strengthening sustainable land management practices for agricultural and range-
land areas.

• Promoting ecosystem restoration in the most sensitive homogeneous zones.
• Implementing a monitoring and evaluation system based on region-specific indicators.
• Engaging local communities in conservation initiatives to ensure long-term sustainability.

In conclusion, this study underscores the importance of addressing desertification as
a national priority, not only due to its environmental implications but also its economic
consequences. The results provide a solid foundation for guiding policies and strategies to
mitigate desertification effects while promoting sustainable development.
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Appendix A

Appendix A.1. Figures of Carbon Storage in Morocco in 2000 and 2020

Appendix A.2. Data on Forage and Crop Production by Homogeneous Zone

Appendix A.2.1. Farmland Production Season (2018–2019)

Homogeneous

Zone 1 2 3 4 5 6 7 8

Production in

(103 Q)

Cereal crops 52.7 1156.18 1220.21 9110.66 6000.3 3331.59 24,038.2 2723.57
Growing legumes 18.2 43.58 151.14 153.3 143.33 1307.4 35.65
Sugar crops 2159.8 1270.8 3779.6 11,705.2
Oilseed crops 9.8 1.6 1109.4

Source: [32].

Appendix A.2.2. Area (in ha) of Forest Species by Homogeneous Zone in 2019

Homogeneous

Zone 1 2 3 4 5 6 7 8

Area of

Species (in

ha)

Fir 4856
Alfa 520,935 1815 276,881.8 1,734,387
Juniper 34,565 202,895 439,038.8 170 101,578.2 735 1938
Pines 2082 42,372 30,164.3 11,645
Thuja 5903 139,143.4 98,347.2 7740 151,436.9 78,866 51,365
Cedar 39,205 16,555.5 51 14,996
Argan tree 28,058 552,915.7 266,193.9 2316 132
Zeen Oak 49 796 5657 7015
Cork oak 29 5181 645 16,015 201,525 71,910
Holm oak 3347 173,317 789,124.5 14,440 271,883 66,347 69,912
Other 689,652 116,911.3 59,238.9 31,378.3 43 11,499.5 29,761 3187.7
Total 723,613 675,760 1,131,436 1,987,772 25,354 2,334,448 382,942 236,824

Source: [32].
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Appendix A.2.3. Livestock Numbers (in Thousands of Head) 2019 by Homogeneous Zone

Homogeneous Zone Goats Sheep Cattle Camels

1 774.57 447.5 18.36 170.37
2 465.993 876.972 38.28 15.44
3 1048.3 2837.09 317.82 1.32
4 1482.53 3324.12 322.11
5 268.3 3892.5 737.6
6 624.96 2927.16 170.16
7 344.5 3746.6 1108.8
8 361.24 373.74 192.4

Source: [32–35].

Appendix A.3. Economic Cost of Dam Silting by Catchment Area

Replacement

Costs (USD)

Watersheds

Storage

Capacity

(Millions

m3)

Exported

Sediment

(106 t/Year)

Lost Storage

Capacity

(Millions m3)

Cost 0.21 USD/m3

(in Millions of

USD/Year)

Cost 0.63 USD/m3

(In Millions of

USD/Year)

Bouregrag, Atlantic
Coastal Casa

1082.30 5.16 3.44 0.72 2.17

Guelmim Tiznit 63.30 2.69 1.79 0.38 1.13
Loukkos, Tangiers, and
Mediterranean coasts

1716.56 14.64 9.76 2.05 6.15

Moulouya, isley, Figuig 703.00 12.58 8.39 1.76 5.28
OUM Er Rabii, Coastal
Safi El Jadida

4952.40 44.63 29.75 6.25 18.74

Saqia el-Hamra 16.30 6.43 4.29 0.90 2.70
Sebou, Drader Souier 5552.66 22.91 15.27 3.21 9.62
Souss-Massa
Ziz_Rheris, guir, Draa,
Tamri

1853.84 121.02 80.68 16.95 50.82

Tensift, Coastal
Essaouira

79.80 33.76 22.51 4.73 14.18
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Abstract: Water-Regulating Ecosystem Services (WRES) play a crucial role in maintain-
ing water quality and preventing soil erosion, particularly in watershed areas that are
vulnerable to Land Use Land Cover Changes (LULCC) and climate change. This study
focuses on the Upper Beht Watershed, the most ecologically significant basin of the Ifrane
National Park (INP). The main objective is to understand how WRES values respond to
the challenges posed by grasslands degradation, agricultural intensification, and urban
expansion before and after the park’s creation. In this research, we first analyzed historical
Land Use Land Cover (LULC) data from 1992 to 2022 using Google Earth Engine platform.
We then employed the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST
3.10.2) models to quantify and map the impacts of ongoing LULCC on the watershed’s
capacity to retain sediments and nutrients. Finally, we used the damage costs avoided
method for economic assessment of WRES. Our findings demonstrate a notable improve-
ment in the economic value of WRES following the establishment of the park, reaching
USD 10,000 per year. In contrast, prior to its creation, this service experienced a decline of
USD −7000 per year. This positive trend can be attributed to the expansion of forest cover
in areas prioritized for reforestation and conservation interventions. The study highlights
the critical importance of continuous WRES monitoring, providing park managers with
robust data to advocate for sustained conservation efforts and increased investment in
restoration initiatives within protected areas. Moreover, the findings can be used to raise
awareness among local communities and encourage their active engagement in sustainable
development initiatives.

Keywords: water-regulating ecosystem services; LULCC; sediment retention; nutrient
retention; economic assessment; Ifrane national park

1. Introduction

Ecosystem services are the benefits humans derive from natural ecosystems, ranging
from the provision of resources to the regulation of environmental processes. These
services are indispensable for human well-being [1]. The recognition of their importance
gained prominence with Costanza’s 1997 study, which introduced economic valuation
as a method to integrate ecosystem services into decision-making processes [2]. Among
them, water regulation ecosystem services (WRES) play a crucial role in maintaining
hydrological balance by ensuring water quality, mitigating soil erosion, and reducing
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flooding [3,4]. Ecosystems such as forests, grasslands, and wetlands are key providers of
these services [5,6]. Given their critical function, the monetization of WRES has become
increasingly necessary to support their inclusion in policy-making and environmental
planning [7].

In Morocco, WRES are particularly significant in regions such as the Middle Atlas,
where forested watersheds contribute to hydrological stability, agricultural productivity,
and urban water supply [8–10]. One of the most ecologically and hydrologically signif-
icant basins in this region is the Upper Beht Watershed, which encompasses extensive
forests dominated by Atlas Cedar (Cedrus Atlantica). This watershed plays a key role in
securing the country’s mobilizable water resources and sustaining downstream communi-
ties [11,12]. However, the capacity of this region to provide WRES has been threatened by
LULCC, including grassland degradation, agricultural intensification, and urban expan-
sion [11,13]. In response to these challenges, the Ifrane National Park (INP) was established
in 2004 to conserve biodiversity and maintain essential ecosystem services. The park
integrates various land-use categories (state-owned, collective, and private lands) and
promotes conservation through participatory approaches. Efforts have focused on refor-
estation and restoration initiatives, wildlife conservation, ecotourism development, and
eco-development programs [14].

While conservation actions within protected areas have been widely studied world-
wide, research on their impact on WRES remains limited [15–19]. In particular, there is a
lack of quantitative assessments of WRES within Morocco’s national parks, leaving a signif-
icant knowledge gap regarding the biophysical and economic implications of conservation
efforts amid increasing pressures from LULCC and climate change [11,20–25]. This study
aims to bridge these gaps by providing a localized and detailed assessment of WRES in
the Upper Beht Watershed. Specifically, it seeks to achieve the following: (1) Evaluate the
impact of Ifrane National Park’s establishment on the hydrological regulation of the Upper
Beht Watershed by analyzing WRES trends before and after its creation. (2) Quantify and
map changes in WRES over three decades (1992–2022) using remote sensing and spatial
modeling techniques. (3) Estimate the economic value of WRES using the “damage costs
avoided” approach to highlight their monetary significance.

To achieve these objectives, the study employs Google Earth Engine for remote sensing
analysis and integrates Sediment Delivery Ratio (SDR) and Nutrient Delivery Ratio (NDR)
models within the InVEST models to quantify sediment and nutrient retention changes over
time. Field verification is incorporated to enhance data accuracy. The economic valuation
component provides insights into the monetary importance of WRES, reinforcing the need
for their integration into conservation policies.

By assessing the evolution of WRES values in relation to LULCC and conservation
efforts, this study underscores the role of restoration activities in enhancing ecosystem
resilience. Furthermore, it highlights how economic valuation can inform sustainable
conservation planning and policymaking, paving the way for innovative financing mecha-
nisms that align ecological preservation with socio-economic objectives. The findings of
this research will provide valuable data for park managers, policymakers, and conserva-
tion stakeholders to support ongoing WRES monitoring and strengthen water resource
management strategies within protected areas.

2. Materials and Methods

2.1. Study Area

The study area encompasses the Upper Beht Watershed, the most ecologically and
hydrologically significant basin within Ifrane National Park, situated in the western part of
the central Middle Atlas region in Morocco (Figure 1).
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Figure 1. Map of the geographical location of the study area.

The Upper Beht Watershed is a major hydrological unit within the Sebou Water-
shed, receiving inflows from the R’dom river before merging with the Sebou river in the
Gharb plain. It plays a critical role in water regulation and supply, acting as a primary
left-bank tributary of the Sebou river. The watershed contributes significantly to water
availability for downstream reservoirs and irrigated agriculture, with a total irrigated
area of 29,000 ha. Its hydrological function includes precipitation capture, seasonal flow
regulation, and sediment transport mitigation, which are essential for maintaining regional
water resources [26].
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The climate is Mediterranean with strong Atlantic influences, characterized by an
annual precipitation average of 700 mm, varying from 1000 mm in the highlands to 300 mm
in the Saïs plain. Winters are cold, with snowfall in the Middle Atlas, while summers are
hot and dry. Annual temperatures range between 15 and 20 ◦C, with winter lows of 3–7 ◦C
and summer highs of 34–36 ◦C [26].

The geology of the watershed is diverse, with three dominant soil types: volcanic,
calcareous, and dolomitic. These substrates influence soil fertility, water retention capacity,
and erosion dynamics [26].

The vegetation cover varies with altitude and land use. The Ifrane national park,
established to conserve the region’s biodiversity and ecosystems, hosts extensive forests,
particularly in the upstream areas, while lower elevations are dominated by matorral
vegetation and seasonal agriculture. The park supports 22% of Morocco’s vascular plant
species, with an endemism rate of 25%, notably represented by the Atlas Cedar (Cedrus
Atlantica). It is also a key habitat for 33% of the country’s mammalian species, including the
endangered barbary macaque (Macaca Sylvanus). Beyond conservation, the INP promotes
sustainable resource management and supports local development through eco-tourism
and agroecology [27].

2.2. Mapping Historical LULCC

Satellite data for the years 1992, 2002, 2012, and 2022 were analyzed to assess LULCC
within the INP over three decades. These datasets, obtained from the Google Earth Engine
(GEE) platform, were derived from the Landsat 5, Landsat7, Landsat 8, and Landsat
9 satellite series. The analysis incorporated all available spectral bands, as well as the
Normalized Difference Vegetation Index (NDVI), to enable a detailed examination of
spatial and temporal LULCC.

Preprocessing steps, including radiometric and atmospheric corrections, were applied
to ensure consistency and comparability across the different time periods [28,29]. LULC
classification was performed using the Random Forest (RF) machine learning algorithm,
selected for its reliability and high accuracy in remote sensing studies [30,31]. RF lever-
ages ensemble learning by aggregating predictions from multiple decision trees, reducing
overfitting and increasing model stability. Its inherent feature selection capabilities are
particularly useful for identifying significant variables, such as spectral bands or vege-
tation indices, critical for accurate classification. RF has been shown to perform well in
various LU/LC studies, including integration with advanced techniques like Markov chain
models and multi-layer perceptrons for change prediction, achieving high accuracy and
interpretability [32]. Combining RF with multi-sensor data, such as optical and SAR im-
ages, has further enhanced classification accuracy, achieving over 96% accuracy in some
studies [33]. While RF generally excels, challenges remain in distinguishing spectrally
similar classes and achieving consistent precision and recall measures, especially in het-
erogeneous landscapes [34]. Despite these limitations, RF’s balance of simplicity, accuracy,
and computational efficiency makes it a preferred choice for large-scale LULC classification
in GEE.

In this study, supervised classification categorized LULC into six classes: forests,
shrubs, crops, built-up areas, water, and bare soil. The selection of study years, encom-
passing both pre- and post-establishment periods of the park (created in 2004), provided
insights into LULCC before and after the park’s creation. Validation of classification results
was conducted using confusion matrices and the Kappa index, demonstrating satisfactory
accuracy levels for all time periods analyzed.
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2.3. Quantifying Water-Regulating Ecosystem Services Using InVEST

After analyzing historical LULCC, we quantify WRES using the InVEST models, in
particular the Sediment Delivery Ratio (SDR) and Nutrient Delivery Ratio (NDR) mod-
els [17–20]. Annual soil loss and the sediment delivery ratio, defined as the proportion
of soil loss reaching the stream, are computed by the SDR model, and it is assumed that
sediment is transported from the source to the stream and then to the watershed outlet. The
Revised Universal Soil Loss Equation (RUSLE) is employed by the model to estimate annual
soil loss. The spatial movement of nutrient masses is explained by the NDR model through
a simple mass balance methodology, in which LULC and loading rates are considered to
determine nutrient loads [35]. The input rasters for the InVEST models are presented in
Table 1.

Table 1. InVEST models data source.

Models Inputs InVEST Models Source of Inputs

LULC All InVEST models Obtained using Google Earth engine platform

Biophysical tables (*) All InVEST models From literature [36,37]

Rasters of precipitation “Nutrient Delivery Ratio” Obtained from the website of CHIRPS [38]

Digital elevation model “Sediment Delivery Ratio”
“Nutrient Delivery Ratio” From the website of Earth Science Data Systems (ESDS) [39]

Erosivity raster
(R Factor)

“Sediment Delivery Ratio”

Calculated from annual and monthly precipitation averages
over a 30-year period (1992–2022) obtained from the website
of CHIRPS, using the formula of Rango and Arnoldus
(1987) [38,40]

Soil erodibility raster
(K factor)

Obtained by attributing the corresponding k factor
values [36] to the lithologic facies of the study area

(*) Appendix A.

2.4. Economic Assessment of Water-Regulating Ecosystem Services

In this study, a revealed preference economic valuation method is employed, specifi-
cally the damage costs avoided method, which quantifies expenses that would have been
incurred in the absence of a specific environmental function [41–45]. Damages related to
the absence of Water-Regulating Ecosystem Services are primarily associated with potential
degradation affecting agricultural lands and rangelands.

Loss in agricultural yields is obtained using the relationship of Den Biggelaar et al.
(2004) [46] (Equation (1)).

r = EwP1.224 × 0.0114 (1)

where
r: Relative decrease in yield due to erosion (%).
EwP: Erosion rate (t/ha/year).
Then, the relative decrease in yield due to erosion was multiplied by the average crop

yield to determine the decline in yield in t/ha (2).

ΔR = r ∗ Average crop yield (2)

where
ΔR: Relative decrease in yield due to erosion (t/ha);
r: Relative decrease in yield due to erosion (%).
Forage yield losses are determined using Table 2, which provides the percentage of

forage productivity losses for each erosion class [47].
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Table 2. Correspondence between forage productivity loss and level of soil degradation.

Erosion Classes (t/ha/Year) Loss of Forage Productivity (%)

0–5 2.5
5–25 25
>25 45

After quantifying the damage, its economic cost was estimated using market price.
For agricultural losses, the market price of cereals was applied, given that more than 58%
of the cultivated land in the study area is allocated to cereal production [48]. For rangeland
damages, the valuation was based on the price of fodder barley, as one forage unit is
conventionally equated to one kilogram of barley. This assessment was conducted for
multiple reference years (1992, 2002, 2012, and 2022), with the corresponding market prices
of cereals and barley for each year applied to ensure accurate and temporally consistent
cost estimation [49].

3. Results

3.1. Historical LULCC Within the INP Watershed

The analysis of LULCC revealed a significant increase in forest cover between 2012 and
2022, the decade following the park’s establishment. Prior to the park’s creation, the region
experienced a gradual decline in forested areas due to various anthropogenic activities,
including deforestation and land conversion for agricultural purposes. However, the
implementation of conservation measures and sustainable management practices within
the park has led to a remarkable recovery and expansion of the forest ecosystem.

In contrast, shrubs have continued to decline even after the park’s establishment,
primarily due to persistent overgrazing in the area and the conversion of grasslands
to agriculture and built-up areas. Similarly, water bodies have exhibited a continuous
decrease despite conservation efforts. While climate change is a major contributing factor,
the expansion of agricultural activities has further exacerbated the issue by increasing
pressure on water resources.

Table 3 illustrates the evolution of each LULC class within the INP watershed.

Table 3. Evolution of LULC classes within the INP watershed (1992/2022).

LU Class
Surface in
1992 (Ha)

Surface in
2002 (Ha)

Surface in
2012 (Ha)

Surface in
2022 (Ha)

Crops 6999 11,762 12,456 18,502

Bare soil 47,150 46,535 54,074 58,242

Water 89 97 96 49

Built-up 14 79 106 976

Forest 19,564 17,592 16,058 20,476

Shrubs 95,365 93,116 86,391 70,936

Total 169,181 169,181 169,181 169,181

Figure 2 presents the historical LULCC within the INP watershed.
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(a) (b)

(c) (d)

Figure 2. LULCC within the INP watershed: (a,b) represent the period before park establishment,
while (c,d) illustrate the period after park establishment.
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For the different years analyzed, we achieved a Kappa coefficient value equal to or
greater than 90% (Table 4), indicating a near-perfect agreement between the reference
classification and the automated classification performed using Google Earth Engine. This
high level of concordance signifies that the model accurately replicated the reference data.

Table 4. Kappa coefficient for the classifications.

1992 2002 2012 2022

Kappa coefficient 89% 91.3% 93.8% 98.14%

The classification accuracy results for the years 1992, 2002, 2012, and 2022 show a clear
trend of improvement in the model’s performance over time, as indicated by the increasing
overall accuracy and the decreasing disagreement metrics. The overall accuracy increased
progressively, starting from 87.5% in 1992 and reaching an impressive 98.96% in 2022. This
steady improvement suggests significant advancements in the classification model’s ability
to align with reference data. The high accuracy achieved in 2022 highlights the impact of
improved input data quality and enhanced feature extraction or modeling techniques over
the study period.

The quantity disagreement, which reflects errors related to mismatches in class pro-
portions, exhibited an initial increase from 2.78% in 1992 to 6.45% in 2002. This could be
attributed to limitations in the availability or representativeness of the training data during
that period. However, this metric showed a consistent decline thereafter, reducing to 4.26%
in 2012 and further to 1.04% in 2022. The observed reduction in quantity disagreement
over time indicates that the classification model has progressively become better at predict-
ing the correct number of pixels for each class, aligning more closely with the reference
data distributions.

Similarly, allocation disagreement, which measures spatial misallocations of classes,
was notably high in 1992 (9.72%) and 2002 (11.29%), indicating significant challenges in
correctly assigning class locations during the earlier years. However, this metric saw
a dramatic reduction to 2.13% in 2012 and was completely eliminated in 2022 (0.00%).
The absence of allocation disagreement in 2022 demonstrates a perfect spatial alignment
between the predicted and reference data, suggesting substantial advancements in the
classification model’s spatial accuracy. These improvements may be attributed to better-
distributed training data, higher-resolution satellite imagery, or the adoption of more robust
classification algorithms.

These results demonstrate a significant improvement in the accuracy of the LULC
classification over the study period. The refinement of classification techniques, coupled
with advancements in data quality, has led to a more precise delineation of LULCC. Notably,
the reduction in classification errors and inconsistencies highlights the effectiveness of the
methodological approach employed. These improvements are particularly relevant for
assessing LULCC and their implications for WRES within the study area.

3.2. Water-Regulating Ecosystem Services Evolution

Our results indicate a notable reduction in soil erosion within the INP watershed fol-
lowing the establishment of the park (2012/2022) (Figure 3). This decline can be attributed
to the significant expansion of forest cover, which has enhanced soil stability and reduced
erosion vulnerability. These findings underscore the critical role of forest restoration and
protection within protected areas in mitigating soil degradation.

However, the observed reduction in erosion could have been more substantial if not
for the simultaneous expansion of agricultural activities. The increase in agricultural lands
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has heightened soil sensitivity to erosion, partially offsetting the benefits provided by forest
cover recovery.

Figure 4 illustrates the spatial evolution of the biophysical quantity of sediment loss
within the INP watershed, highlighting variations across the study period.

1992 2002 2012 2022
Sediment losses 22320287.86 23938703.88 26426727.29 23114914.6

20,000,000

21,000,000

22,000,000

23,000,000

24,000,000

25,000,000

26,000,000

27,000,000

(Tone/year)

Figure 3. Sediment losses within the INP watershed in tone per year.

(a) (b)

Figure 4. Cont.
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(c) (d)

Figure 4. Sediment losses maps within the INP watershed: (a,b) represent the period before park
establishment, while (c,d) illustrate the period after park establishment.

Our results also indicate a significant reduction in nutrient export, specifically nitro-
gen and phosphorus, within the INP watershed following the establishment of the park
(2012/2022) (Figure 5). This decline can similarly be attributed to the expansion of forest
cover, which demonstrates a higher efficiency in nutrient retention compared to other
LULC types. These findings further highlight the pivotal role of forest restoration and
protection in enhancing ecosystem services.

However, this reduction could have been significantly greater if not for the concurrent
expansion of intensive agricultural activities and the substantial decrease in grasslands.
These grasslands, which play a vital role in nutrient retention and erosion control, have
either been degraded into bare soil due to overgrazing or converted into agricultural fields.

Figures 6 and 7 presents the spatial evolution of the biophysical quantity of nutrients
exported within the INP watershed, highlighting variations from 1992 to 2022.

1992 2002 2012 2022
N export 269114.5 273609.7 260858.8 258971.3
P export 48026.4 49816.3 47167.6 46546.3

0

50,000

100,000

150,000

200,000

250,000

300,000

(Kg/ year)

Figure 5. Nitrogen and phosphorus export in the INP watershed in kg per year.
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(a) (b)

(c) (d)

Figure 6. Phosphorus export maps within the INP watershed: (a,b) represent the period before park
establishment, while (c,d) illustrate the period after park establishment.
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(a) (b)

(c) (d)

Figure 7. Nitrogen export maps within the INP watershed: (a,b) represent the period before park
establishment, while (c,d) illustrate the period after park establishment.
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3.3. Economic Assessment of Water-Regulating Ecosystem Services

The results show an increase in agricultural yield losses cost (Table 5), driven by the
expansion of agricultural areas, even after the park’s establishment, leading to greater
erosion related damages. Conversely, forage yield losses cost has declined (Table 6),
primarily due to a significant reduction in grazing land, which has been converted to
agriculture or built-up areas. These findings highlight that, despite efforts to restore forest
ecosystems and enhance WRES, the expansion of agriculture continues to undermine these
gains, resulting in a low economic value, which would have been much higher.

Table 5. Losses in agricultural yields as a function of soil losses.

Soil Loss
Class

(t/ha/Year)

Erosion Rate
Ewp

(t/ha/Year)

Decrease in
Yield: r

(%)

Decline in Yield
ΔR = rxAverage

Yield (2 t/Ha)
(t/ha)

Annual Cost
1992/2002

(USD/Year)

Annual Cost
2002/2012

(USD/Year)

Annual Cost
2012/2022

(USD/Year)

0–5 2.5 0.04 0.07 9255.9 1427 2219.8
5–25 15 0.31 0.06 −81.6 177 501.6
>25 25 0.59 0.12 −6.8 8.6 46.9

Total 9167.6 1612.7 22,741.4

Table 6. Losses in forage yield as a function of soil losses.

Soil Losses
(t/ha)

Loss of Forage
Productivity

(%)

Loss of Forage
Productivity (UF/ha)

Annual Cost
(USD/Year)

Annual Cost
(USD/Year)

Annual Cost
(USD/Year)

0–5 2.5 3.3 −902.1 −6284.8 −20,784.5
5–25 25 32.9 −1307.4 −3618.6 −10,803.3
+25 45 59.3 −104.7 −179.8 −1122.9

Total −2314.2 −10,083.1 −32,710.8

Note: Negative values in the tables indicate a reduction in the cost of lost productivity, reflecting an improvement
in WRES, while positive values indicate the opposite.

The economic value of the WRES is determined based on the potential on-site losses in
agricultural and forage yields that would occur in the absence of this ecosystem service. The
results show that the WRES value was negative before the park’s establishment. However,
after the park’s creation (in 2004), the WRES value became positive, estimated at USD
10,000 /Year (Figure 8).

-40,000 -30,000 -20,000 -10,000 0 10,000 20,000 30,000

1992/2002

2002/2012

2012/2022

SNR service Value Damage cost of Forage yield

Damage cost of Agricultural yield

WRES Value

Figure 8. Economic value of Water-Regulating Ecosystem Services in USD per year.
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4. Discussion

The spatiotemporal and economic assessment of Water Regulation Ecosystem Services
(WRES) reveals significant trends at both spatial and economic scales. Before the establish-
ment of Ifrane National Park in 2004, the WRES value in the Upper Beht Watershed was
negative, estimated at USD −7000 per year. This deficit was primarily due to agricultural
expansion and the decline of grasslands, which led to increased sediment and nutrient
losses. Following the park’s establishment, the WRES value turned positive, reaching USD
10,000 per year. This improvement is largely attributed to the expansion of forest cover,
which enhanced sediment and nutrient retention, effectively reducing erosion-related
losses and contributing to ecosystem stability. Notably, improvements in WRES were most
evident in areas where forest cover had been restored.

An analysis of conservation initiatives implemented within the park reveals significant
achievements. During the period 2012–2022, more than 2000 hectares were successfully re-
forested, and over 4000 hectares were placed under protection or designated for restoration
and reforestation. These areas were managed through a participatory approach involv-
ing local communities. The number of local associations engaged in park management
increased from 5 at the park’s inception to 12 at present, reflecting a growing community
commitment. Furthermore, there was a nearly 50% reduction in forest-related offenses
during this time. These positive indicators align with the findings from remote sensing
analysis, which demonstrated an increase in forest cover, thereby confirming the tangible
impact of these conservation efforts [50].

However, despite this positive trend, the overall enhancement of WRES was con-
strained by ongoing agricultural expansion and the regression in grasslands. This shift in
grasslands has not only compromised the ecological benefits provided by this areas but has
also amplified sediment and nutrient runoff. Intensive agricultural practices often involve
excessive use of fertilizers and irrigation, which, combined with the loss of natural vege-
tation, exacerbate nutrient and sediment leaching into downstream systems. As a result,
while reforestation efforts have improved some ecosystem services, the negative impacts of
agricultural expansion have partially offset these gains. Several studies have demonstrated
that intensive agriculture and the transformation of rangelands into croplands and urban
areas significantly reduce sediment and nutrient retention capacity. Agricultural expansion
in grazing areas disrupts soil structure, increases surface runoff, and accelerates erosion,
leading to higher sediment and nutrient losses. While cropland conversion may enhance
agricultural productivity, it often comes at the expense of critical ecosystem functions and
services, including WRES. The decline in grazing land, largely replaced by more economi-
cally lucrative agricultural activities, further diminishes the landscape’s ability to retain
sediments and nutrients, ultimately undermining conservation efforts within protected
areas [51–55].

The findings of this study underscore the importance of integrated land management
strategies that balance agricultural development with ecosystem conservation to maximize
the benefits of soil erosion control and nutrients retention. Despite efforts to restore forest
ecosystems, the continued expansion of intensive agriculture and urbanization in the study
area continues to counteract these environmental gains. Implementing sustainable agri-
cultural practices and the preservation of grazing lands are critical to optimize ecosystem
services such as WRES and limit negative environmental impacts while supporting local
economic activities [56–67]. To this end, we recommend the following actions:

� Enhancing ecosystem service monitoring: Investing in advanced tools for continuous
mapping and assessment of ecosystem service dynamics within protected areas will
enable data-driven decision-making and adaptive management strategies to address
ecosystem changes effectively.
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� Integrating WRES valuation into policy and decision-making: Incorporating WRES
into conservation policies can strengthen environmental initiatives. For example,
developing and implementing Payment for Ecosystem Services (PES) mechanisms can
provide financial incentives for land users, encouraging sustainable land management
practices.

� Promoting sustainable practices among local communities: Encouraging agroforestry,
agroecology, soil and water conservation techniques, water-efficient crops, and the
restoration of degraded grasslands (through seeding and temporary protection) will
help mitigate the environmental impacts of agriculture and overgrazing. Awareness
campaigns should highlight the value of WRES to foster community engagement.

� Integrating WRES dynamics into park management planning: Future revisions of the
Park Management and Development Plan (PAG) should consider the spatio-temporal
evolution of WRES. This integration will inform more effective conservation strategies
and contribute to the sustainable management of park resources.

Notwithstanding the promising outcomes of this research, several limitations should
be acknowledged. The spatial resolution of the remote sensing data could limit the accuracy
of detecting subtle changes in forest cover and grassland dynamics. Future research should
incorporate higher-resolution datasets and more refined modeling assumptions to enhance
the reliability of the findings. In addition, while the positive impact of reforestation
is evident, the persistent expansion of intensive agriculture continues to exert negative
pressures on ecosystem services. More detailed, long-term case studies are needed to
fully understand these trade-offs and to evaluate the cumulative impacts of different land
management practices.

Finally, this study demonstrates that integrated land management strategies, which
balance ecosystem conservation with sustainable agricultural practices, can lead to sub-
stantial improvements in WRES. While reforestation and community-driven conservation
efforts have yielded significant benefits, the ongoing challenges posed by agricultural
expansion must be addressed to secure long-term ecosystem resilience. By leveraging
advanced monitoring technologies, enhancing community participation, and embedding
ecosystem service valuations into policy frameworks, it is possible to achieve a sustainable
balance between economic development and environmental conservation in the Upper
Beht Watershed.
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Appendix A Biophysical Tables of SDR and NDR Models

Table A1. Biophysical tables of SDR model.

Lucode LULC_Desc Usle_c Usle_p

1 Crops 0.19 1
2 Bare soil 1 1
3 Water 0.04 1
4 Built up area 0.1 1
5 Forest 0.003 1
6 Shrubs 0.5 1

Table A2. Biophysical tables of NDR model.

lucode LULC_desc load_n eff_n load_p eff_p crit_len_p crit_len_n

1 Crops 12.42 0.25 2.21 0.25 150 150
2 Bare soil 1 0.05 0.1 0.05 150 150
3 Water 0 0 0 0 150 150

4 Built up
area 12.78 0.08 4.17 0.05 150 150

5 Forest 2.2 0.83 0.275 0.8 150 150
6 Shrubs 6.28 0.1 1.35 0.25 150 150
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30. Belgiu, M.; Drăguţ, L. Random forest in remote sensing: A review. ISPRS J. Photogramm. Remote Sens. 2016, 114, 24–31. [CrossRef]
31. Lambin, E.F.; Turner, B.L.; Geist, H.J.; Agbola, S.B.; Angelsen, A.; Bruce, J.W.; Coomes, O.T.; Dirzo, R.; Fischer, G.; Folke, C.; et al.

The causes of land-use and land-cover change: Moving beyond the myths. Glob. Environ. Change 2001, 11, 261–269. [CrossRef]
32. Tahraoui, A.; Kheddam, R. LULC Change Detection Using Combined Machine and Deep Learning Classifiers. In Proceedings of

the 2024 IEEE 7th International Conference on Advanced Technologies, Signal and Image Processing (ATSIP), Sousse, Tunisia,
11–13 July 2024; pp. 403–408. [CrossRef]

33. Al-Ruzouq, R.; Shanableh, A.; Gibril, M.B.A.; Kalantar, B. Multi-scale correlation-based feature selection and random forest
classification for LULC mapping from the integration of SAR and optical Sentinel images. In Remote Sensing Technologies and
Applications in Urban Environments IV; SPIE: Cergy, France, 2019; Volume 11157, pp. 58–70. [CrossRef]

34. Lin, C.; Doyog, N.D. Challenges of retrieving LULC information in rural-forest mosaic landscapes using random forest technique.
Forests 2023, 14, 816. [CrossRef]

35. Naturel Capital Project. Invest User Guide_Invest Documentation. Available online: http://releases.naturalcapitalproject.org/
invest-userguide/latest/index.html (accessed on 15 November 2023).

36. Achiban, H.; Taous, A.; El-Khantoury, I.; el Mderssa, M.; et Amechrouq, A. Quantification of soil loss in various lithological areas
of the western Middle Atlas Central: Application to the Ras-Elma, Tamelalet and Sebab watershed (Tigrigra watershed, Morocco).
In E3S Web of Conferences; EDP Sciences: Les Ulis, France, 2018; Volume 37, p. 04003. 8p.

37. Benez-Secanho, F.J.; Dwivedi, P. Does quantification of ecosystem services depend upon scale (resolution and extent)? A case
study using the InVEST nutrient delivery ratio model in Georgia, United States. Environments 2019, 6, 52. [CrossRef]

38. CHIRPS Data: Rainfall Estimates from Rain Gauge and Satellite Observations, Climate Hazards Center. Available online:
https://www.chc.ucsb.edu/data/chirps (accessed on 3 September 2024).

39. Earth Science Data Systems (ESDS) Program of the National Aeronautics and Space Administration of the United States of
America. Available online: https://earthdata.nasa.gov (accessed on 15 August 2021).

40. Rango, A.; Arnoldus, H.M.J. Aménagement des bassins versants. Cah. Tech. FAO 1987, 36, 1–11.

59



Land 2025, 14, 831

41. Romanazzi, G.R.; Palmisano, G.O.; Cioffi, M.; Leronni, V.; Toromani, E.; Koto, R.; De Boni, A.; Acciani, C.; Roma, R. A Cost–Benefit
Analysis for the Economic Evaluation of Ecosystem Services Lost Due to Erosion in a Mediterranean River Basin. Land 2024,
13, 1512. [CrossRef]

42. Pires-Marques, É.; Chaves, C.; Pinto, L.M.C. Biophysical and monetary quantification of ecosystem services in a mountain
region: The case of avoided soil erosion. Environ. Dev. Sustain. 2021, 23, 11382–11405. [CrossRef]

43. Panagos, P.; Matthews, F.; Patault, E.; De Michele, C.; Quaranta, E.; Bezak, N.; Kaffas, K.; Patro, E.R.; Auel, C.; Schleiss, A.J.; et al.
Understanding the cost of soil erosion: An assessment of the sediment removal costs from the reservoirs of the European union.
J. Clean. Prod. 2023, 434, 140183. [CrossRef]

44. Kling, C.L.; Herriges, J. Revealed Preference Approaches to Environmental Valuation; Routledge: London, UK, 2008.
45. Tijani, A.; Hamadi, F. Quantifying and Accounting for Environmental Costs by the Avoidance Cost’s Method: The Case of a

Tunisian Firm. J. Account. Audit. Res. Pr. 2013, 2013, 491993. [CrossRef]
46. Biggelaar, C.D.; Lal, R.; Wiebe, K.; Breneman, V. The global impact of soil erosion on productivity. I. Absolute and relative

erosion-induced yield losses. Adv. Agron. 2004, 81, 1–48.
47. Jorio, A. Le Coût de la Dégradation de l’Environnement au Maroc. Chapitre 5 “Sols”. Environment and Natural Resources Global

Practice Discussion Paper. World Bank Group Rep. 2017, 105633-MA, 49–64.
48. DPA. Agricultural Yield in Ifrane Province; Internal document; Provincial Direction of Agriculture of Ifrane: Ifrane, Morocco, 2024.
49. ONICL. Cereals and Forage Market Prices from 2002 to 2024; Internal document; The National Interprofessional Office for Cereals

and Legumes: Rabat, Morocco, 2024.
50. ANEF. The Evolution of Reforested Areas, Areas Under Protection, Forest Offenses, and Sylvopastoral Management Associations from 2012

to 2022; Internal document; National Agency of water and forests: Rabat, Morocco, 2022.
51. Imran, M.; Haider, F. Forest ecosystem services of water-related filtration and regulation, a multi-source assessment and economic

valuation in Mangla watershed. Water Supply 2024, 24, 3680–3696. [CrossRef]
52. Bisui, S.; Roy, S.; Sengupta, D.; Bhunia, G.S.; Shit, P.K. Assessment of ecosystem services values in response to land use/land

cover change in tropical forest. In Forest Resources Resilience and Conflicts; Elsevier: Amsterdam, The Netherlands, 2021. [CrossRef]
53. Adimassu, Z.; Tamene, L.; Degefie, D.T. The influence of grazing and cultivation on runoff, soil erosion, and soil nutrient export

in the central highlands of Ethiopia. Ecol. Process. 2020, 9, 23. [CrossRef]
54. Telak, L.J.; Bogunovic, I.; Rodrigo-Comino, J. Land Management Impacts on Soil Water Erosion and Loss of Nutrients. Proceedings

2019, 30, 35. [CrossRef]
55. Imbert, A.B.; Betancourt, I.F.; Jiménez, T.L.; Arencibia, M.C.; Quintana, J.R.F.; Rojas, R.S.; Lobaina, A.B.; Duran, A.C. Agricultural

Practices to Mitigate Soil Degradation and Increase Carbon Capture. Agrisost 2017, 23, 24–31.
56. Bogunovic, I.; Fernández, M.P.; Kisic, I.; Marimón, M.B. Agriculture and grazing environments. In Advances in Chemical Pollution,

Environmental Management and Protection; Elsevier: Amsterdam, The Netherlands, 2019. [CrossRef]
57. Uddin, M.M.; Haque, S.M.; Alam, M.S. Soil degradation processes under agriculture and the practices to reverse the degradation

processes for environmental sustainability. Int. J. Agric. Environ. Res. 2017, 3, 4045–4063.
58. Girijaveni, V.; Reddy, K.S.; Prasad, J.; Singh, V.; Kumar, C. Regaining the Essential Ecosystem Services in Degraded Lands. In

Agroecological Approaches for Sustainable Soil Management; Wiley: Hoboken, NJ, USA, 2023. [CrossRef]
59. Singh, B.; Kaunert, C.; Jermsittiparsert, K. Environment-Biodiversity Protection and SDG 15 (Life on Land). Practice, progress,

and proficiency in sustainability. In Maintaining a Sustainable World in the Nexus of Environmental Science and AI; IGI Global:
Hershey, PA, USA, 2024. [CrossRef]

60. Sanjay, M.A.; Rai, S.; Patil, A.A.; Nengparmoi, T.; Devi, K.B.; Dora, H.S.V.; Sharma, Y. Environmental Sustainability through Soil
Conservation: An Imperative for Future Generations. Int. J. Environ. Clim. Change 2023, 13, 1700–1707. [CrossRef]

61. Dubovitski, A.A. Improving Agricultural Land Management As A Tool For Promoting Sustainable Development. In The European
Proceedings of Social and Behavioural Sciences; European Publisher: London, UK, 2022. [CrossRef]

62. Sidemo Holm, W. Effective Conservation of Biodiversity and Ecosystem Services in Agricultural Landscapes. Ph.D. Thesis, Lund
University, Lund, Sweden, 2021.

63. Velasco-Muñoz, J.F.; Aznar-Sánchez, J.A.; López-Felices, B.; García-Arca, D. Sustainable land use and management. In Sustainable
Resource Management; Elsevier: Amsterdam, The Netherlands, 2021. [CrossRef]

64. Oloo, J. Contribution of Payment for Ecosystem Services in Addressing Adaptation to Climate Change. Int. J. Environ. Clim.
Change 2024, 14, 735–747. [CrossRef]

65. Izquierdo-Tort, S.; Jayachandran, S.; Saavedra, S. Redesigning payments for ecosystem services to increase cost-effectiveness. Nat.
Commun. 2024, 15, 9252. [CrossRef]

60



Land 2025, 14, 831

66. Altobelli, F.; Vargas, R.; Corti, G.; Dazzi, C.; Montanarella, L.; Monteleone, A.; Caon, L.; Piazza, M.G.; Calzolari, C.; Munafò, M.;
et al. Improving soil and water conservation and ecosystem services by sustainable soil management practices: From a global to
an italian soil partnership. Ital. J. Agron. 2020, 15, 293–298. [CrossRef]

67. Guariguata, M.R.; Atmadja, S.; Baral, H.; Boissiere, M.; Brady, M.A.; Chomba, S.; Cronkleton, P.; Djoudi, H.; Duchelle, A.E.;
Duguma, L.A.; et al. Forest and Landscape Restoration; Center for International Forestry Research (CIFOR) and World Agroforestry
Centre (ICRAF): Bogor, Indonesia, 2021. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

61



Article

Digital Soil Mapping of Soil Macronutrients (N, P, K) in
Emilia-Romagna (NE Italy): A Regional Baseline for the EU Soil
Monitoring Law

Fabrizio Ungaro 1,*, Paola Tarocco 2 and Alessandra Aprea 2

1 National Research Council, Institute of BioEconomy (CNR-IBE), Via Madonna del Piano 10,
50019 Sesto Fiorentino, Italy

2 Geology, Soil and Seismic Risk Area, Regione Emilia-Romagna, Viale A. Moro 52, 40127 Bologna, Italy;
paola.tarocco@regione.emilia-romagna.it (P.T.); alessandra.aprea@regione.emilia-romagna.it (A.A.)

* Correspondence: fabrizio.ungaro@cnr.it

Abstract: Assessing soil fertility is a complex task as it is determined by natural and
anthropogenic factors, including specific agronomic interventions (e.g., fertilization and
crop rotation) and broader soil management (e.g., tillage and drainage). For agricultural
management, soil represents a primary production factor whose chemical–physical charac-
teristics and macro-elements content must be known. This work presents the maps of three
macronutrients, i.e., N, K, and P, in the topsoils (0–30 cm layer) of the Emilia-Romagna
(21,710.1 km2) region in NE Italy. The maps and associated uncertainty at 100 m resolution
were obtained via digital soil mapping (DSM) resorting to Quantile Random Forests using
topsoil data from the regional soil database (N = 34,750). As Emilia-Romagna is character-
ized by two distinct major landforms, i.e., the intensively cultivated alluvial plain and the
extensively managed mountain range of the Northern Apennines, each representing nearly
half of the region, two distinct sets of numerical and categorical covariates were used as
predictors for the DSM estimation of each macronutrient. Results highlight an average N
content of approximately 1.57 ± 0.83 (standard deviation) g kg−1 in the alluvial plain and
of 1.63 ± 0.49 g kg−1 in the Apennines. For exchangeable potassium (K), concentrations
were 275.90 ± 92.6 mg kg−1 and 210.2 ± 86.3 mg kg−1 in the plain and Apennines, respec-
tively. A stark contrast was observed for available phosphorus (P), with mean values of
40.4 ± 11.0 mg kg−1 in the alluvial plain, dropping to 15.2 ± 6.1 mg kg−1 in the Apennines.
Such results provide useful information for assessing the fertility of regional soils and
provide a reference baseline for soil quality monitoring. The resulting macronutrient maps
were eventually compared with those based on the Land Use and Cover Area frame Survey
(LUCAS), which represents the reference baselines at the EU scale.

Keywords: soil macronutrients; digital soil mapping; Quantile Random Forest; Emilia
Romagna; LUCAS; EU Soil Monitoring Law

1. Introduction

According to a recent assessment [1], a large portion of European soils are unhealthy,
with 60–70% showing signs of degradation due to unsustainable management. Nutrient
imbalances affect approximately 74% of agricultural land in the EU [2], with significant
consequences on soil-based ecosystem services, including agricultural productivity, carbon
sequestration, and water quality [3–5]. Effective nutrient management is therefore essential
to maintain soil health, production potential, and environmental quality [6–8].

Land 2025, 14, 2142 https://doi.org/10.3390/land14112142
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The status of soil nutrients across Europe is highly heterogeneous, being influenced by
parent material, climate, land use, and management history, leading to significant regional
disparities [9–11]. To address this, the proposed EU Soil Monitoring Law (SML) [12] aims to
establish a harmonized framework for monitoring soil health, with topsoil nitrogen (N) and
phosphorus (P) concentrations among its key indicators. As first measurements should be
done within three years of the directive’s entry into force, a reference baseline providing the
overall status of soil nutrients would be highly desirable as this would also allow to better
assess soil degradation costs [13]. This legislative drive creates then an urgent need for
accurate, spatially explicit baseline data on soil nutrients at a management-relevant scale.

Digital soil mapping (DSM) has emerged as a critical tool for quantifying the spatial
distribution of soil properties [14,15]. By coupling soil observation data with environmental
covariates through statistical or machine learning models, DSM can produce continuous
maps of soil characteristics, possibly leading to improved pedological understanding [16].
At the continental scale, the Land Use/Cover Area frame statistical Survey (LUCAS)
topsoil dataset has been used with Gaussian Process Regression to create baseline maps
for N, P, and K at 250 m resolution [17]. While these maps highlight major drivers of
nutrient distribution at a broad scale, their relatively low sample density (~1 sample per
200 km2) and the coarse resolution of some covariates limit their applicability for regional-
scale policy implementation and land management. However, the implementation of
EU environmental regulations targeting water, soil, and environmental quality [18–20],
aiming to reduce emissions from agriculture, still requires knowledge gaps to be filled at
the national and regional scales to manage the impacts of nutrient losses on terrestrial and
aquatic ecosystems on human health [21,22].

In Italy, the implementation of EU environmental directives like the Nitrates Directive
(91/676/EEC) is delegated to administrative regions (NUTS2 level according to the EU
Nomenclature of Territorial Units for Statistics) [23]. This directive defines the discipline
on the agronomic use of livestock effluents, vegetation waters from oil mills, and waste
waters from agricultural and agri-food companies [18]. In Emilia-Romagna (NE Italy),
a highly productive agricultural region, specific regulations (e.g., Regional Regulation
No. 2/2024) require differentiated agricultural practices based on local soil conditions,
including nutrient status. This regulatory landscape requires a level of spatial detail and
accuracy that EU-scale approaches like LUCAS may fail to provide [17].

Consequently, a critical research gap exists between the availability of continental-
scale soil nutrient assessments and the precise data needs for effective regional policy and
management. There is a pressing need for high-resolution, regional baseline maps to assess
the practical applicability of continental models and to provide a reliable foundation for
regional decision-making

The goal of this work is to fill this knowledge gap by providing a high-resolution
(100 m) assessment of topsoil macronutrients (N, P, and K) in Emilia-Romagna using a
robust DSM approach based on a large regional soil database (N = 34,750). Our specific
objectives are as follows:

1. Produce and validate maps of N, P, and K concentrations and their associated uncer-
tainty using Quantile Random Forests.

2. Identify the environmental covariates that most strongly influence the spatial patterns
of each nutrient.

3. Critically compare our regional maps with the existing LUCAS-based continental
maps to quantify discrepancies and evaluate the implications for regional soil health
assessment within the framework of the proposed EU Soil Monitoring Law.
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2. Materials and Methods

2.1. Study Area: Climate, Soils, and Land Uses

Emilia-Romagna in NE Italy (lat 43◦5′ N–45◦8′ N; long 9◦20′ E–12◦40′ E Greenwich,
approximately) has an area of 22,509.67 km2 and is characterized by a variety of landforms
and landscapes, being the region’s territory divided into two parts with almost equal
extensions (Figure 1): the north-eastern one (47.8% of the total surface area) south of the Po
River occupied by the Emiliano-Romagnola plain (ca. 12,032 km2) which is delimited to
the East by the Adriatic Sea, and the south-western one characterized by the presence of
the Apennines range (hilly for 27.1% of the area and mountainous for 25.1%).

 

Figure 1. Study area: Pedolandscapes (soil provinces) of Emilia-Romagna. A1: Soils of the coastal
plain and delta front; A2: Soils in the lower abandoned Po delta plain (Holocene); A3: Soils in the
upper abandoned Po delta plain (Holocene); A4: Soils in the Po meander plain (Holocene); A5: Soils
in morphologically depressed areas of the lower Apennine alluvial plain; A6: Soils of the levees and
transition areas of the lower Apennine alluvial plain; A7: Soils in the fans and terraces of the upper
Apennine alluvial plain (Holocene); A8: Soils in the fans and terraces of the upper Apennine alluvial
plain (Holocene); A9: Soils in the terraced fans of the upper Apennine alluvial plain, located near the
main river channels; A10: Soils in morphologically high areas of the ancient plain–Apennine fringe
(Pleistocene); B1: Soils of the lower Apennines of Pliocene clays and sands; B2: Lower Apennines
soils on unstable clays; B3: Lower Apennines soils on mudstones and sandstones; B4: Lower
Apennines soils on the Marnosa Arenacea Romagnola (turbiditic marly sandstones); C1: Soils of the
middle Apennines on unstable clays; C2: Soils of the middle Apennines on calcareous–marly flysch;
C3: Soils of the middle Apennines on arenaceous–pelitic flysch; C4: Soils of the middle Apennines
on gypsum and limestones; C5: Soils of the middle Apennines on ophiolitic rocks; D1: Soils of the
upper Apennines on sandstones; D2: Soils of the upper Apennines on calcareous–marly flysch and
mudstones: D3: Soils of the upper Apennines on ophiolites rocks; CA: water bodies.

The region’s climate varies due to its diverse terrain and to the presence of the sea.
The mountains are characterized by a temperate climate (Köppen-Geiger Cfb), with rainy
summers followed by cold winters, while in the plain the climate is temperate subconti-
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nental with hot summers (Köppen-Geiger Cfa). The average yearly cumulated rainfall
for the reference period 1991–2015 is 927 mm, with a maximum of 1957 mm along the
northwestern ridge of the Apennines and a minimum of 616 mm in the Po River delta. The
average temperature for the same reference period is equal to 12.8 ◦C with a minimum in
January (0.4 ◦C) and a maximum in July (27 ◦C) [24].

The regional soil map at the scale of 1:1,000,000 [25] identifies 22 pedolandscapes
(or soil provinces): ten in the alluvial plain and four, five, and three, respectively, in the low
(150–450 m a.s.l.), medium (450–900 m a.s.l.), and high (>900 m a.s.l.) Apennines (Figure 1).
These pedolandscapes represent distinct geographical units where soil characteristics are
relatively uniform, as they develop under a consistent combination of climate, vegetation,
and parent material.

The Apennines (highest elevation in Emilia-Romagna 2165 m a.s.l.) are formed by
sediments deposited in four different Meso-Cenozoic paleogeographic domains: (i) the
Ligurian Domain, containing a tectonic mix and olistostromes with a high clay content;
(ii) the Epi-Ligurian Domain, represented by thick series of calcareous or arenaceous
turbidites, clay breccias and olistostromes; (iii) the Sub-Ligurian Domain, characterized
by pelitic and evaporitic deposits (mostly gypsum), marine clays, and alternations of
marine conglomerates and sands; and (iv) the Tuscan–Umbrian Domain, characterized
by strongly cemented turbiditic marly sandstones. The variety of parent materials and
terrain morphologies occurring in the Apennines results in twelve distinct pedolandscapes
(Figure 1).

The plain area of the region (lowest elevation−8 m b.s.l.) is made up of Pleistocene–Holocene
deposits from two different sources: the Po river–delta system, with a W-E orientation,
and the Apennine river systems, with a dominant SW-NE orientation. The occurrence
of two depositional systems resulted in an extremely complex geomorphological pattern
of coastal, deltaic, fluvial, and terraced alluvial deposits, which resulted in ten different
pedolandscapes (Figure 1). A description of the dominant soil types occurring in each
pedolandscape unit, including their classification according to the USDA Soil Taxonomy
(12th Ed., 2014), is provided in the Supplementary Materials (Table S1) along with the
distribution of the FAO-WRB Major Soil Groups in the pedolandscapes of Emilia-Romagna
(Figure S1).

Figure 2 illustrates the dominant land uses in Emilia-Romagna [26], highlighting
the strong difference between the highly intensively cultivated plain and the extensively
managed mountain rangelands and forests, which characterize 24 agricultural districts:
nine in the alluvial plain, eight in the low Apennines (150–450 m a.s.l.), and eight in the
medium (450–900 m a.s.l.) and high (>900 m a.s.l.) Apennines.

In the Apennines, oaks (Quercus L.), hornbeams (Carpinus L.), and chestnuts (Castanea
sativa Mill.) dominate the broadleaf woodlands which represent more than 60% of the area.
Croplands, grasslands, and permanent crops cover 22, 7, and 3% of the hilly and mountain
areas, respectively.

In the plain, deep soils sustain intensive agricultural productions that, depending
on local climatic conditions, range from typical permanent crops, cereals, and industrial
crops in the east to more temperate climate productions such as pastures, cereals, and pig
and dairy farming in the west. Orchards are prominent in agricultural districts 19, 16, and
25 located in the Romagna and Ferrara plains, while vineyards primarily grow along the
Apennines foothills in the high plain and are also found in the central part of the Modena
and Reggio Emilia plains (agricultural districts 10 and 7). The plain permanent meadows
are typical of the Parma and Reggio Emilia districts (4 and 7 in Figure 2, respectively),
being linked to the local traditional dairy production of the Parmigiano Reggiano cheese.
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Figure 2. Dominant land use and agricultural districts (1–25) of Emilia-Romagna. Districts 1 to 14 are
in Emilia; districts 16–24 are in Romagna. Plain districts: 1, 4, 7, 10, 13, 16, 19, 22, and 25; Hills districts:
2, 5, 8, 11, 14, 17, 20, and 23; and Mountain districts: 3, 6, 9, 12, 15, 18, 21, and 24. Administrative
provinces: Piacenza (1, 2, and 3), Parma (4, 5, and 6), Reggio-Emilia (7, 8, and 9), Modena (10, 11,
and 12), Bologna (13, 14, and 15), Ravenna (16, 17, and 18), Forlì-Cesena (19, 20, and 21), and Rimini
(22, 23, and 24).

At the regional level, livestock farming and animal products represent a key economic
and social value, accounting for approximately half of the agricultural gross marketable
production, which is important for regional development and helps counteract the depopu-
lation of mountain and hillside areas. Historically, Emilia-Romagna has been associated
with high-quality products that carry origin designations, making it one of the regions with
the highest livestock production in the country. As of June 2021, the region counted nearly
6000 cattle farms with over 570,000 heads (59% in the plain), ca. 2800 pig farms with nearly
1,100,000 heads (61% in the plain), and 421 poultry farms with over 19,377,000 heads (61% in
the plain) [27]. In the agricultural districts of the plain, cow farms occur mainly in districts
4 and 7 (Parma and Reggio Emilia plains), pig farms in districts 10 and 13 (Modena and
Bologna plains), and poultry farms in districts 16 and 19 (Ravenna and Forlì-Cesena plains).

2.2. Soil Macronutrient Data

The Geology, Soil, and Seismic Risk Service of Emilia-Romagna provided the soil
macronutrient data that laid the foundation for the digital soil mapping (DSM). The overall
dataset consists of 36,054 sites with analytical data for the 0–30 cm depth interval, sampled
over a time span between 1974 and 2023. The analytical data in the soil database comes from
three different sources: 1. Soil observations collected by the Geology, Soils, and Seismic
Area (n = 4376, 12.2% of observations); 2. Samples taken as part of technical assistance
activities for agriculture, owned by the Planning, Land Development, and Production
Sustainability Sector of the Agriculture Directorate (n = 31,191, 86.5% of observations);
and 3. Monitoring data from various sources, including the LUCAS dataset [17] (n = 487,
1.3% of observations). In this case, only the most recent analytical data were used for DSM.
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Macronutrient concentrations were assessed following the Italian official analyti-
cal methods [28], which are coherent with ISO standards. In the case of nitrogen, the
data refer to total content expressed in g kg−1, measured with the Kjeldahl method (ISO
1871:2009) [29] or with the combustion method. The Olsen method (ISO 11263:1994) [30]
was used to determine plant available phosphorus, which is expressed as mg kg−1 P2O5.
Exchangeable K2O content in soil was determined using the ammonium acetate method
(ISO 22171:2023) [31] and is expressed in milligrams per kilogram (mg kg−1) of soil.

In addition to the diversity of data sources, there were also differences in sampling
depth which required a preliminary data harmonization over the 0–30 cm reference depth:
in the case of multiple values within the 0–30 cm layer, the data were then interpolated using
cubic splines [32,33] in the R environment [34] using the R package (v4.4.2) splines2 [35].

Successively, the statistical distributions of each nutrient were analyzed to check for
possible outliers using Rosner’s outlier test [36]. Once the critical value was identified,
individual cases were evaluated to determine whether it was appropriate to eliminate the
“anomalous” data from the dataset. In some cases, for example, it was decided to remove
them because they were particularly anomalous and likely associated with sampling taken
close to soil fertilization periods (in these cases, two or three elements often result in
outliers). Only the N data referring to organic soils, which have particularly high values,
were retained for DSM even though the procedure had identified them as outliers.

Table 1 summarizes the descriptive statistics of the three soil macronutrients. The
overall sampling density (observation per km2) is 1.6, which would be coherent with
a 1:50,000 scale, but as the data points in the plain area of the region represent 76% of
the total, and considering the differences in land use intensity and the role played by
environmental drivers in the two contexts, this led to the implementation of two separate
DSM procedures for the plain and for the Apennines. Figure 3 shows the classed post-plots
of the three macronutrients’ concentrations for the 0–30 cm reference layer.

Table 1. Descriptive statistics of N (g kg−1), P (P2O5, mg kg−1), and K (K2O, mg kg−1) concentrations
for the plain and the mountainous areas of Emilia-Romagna and for the whole regional dataset. Std.
Dev.: standard deviation.

Area Variable Num Mean Std. Dev. Min. P10 Q25 Median Q75 P90 Max

Plain
N tot 27,512 1.46 0.58 0.05 0.98 1.10 1.40 1.70 2.07 14.60
P2O5 26,680 44.11 30.30 0.50 14.00 23.00 37.00 57.00 83.00 185.00
K2O 26,711 292.19 151.47 3.63 127.00 184.00 264.60 368.00 485.00 1010.00

Hills and
mountains

N tot 8626 1.42 0.66 0.10 0.79 1.00 1.30 1.70 2.20 13.00
P2O5 8241 25.14 24.02 0.10 5.00 9.00 18.00 32.50 53.90 183.00
K2O 8097 264.08 152.71 3.63 106.00 155.90 230.00 337.00 465.00 1100.00

Whole
region

N tot 36,138 1.45 0.60 0.05 0.90 1.10 1.36 1.70 2.10 14.60
P2O5 34,921 39.63 30.04 0.10 10.00 18.00 32.00 53.00 78.00 185.00
K2O 34,808 285.65 152.22 1.00 122.00 177.15 257.00 361.00 480.00 1100.00

As the data were collected over a few decades, the existence of possible trends over
time of the three macroelements was analyzed by dividing the data sets into 5 groups:
data collected in the 1980s or earlier, those collected in the 1990s, data collected up to
2009, data collected between 2010 and 2016, and finally the most recent data from 2017
onwards. For all macronutrients, concentrations in the plain remained stable over time,
except for P which decreased in the last period considered. The concentrations of N and K
in the Apennine soils, along with their observed variability over time, are linked to the low
sample size and to the specific areas where sampling campaigns were conducted. In the
case of P, topsoil concentration in the Apennine remained substantially stable over time.
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Summary results are presented in the Supplementary Table S2, along with localization of
sampling points in the five different decades (Figure S2).

 

Figure 3. Classed post-plots of topsoil (0–30 cm) macronutrients’ concentrations: (a) N (g kg−1);
(b) P2O5 (mg kg−1); (c) K2O (mg kg−1). Class intervals are defined based on the deciles of the
observed distributions.

2.3. Digital Soil Mapping

A digital soil mapping (DSM) approach was used to assess and map the three soil
macronutrients at 100 m resolution in the two areas of the region, i.e., the plain and the
Apennines. This approach relied on machine learning (ML) calibrated regression algorithms
to estimate the spatial distribution of soil macronutrients using a variable number of
covariates as predictors. These are typically continuous variables, such as elevation and
other parameters derived from the digital elevation model (DEM), meteorological and
climatic variables, and spectral and vegetation indices from remote sensing. Continuous
variables are often complemented by categorical variables, such as land use, and soil map
units at different scales. In both cases, independently from the original resolution, all
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covariates covering the entire regional territory were harmonized at 100 m resolution after
being reprojected into the same reference system (EPSG:7791) [37].

The DSM models were calibrated in the R environment [34], using a DSM Workflow
developed by ISRIC [38]. The workflow modelling approach is based on Quantile Random
Forest (QRF) [39,40] and generates soil nutrient maps (median values) with quantified
uncertainty as outputs. The workflow implements the ranger package [41], with the
option quantreg to build QRF [40], estimating the cumulative probability distribution of
the soil macronutrients at each location from an ensemble of 500 decision trees in the RF.
Uncertainty of estimates was assessed by calculating the interquartile ranges of the values
calculated for each pixel of the estimation grid. Using 75% of the available data randomly
selected for calibration, model performance was evaluated with a 10-fold cross-validation,
splitting the datasets into a training and a validation subset. The predictive performance of
the models was eventually assessed for the calibration and validation data sets resorting
to the following error metrics: mean error (ME), absolute error (AE), root mean squared
error (RMSE), coefficient of determination (R2), and index of agreement (IoA). IoA is a
dimensionless index with values ranging between 0 and 1, with 0 indicating no agreement
at all and 1 indicating a perfect match [42].

For the spatial prediction of topsoil macronutrients, a set of 35 covariates was used;
these are listed in Table 2 along with the SCORPAN factors [14] they refer to.

Table 2. List of the covariates used in the DSM of the Emilia-Romagna plain and Apennines to
estimate soil macronutrients. SCORPAN factor: C, climate; O, organisms; P, parent material; R, relief;
S, soil (measured properties of the soil at a point).

Covariates Description
SCORPAN

Factor
Ref.
Year

Layer
Type

Variable
Type

Spatial
Resolution

Units

aspect Aspect from DEM R 2016 Raster Num. 10 m ◦

dem Elevation R 2016 Raster Num. 10 m m

geomorfo geomorphological forms R + P 2016 Raster Cat. 25 m class

mrivbf Multi Resolution Index of Valley
Bottom Flatness R 2016 Raster Num. 10 m -

nort Northness (orientation and slope) R 2016 Raster Num. 10 m index

slope Slope, from DEM R 2016 Raster Num. 10 m %

twi Topographic Wetness Index
from, DEM R 2016 Raster Num. 10 m m2 rad−1

vdnc Vertical dist. channel network,
from DEM R 2016 Raster Num. 10 m m

vdepth Valley depth, from DEM R 2016 Raster Num. 10 m m

mwmtemp July mean temperature C 1970–2000 raster Num. 100 m ◦C

landuse Land use map O 2020 Vector Cat. 10 k class

evi Enhanced Vegetation
Index (Modis) O 2015–2023 Raster Num. 250 m -

gfc_tcov Global forest tree canopy
cover [36] O 2019 Raster Num. 30 m %

ndvis5 NDVI, mean of medians sum
June-September S + O 2015–2023 Raster Num. 30 m -

ndvi NDVI, mean of annual
median values S + O 2015–2023 Raster Num. 30 m -

ndsi NDSI, mean of annual
median values S + O 2015–2023 Raster Num. 30 m -

ndwi NDWI, mean of annual
median values S + O 2015–2023 Raster Num. 30 m -

nir Sentinel2 Band 8 (Near Infrared) S + O 2015–2023 Raster Num. 30 m DN 8 bit

red Sentinel2 Band 4 (Red) S + O 2015–2023 Raster Num. 30 m DN 8 bit

sosi2 SOSI, mean of annual
median values S + O 2015–2023 Raster Num. 30 m -
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Table 2. Cont.

Covariates Description
SCORPAN

Factor
Ref.
Year

Layer
Type

Variable
Type

Spatial
Resolution

Units

swir Sentinel2 Band 11 (Short
wave infrared) S + O 2015–2023 Raster Num. 30 m DN 8 bit

erosion RUSLE map (actual soil erosion) S + R + C + O 2019 Raster Num. 20 m Mg/ha/yr

soilrer_L2 Pedolandscapes
(L2, Soil provinces) C + O + R + P 2021 Vector Cat. 1 M class

soilrer_250k Soil subsystems (L4) S 2021 Vector Cat. 250 k class

soilrer_50k Soil units (L6, only for the plain) S 2021 Vector Cat. 50 k class

clay Clay content (0–30 cm) S 2023 Raster Num. 100 m %

sand Sand content (0–30 cm) S 2023 Raster Num. 100 m %

C org. Soil organic C content (0–30 cm) S 2023 Raster Num. 100 m %

pH Soil pH (0–30 cm) S 2023 Raster Num. 100 m -

avg_lulcprov NPK mean contents per LULC
class per district S 2022 Vector Num. 50 k–250 k g kg−1,

mg kg−1

avg_L2prov NPK mean contents per
pedolandscape per district S 2022 Vector Num. 50 k–250 k g kg−1,

mg kg−1

Eight covariates were derived from the 10 m resolution DEM and nine were remote
sensing indices and spectral bands reflectance derived from Sentinel-2 images retrieved via
Google Earth Engine [43], taking the mean value of the yearly medians for the reference
time interval 2015–2023. Among the numerical soil-based covariates, four covariates were
derived via DSM of basic soil properties [44], namely topsoil clay and sand contents, soil
organic carbon, and pH; two provided the NPK mean concentrations for the LULC classes
and for the pedolandscapes within each agricultural district; and one the RUSLE-based soil
erosion loss [45]. Additionally, three categorical covariates describing the soil geography at
different hierarchically linked spatial scales, namely 1:1,000,000, 1:250,000, and 1:50,000,
were used [25]. Further categorical covariates used in the DSM of soil macronutrients were
the land use map and the map of the geomorphological forms.

To assess the relevance of each covariate in predicting macronutrient concentrations,
the workflow performed a Recursive Feature Elimination (RFE) using the caret package [46].
RFE is a feature selection technique that identifies the most relevant predictors when
building a predictive model. The predictive power of each covariate was defined in terms
of “node purity,” which describes the homogeneity of the data within each node deriving
from the partition of the data based on the values of any given covariate. The node purity
is calculated as the difference in terms of the rooted mean squared error (RMSE) before and
after the division performed on that specific covariate.

2.4. Postprocessing of Results and Comparison of DSM Outputs at the Regional and the EU Scale

The resulting three macronutrients’ maps were postprocessed considering the
22 functionally distinct pedolandscapes based on the Emilia Romagna Soil Map at
scale 1:1,000,000 [25] and the 25 agricultural districts. In addition, the regional maps
were compared with the topsoil nutrient status maps for the same area based on the
2009–2012 LUCAS dataset, which in Emilia-Romagna include 117 sampling points (density
~1.0 sample per 200 km2) where macronutrients’ content was analyzed following the ISO
standards [17]. To this goal the maps were resampled and reprojected to the same resolution
and reference system as the LUCAS maps, i.e., 250 m and EPSG:3035, using a bilinear inter-
polation algorithm in R. As in LUCAS maps K and P concentrations are given as mg kg−1,
the regional estimates for exchangeable K and available P were multiplied by 0.830 and
0.436, respectively. Raster statistics were then computed, and macronutrient concentrations
were compared in terms of agricultural districts and pedolandscapes. Figure S3 in the
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Supplementary Materials shows the location of the LUCAS points in the pedolandscapes
of Emilia-Romagna.

3. Results

The DSM procedure allowed the identification of the covariates’ relevance in calibrat-
ing the QRF predictive models. Figure 4 shows the covariates’ importance in terms of
node purity; the values shown in the figure were normalized to the same 0–1 range to plot
together the three macronutrients considered in the two major landforms of RER.

Figure 4. Importance of the covariates for predicting the levels of soil macronutrients using DSM
with QRF in Emilia-Romagna.

The predictors on the Y axis of the bar plot are in decreasing order of importance
based on their average ranks and can be separated into five categories: (i) climate covariates
(n = 1), (ii) topography covariates (n = 9), (iii) land use land cover covariates (n = 3), (iv) soil
covariates (n =10), and (v) surface reflectance covariates (n = 9).

In the case of N concentrations, soil organic matter content ranked first in terms of
predictive power in both the plain and the Apennines. The average N concentration per
pedolandscape, at the level of agricultural districts, ranked second, showing the same rele-
vance in both the plain and the Apennines. Elevation ranked fourth in the Apennines but
only sixth in the plain. In the plain, the normalized node purity value of soil textural frac-
tions (sand and clay) and pH was double that observed in the Apennines; however, these
factors were still among the top ten covariates by relevance in that region. In the Apennines,
the average temperature of the warmest month and the N concentrations per land cover
type at the district level ranked third and fourth, respectively, while showing no predictive
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power for estimating N concentration in soils of the plain. Among the surface reflectance
covariates, only NDVI (calculated as the sum from June to September) ranked among
the top ten in the Apennines, whereas three additional topography covariates—mrivbf,
vdepth, and twi—demonstrated good predictive power in the plain. Still among the first
ten ranking covariates for N concentration prediction were two categorical predictors
related to soil geography, i.e., the pedolandscapes in the Apennines (12 classes) and the
1:250,000 soil map units in the plain (59 classes).

As for K topsoil concentration in both the plain and the Apennines, the most relevant
predictor was clay content, followed, as in the case of N, by the average concentration
per pedolandscape at the level of agricultural districts, again with same relevance in both
the plain and the Apennines. Differences between the two major landforms occurred in
the relevance of sand and C org contents, ranking third and fourth, respectively, in the
Apennines and fifth and third in the plain. Elevation ranked seventh in both landforms,
while the categorical covariates describing soil geography at different levels of detail ranked
fourth in the plain (1:250,000 soil map units) and sixth in the Apennines (pedolandscapes).
Among the ten more relevant covariates, pH ranked sixth in the plain and eighth in the
Apennines, and NDVI (sum June–September) ranked fifth and tenth, respectively, in the
Apennines and in the plain. As in the case of N concentration, the average temperature
of the warmest month proved to be a relevant predictor only in the Apennines, where
it ranked ninth, while in the plain the same rank was gained by SWIR. Two additional
DEM-derived covariates were among the first ten, namely the slope in the Apennines and
the mrivbf in the plain, ranking tenth and eighth, respectively.

The relevance of covariates in predicting P topsoil concentrations highlighted more
differences between the two major landforms compared to what was observed in the case
of N and K concentrations. Organic C content ranked first in the plain and second in the
Apennines, while the average P concentration per pedolandscape at the level of agricultural
districts ranked first in the Apennines but only eighth in the plain. Soil pH ranked second
in the plain but only 20th in the Apennines, while among the first ten covariates sand and
clay contents ranked eighth and tenth in the Apennines and fifth and sixth in the plain,
respectively. Elevation ranked third in the plain but only 11th in the Apennines, where the
most important DEM-derived predictors were slope (rank 3), nort (rank 5), and vdepth
(rank 7). In the plain, though, three additional DEM-derived predictors were among the
first ten: mrivbf ranked fourth, vdepth ranked ninth, and twi ranked tenth. Soil erosion
ranked ninth in the Apennines, and P is the only macronutrient for which erosion ranks
among the top ten covariates: in the case of nitrogen, it ranked 11th, and 16th in the case of
potassium. Among the surface reflectance covariates, NDVI (sum June-September) ranked
seventh in the plain and fourth in the Apennines where a second predictor from remote
sensing, the nir reflectance (Sentinel-2 band 8), ranked sixth. It is interesting to note that
in the plain, although not in the group of first ten predictors in terms of importance, a
moderate predictive power was observed for nearly all the other remote sensing-based
predictors (ndsi, swir, ndwi, sosi, nir, evi, and ndvi), which ranked from 11th to 17th.

Table 3 eventually reports the error metrics for the calibration and the validation
datasets of the three soil macronutrients. Overall, the error metrics for the validation data
sets highlighted a slightly higher precision in the prediction of soil macronutrients for the
plain than for the Apennines, which was expected considering the size of the data sets.
However, the DSM performance metrics for the validation data sets in both the plain and
the Apennines are in most cases very good, with R2 values between 0.87 and 0.93, IoA
values ≥ 0.88, and mean absolute errors ranging from 0.02 to 0.21 g kg−1 for N, from 9.9 to
11.9 mg kg−1 for K, and from 1.9 to 2.5 mg kg−1 for P concentrations.
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Table 3. Error indices for calibration (Train) and validation (Test) datasets.

Variable Data Set Num. Obs. ME AE RMSE IoA R2

N g kg−1 Plain Train 20,536 −0.004 0.206 0.317 0.882 0.910
Test 6846 0.016 0.032 0.560 0.948 0.898

N g kg−1 Apennines Train 6406 0.003 0.022 0.130 0.965 0.928
Test 2136 0.033 0.067 0.241 0.945 0.897

K2O mg kg−1 Plain Train 19,941 6.455 10.331 41.840 0.959 0.908
Test 6648 6.719 10.451 42.574 0.945 0.893

K2O mg kg−1 Apennines Train 6015 5.810 9.910 38.930 0.961 0.923
Test 2005 7.900 11.890 48.580 0.936 0.880

P2O5 mg kg−1 Plain Train 19,917 1.583 2.525 9.155 0.955 0.902
Test 6639 1.439 2.395 8.504 0.943 0.900

P2O5 mg kg−1 Apennines Train 6124 1.790 2.240 9.090 0.935 0.874
Test 2042 1.410 1.920 8.170 0.925 0.869

3.1. Nitrogen Content

N concentrations, as discussed above, are strongly correlated with organic carbon
content and, consequently, the distribution of the element across the region closely mirrors
that of organic carbon content (Figure 5).

 

Figure 5. Median N topsoil (0–30 cm) concentrations (g kg−1) estimated with QRF (a), and its spatial
uncertainty (b).
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At the regional level, N concentrations fall most frequently in the range 1–2 g kg−1.
Considering the reference soil depth 0–30 cm the Emilia-Romagna plain is characterized by
a mean total N content of ca. 1.57 g kg−1 ± 0.83 (standard deviation). In the Apennines,
again for the same depth interval, the mean total N content is ca. 1.63 ± 0.49 g kg−1.
Considering the entire region, a mean content of ca. 1.60 ± 0.66 g kg−1 is observed. Figure 5
shows the map of N concentrations (g kg−1) and its spatial uncertainty summarized in
terms of interquartile range.

In the plains, the areas with the highest quantities of N are in the lower delta plain
(pedolandscape A2) of the Ferrara agricultural district due to the presence of soils de-
veloped on peaty deposits of formerly marshy and now reclaimed areas (average 4.3 ±
2.15 g kg−1). In contrast, in the Reggio Emilia district, high N content is attributed to the
presence of forage crops, including both rotational and permanent pastures, associated
with livestock and dairy production (Parmigiano-Reggiano cheese district).

Pedolandscapes A9, A7, A8, and A5 are particularly rich in N (average values between
2.52 and 1.87 g kg−1). The clayey soils of the floodplains (pedolandscape A5) on the
right-hand side of the Taro River in the Parma district are also supplied with N above the
regional average (1.86 ± 0.27 g kg−1). In the rest of Emilia (central-western part of the
region), moderate levels are found, especially in the floodplains’ pedolandscape unit A5
(1.8 g kg−1 in Modena and Piacenza districts, 1.66 g kg−1 in Ferrara) and on terraces and
alluvial fans (units A8, from 1.7 g kg−1 in Parma to 1.65 g kg−1 in Modena).

The large Emilian river natural levees (Taro, Crostolo, Secchia, Panaro) of the lower
alluvial plain (pedolandscape A6) show average N contents between 1.75 g kg−1 and
1.61 g kg−1; the situation is different in Romagna (eastern part of the region), where fruit
orchards are widespread and N values vary between 1.25 g kg−1 and 1.19 g kg−1, respec-
tively in the Bologna and Forlì-Cesena districts. These low N levels are a consequence of
changes in land use and management since the 1950s, with a sharp decline in forage crops
and organic fertilization from livestock manure. In recent years, the widespread practice of
grassing vineyards and orchards, as well as the reduction in tillage intensity, could help
slow the decline in total N stocks. Intermediate values are found on gravelly alluvial fans
(pedolandscape A9: average value 1.73 ± 1.6 g kg−1), ranging from 2.53 g kg−1 in the
Reggio Emilia to 1.51 g kg−1 in the Modena districts. The lowest N values are found where
sandy soils prevail, namely in the coastal plain (pedolandscape A1, 1.16 ± 1.1 g kg−1), and
in this area the Forlì-Cesena agricultural district has the lowest value (0.83 g kg−1). Low
values are also found in the desaturated soils of the Apennine margin (pedolandscape
A10, average 1.24 ± 0.26 g kg−1), particularly in the agricultural districts of Ravenna
(0.87 ± 0.13 g kg−1) and Bologna (0.94 ± 0.16 g kg−1).

In the lower Apennines (150–450 m a.s.l.), soils on Pliocene sands and clays (pedoland-
scape B1) have the lowest average concentrations, equal to ca. 1.08 ± 0.19 g kg−1, with a
negative trend from north-west to south-east, characterized by average values between
1.44 and 1.18 g kg−1 in the lower Apennines districts of Reggio-Emilia, Parma, Piacenza
and Modena; with values of approximately 1.06 ± 0.18 g kg−1 in the lower Apennines
district of Bologna; and between 1.04 and 0.96 g kg−1 in the lower Apennines of Romagna
(districts 17, 20 and 23 Figure 2). The B2 pedolandscape on unstable clays has an average
value of 1.44 g kg−1 ± 0.3 (the highest on the hills), with a range of average values between
1.82% ± 0.26 in the Reggio Emilia district and 1.01 ± 0.17 g kg−1 in the Forlì district. The
mudstones and sandstones of the lower Apennines (pedolandscape B3) have an average
content of 1.26 g kg−1 ± 0.22, with higher average values in the Reggio-Emilia district
(1.46 g kg−1 ± 0.22) and lower in Rimini (1.09 g kg−1 ± 0.26). Finally, the marly-limestone
formation of the Romagna lower Apennines (pedolandscape B4) is characterized by average
values of ca. 1.06 g kg−1 ± 0.19.
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The mean value of N concentration in the pedolandscapes of the middle Apennines
(450–900 m a.s.l.) ranges from 1.98 ± 0.3 g kg−1 of the soils on ophiolitic rocks (pedoland-
scape C5) to 1.59 ± 0.28 g kg−1 of the soils on calcareous–marly flysch (C2); additionally, the
soils on unstable clays (C1) and the soils on arenaceous–pelitic flysch (C3) have estimated
concentration equal to ca. 1.82 ± 0.31 g kg−1 and 1.65 ± 0.30 g kg−1, respectively, while
higher average contents of 1.83 ± 0.22 g kg−1 are found in soils on gypsum and cavernous
limestone (C4). In the C1, C2, and C3 pedolandscapes of the middle Apennines, a generally
decreasing trend is observed between the Piacenza and the Bologna districts, a trend that
then reverses to rise again in the Romagna provinces with a maximum in the Rimini district.

In the upper Apennines (>900 m a.s.l.), forests and meadows prevail, with higher
organic matter contents than arable land, and consequently N contents also follow the
same trend. Higher average values are observed in ophiolitic soils, with an average value
of 2.42 ± 0.47 g kg−1 (pedolandscape D3), while lower average values (2.16 ± 0.58 g kg−1)
characterize soils derived from sandstones (D1). Intermediate values, equal to approxi-
mately 2.35 ± 0.33 g kg−1, are observed in soils on calcareous–marly flysch and mudstone
(D2). Here too, the Emilian districts (where, moreover, these units are more widespread)
show the highest values, Parma and Piacenza in particular.

In terms of estimation uncertainties, the mean IQ range for the whole region is equal to
0.51 ± 0.34 g kg−1; the estimated N concentrations in the plain and in the lower Apennine
are characterized by lower mean IQ values, equal respectively to 0.41 ± 0.18 g kg−1 and
0.40 ± 0.09 g kg−1. In the plain, the districts of Emilia have higher mean IQ range values
than those of Romagna, with maximum values in Ferrara and Reggio-Emilia, respectively,
at 0.57 ± 0.45 g kg−1 and 0.51 ± 0.12 g kg−1, and minimum values in the districts of
Bologna and Ravenna, at 0.29 ± 0.03 and 0.31 ± 0.07 g kg−1, respectively. A very similar
trend in spatial uncertainty of N concentration estimates is observed in the agricultural
districts of the lower Apennine, with maximum mean IQ ranges found in Reggio-Emilia
(0.54 ± 0.07 g kg−1) and Modena (0.41 ± 0.05 g kg−1) in Emilia, and minimum in the
districts of Ravenna (0.29 ± 0.02 g kg−1) and Forlì (0.32 ± 0.03 g kg−1) in Romagna.
In the agricultural districts of the mid- and high Apennines the mean values of the IQ
range are always above the regional mean value, ranging between 0.55 ± 0.10 g kg−1

(Forlì district) and 0.72 ± 0.07 g kg−1 (Reggio-Emilia district) in the mid-Apennines and
between 1.02 ± 0.18 g kg−1 (Modena district) and 1.69 ± 0.33 g kg−1 (Rimini district) in
the high Apennines.

To enhance communication about uncertainty to potential stakeholders, the IQ ranges
of estimated N concentration were aggregated at the municipality level and categorized
as very low to very high based on the ventiles of the resulting IQ range distribution; the
resulting map is presented in Figure S4 in the Supplementary Materials.

3.2. Potassium Content

Figure 6 shows the estimated K concentrations, expressed as exchangeable potassium
(K2O, mg kg−1), and its spatial uncertainty in terms of interquartile range.

The clay content in this case strongly influences the resulting patterns, which closely
reflect the textural characteristics of the soil parent material. For the 0–30 cm reference
depth the estimated mean exchangeable K content (mg kg−1 K2O) is 275.9 ± 92.6 mg kg−1

in the alluvial plain and of 210.2 ± 86.3 mg kg−1 in the Apennines. The regional estimated
mean concentration is equal to 244.8 ± 95.6 mg kg−1.

The mean K value in the Apennines is lower than in the plains, but in both cases, there
is strong variability, evidenced by the high standard deviation values. As highlighted in
Figure 6, the exchangeable K supply is high across much of the region, particularly in the
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plains and mid-hill areas. Lower values are found in the upper Apennines, in the foothill
alluvial fans belt, and in the coarser-textured areas of the outer Po delta and of the coast.

 

Figure 6. Median exchangeable K topsoil (0–30 cm) concentrations (K2O mg kg−1) estimated with
QRF (a), and its spatial uncertainty (b).

In the plain, the areas with the highest K concentrations are on the clayey soils of the
valleys of pedolandscape A5 (389.5 ± 65.0 mg kg−1 K2O), with the highest values in the
districts of Modena and Reggio Emilia, followed by soils developed on peaty deposits
of formerly marshy areas and now reclaimed in the lower delta plain (A2) in the Ferrara
district (311.4 ± 65.5 g kg−1 K2O). Soils of pedolandscapes A7, A6, and A8 have concen-
trations above 200 mg kg−1 (between 262.0 and 294.0 g kg−1 K2O), and these soils are
predominantly medium and medium-fine textured. The soils of the remaining pedoland-
scapes are characterized by values below 200 mg kg−1: the lowest concentrations are found
on the sandy soils of the coast (A1, 142.1 ± 65.1 mg kg−1 K2O) and the desaturated soils
of the Apennine margin (A10, 142.5 ± 47.0 mg kg−1 K2O), with the lowest values in the
agricultural district of Piacenza.

As regards the lower Apennines, the soils of pedolandscape B4 (Romagnola
marly–sandstone formation) have the lowest mean values (163.2 ± 30.4 mg kg−1 K2O),
because soils in this unit very rarely have high clay content. This unit is followed by soils
on the mudstones and sandstones of the lower Apennines (B3), which have an average
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content of 216.7 ± 70.6 mg kg−1 K2O with a high variability, and then those on Pliocene
sands and clays (B1, 247.5 ± 72.9 mg kg−1), although locally the soils on the sandstones
(Bologna and Piacenza districts) are those with the lowest absolute values (<100 mg kg−1

K2O). Unit B2 on unstable clays has a mean concentration of 329.0 ± 98.8 mg kg−1 K2O,
which is the highest in the hills and the second in the whole region after the soils of unit
A5 on the plain, proving the high correlation between high clay values and exchangeable
K contents.

The mean concentration of exchangeable K in the mid-Apennine pedolandscapes
varies from 149.2 ± 29.2 mg kg−1 in soils on ophiolitic rocks (C5) to 200.1 ± 55.1 mg kg−1 in
soils on calcareous–marly flysch (C2); the soils of pedolandscape C1 (196.0 ± 57.3 mg kg−1)
have values comparable to those of C2, but with notable differences between districts:
the mean value ranges from 178.8 ± 40.5 mg kg−1 in Bologna to 251 ± 56.9 mg kg−1 in
Reggio Emilia. In the case of unit C2 in the Ravenna district, topsoils have an average
exchangeable K concentration of 161.9 ± 23.4 mg kg−1, compared to 252.1 ± 54.6 mg kg−1

in Reggio Emilia.
In the case of the pedolandscapes of the upper Apennines, exchangeable K content

in soils has low average values (from 111 to 168 mg kg−1). The lowest values are found
in soils of ophiolitic origin in the D3 unit (111.3 ± 18.1 mg kg−1) and are comparable to
soils derived from sandstones in the D1 unit (117.2 ± 26.7 mg kg−1), while the highest
values are found in soils derived from calcareous–marly flysch and mudstones (D2), which
generally have medium-textured soils (168.4 ± 34.3 mg kg−1). Even in this latter case, there
is some variability among districts, ranging from an average value of 118.4 ± 20.8 mg kg−1

in Bologna to that of 190.9 ± 31.3 mg kg−1 in Piacenza.
The overall spatial uncertainty of the two QRF models’ predictions, expressed as mean

IQ range, was equal to 13.5 ± 46 mg kg−1 K2O. Notwithstanding the difference in available
data in the two major landforms, the predictions for the Apennines were characterized by a
spatial uncertainty slightly lower than that observed for the exchangeable K predictions in
the plain. The former has a mean IQ range equal to 12.8 ± 4.3 mg kg−1, while for the latter
it is equal to 14.2 ± 4.9 mg kg−1. In the plain, the eastern districts of Emilia have higher
mean IQ range values than those of Romagna, except Rimini (17.3 ± 4.6 mg kg−1), with
maximum values in Modena (17.8 ± 5.62 mg kg−1), and minimum values in the district of
Piacenza (10.3 ± 4.0 mg kg−1). In the agricultural districts of the lower Apennine, the maxi-
mum mean IQ ranges are in the districts of Reggio-Emilia (17.8 ± 3.7 mg kg−1) and Parma
(14.4 ± 4.8 mg kg−1) in Emilia, and minimum in the districts of Forlì (13.5 ± 3.8 mg kg−1)
and Ravenna (12.3 ± 3.3 mg kg−1) in Romagna. Similar local maximum and minimum
mean IQ range values are observed for the mountain districts: in Reggio-Emilia and Rimini
mean estimation uncertainties were 14.7 ± 4.2 mg kg−1 and 16.9 ± 2.4 mg kg−1, respectively,
while minimum IQ ranges were observed in the districts of Ravenna (10.2 ± 1.4 mg kg−1)
and Forlì (10.2 ± 2.1 mg kg−1) in Romagna.

As for N concentration, a classed uncertainty map at the municipality level for the
estimated K concentration is given in Figure S4 in the Supplementary Materials.

3.3. Phosphorus Content

Figure 7 shows the estimated P concentrations, expressed as plant-available phospho-
rus (P2O5, mg kg−1), along with its spatial uncertainty in terms of interquartile range.

The mean concentration of available phosphorus for the entire region is to
28.2 ± 15.5 mg kg−1 P2O5. However, this regional average is not representative, as val-
ues differ significantly between the plains (40.4 ± 11.0 mg kg−1) and the Apennines
(15.2 ± 6.1 mg kg−1). Plant-available phosphorus is governed by soil properties that con-
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trol its sorption and desorption, including clay mineralogy, organic matter content, soil pH,
and the concentrations of exchangeable Al, Fe, and Ca [47].

 

Figure 7. Median available P topsoil (0–30 cm) concentrations (P2O5 mg kg−1) estimated with QRF
(a), and its spatial uncertainty (b).

Within the plain, the highest P concentration are found in pedolandscape A2, which
features a mean value of 60.6 ± 9.7 mg kg−1. This contrasts sharply with the other
pedolandscape units, where mean P concentrations range from 33 to 47 mg kg−1 P2O5.
Notably high concentrations (above 46 mg kg−1 P2O5) also occur in units A9 and A8. The
soils here are completely decarbonated, have a neutral pH (6.5–7.3), and a medium to fine
texture, conditions known to increase phosphorus availability. The highest values in this
group are found in the soils of unit A9, particularly in the Parma and Piacenza districts
(mean concentrations up to 74.3 mg kg−1), which are intensively used for horticultural
crops, like tomatoes and onions.

Conversely, the soils of pedolandscape unit A10 have the second lowest mean p values
in the plain (34.7 ± 12.9 mg kg−1). These soils are also decarbonated but tend towards
a neutral to moderately acidic pH. While phosphorus fixation in acidic soils is a known
phenomenon, the predominantly weak acidity to neutrality (pH 6–7.3) of these Alfisols
suggests other factors are at play. Significant spatial variation exists within this unit:
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values are below average in the Bologna and Ravenna districts (24.3 and 28.6 mg kg−1,
respectively) but are higher in the Reggio Emilia district (50.0 mg kg−1). These differences
likely stem from variations in agronomic management; the practice of organic fertilization
(manure and slurry) is more common in the Emilian districts, leading to higher topsoil
organic carbon. Furthermore, soil erosion on the steeper slopes of the southern portions of
this unit may also contribute to lower P concentrations [48].

The lowest available P mean concentration is found in the pedolandscape A4
(33.4 ± 7.1 mg kg−1), with an increasing trend from Piacenza (29.7 ± 6.1 mg kg−1) to
Ferrara (34 ± 6.2 mg kg−1). The frequent use of these soils for poplar plantations may be a
contributing factor to these lower values.

Finally, similar intermediate mean values (38–40 mg kg−1) are observed in pedoland-
scape units A3, A6, A5, A7, and A1. These soils have a highly variable texture (from
sandy to clayey) but are generally calcareous and moderate alkaline. Their consistent,
moderate P levels are likely sustained by continuous fertilization linked to their intensive
agricultural use.

In the four pedolandscapes of the lower Apennines, available P mean concentrations
vary little (ranging from 15.6 to 18.0 mg kg−1 P2O5). The lowest values are found in the
Romagna and Bologna Apennines (probably due to high erosion rates and low organic
matter levels), especially in units B1 and B2, while the highest values are found in the
provinces of Reggio Emilia and Parma, where they range between 20 and 21 mg kg−1. The
highest values are found in the province of Rimini on the soils of pedolandscape B1 (mean
value 21.4 ± 6.6 mg kg−1), which, compared to the other provinces, is characterized by
more clayey soils.

In the Middle Apennines, land use becomes an important factor influencing avail-
able P concentration, as forests occupy approximately 62% of the area. Very low values
(average value 10.7 ± 4.1 mg kg−1 P2O5) are found in the acidic soils of ophiolitic origin
of the C5 pedolandscape unit. These are followed by the soils of the C3 unit, which are
predominantly forested and often non-calcareous (average value 11.0 ± 5.8 mg kg−1) but
also with some zonal variability across districts (from 9.3 ± 3.2 mg kg−1 in Forlì-Cesena to
21.1 ± 7.3 mg kg−1 in Reggio Emilia). The soils on the unstable clays of the C1 pedoland-
scape unit fall midway (14.1 ± 5.3 mg kg−1), with the highest concentrations in the district
of Reggio Emilia (22.9 ± 5.7 mg kg−1). The soils of the C2 and C4 units have similar mean
available P concentration (15.9 and 16.0 mg kg−1, respectively) but present rather different
soils: the soils on the Triassic gypsum of the pedolandscape unit C4 are mostly under
forest and natural vegetation while the soils on the calcareous–marly flysch of unit C2 are
characterized by different land uses, including grassland and arable land.

Finally, the mean available P concentration in the pedolandscapes of the upper Apen-
nines are particularly low, ranging from 10.0 to 11.2 mg kg−1 P2O5. Land use again plays a
role here in interpreting results: forestry prevails (84% of the area), followed by pastures
and meadows, while above the upper tree line, blueberry bushes and spikenard meadows
predominate. Furthermore, moderately to extremely acidic soils are prevalent, especially
at higher altitudes and on arenaceous lithotypes. Where medium- or fine-textured soils
prevail, surface pH values are higher (neutral to slightly acidic), as in the D1 units in the
district of Modena and Rimini, with mean available P concentrations of 15.0 ± 4.0 mg kg−1

and 17.0 ± 2.9 mg kg−1 respectively.
Available P mapping uncertainty in terms of amplitude of mean IQ range over

the entire region is equal to 27.0 ± 12.9 mg kg−1, with the mean values for the
plain (33.2 ± 12.0 mg kg−1) being notably higher than those returned for the Apennines
(20.2 ± 8.2 mg kg−1). In the plain, lower uncertainty characterizes the agricultural district
of Piacenza in the northwestern corner of the plain (27.8 ± 10.3 mg kg−1), while the highest
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IQ range mean values occur in the Reggio-Emilia district with 41.0 ± 12.3 mg kg−1 and
in the Rimini district (38.3 ± 11.2 mg kg−1), at the opposite southeastern corner of the
plain. The province of Reggio-Emilia exhibits the highest IQ range mean value also in
the Apennine districts of the hills and of the mountains, where their values are equal
to 25.0 ± 7.2 mg kg−1 and 26.5 ± 10.1 mg kg−1, respectively. The local IQ range mini-
mum mean values are observed in the hilly district of Bologna (21.4 ± 7.9 mg kg−1) and
in the mountain district of Forlì (15.5 ± 6.4 mg kg−1), where estimates for available P
concentration have the lowest uncertainty of the region.

The classed uncertainty map for estimated P concentration at the municipality level,
along with N and K concentrations, is provided in Figure S4 of the Supplementary Materials.

3.4. Comparing LUCAS and Regional Macronutrients Maps

Figure 8 shows the maps of topsoil macronutrients based on the LUCAS survey data
at the EU-scale for Emilia-Romagna, along with the corresponding maps based on regional
data (RER maps). The original RER maps of the macronutrients’ content were resampled
to match the 250 m resolution of the LUCAS maps; the classes in the legends of the six
maps in Figure 8 are those of the LUCAS maps [17]. Table 4 summarizes the raster statistics
for six maps, computed over the entire region and for the two major landforms. At the
regional level, macronutrient contents based on LUCAS data resulted systematically above
those based on the regional datasets, with a minimum average overestimation of 17.8%
in the case of K concentration and a maximum of 48.1% in the case of P; the average
overestimation for N concentration in the LUCAS map was equal to 26.2%. The degree of
the overestimation observed for the LUCAS-based concentration maps was significantly
different in the plain and in the Apennines: in the former it ranged from 7.0% for K
concentration to 42.2% for P concentrations, while in the latter the corresponding figures
were 29.3% and 59.9% for K and P concentrations, respectively. As for N concentrations,
the LUCAS estimates were on average 13.4% and 36% higher than the RER estimates in the
plain and the Apennines, respectively.

Table 4. Raster statistics for macronutrient maps at 250 m resolution based on LUCAS and RER
datasets. Std. Dev.: standard deviation.

Variable Area Mean Std. Dev. Min. Median Max.

N g kg−1 LUCAS Region 2.16 0.74 0.72 1.93 7.91
Plain 1.81 0.47 0.72 1.70 6.40

Apennines 2.54 0.79 0.93 2.43 7.91
N g kg−1 RER Region 1.60 0.68 0.20 1.50 13.00

Plain 1.57 0.83 0.20 1.40 13.00
Apennines 1.62 0.48 0.22 1.60 4.40

K2O mg kg−1 LUCAS Region 247.92 69.91 31.47 248.80 796.38
Plain 246.43 45.51 56.46 252.37 637.45

Apennines 249.53 88.92 31.47 240.61 796.38
K2O mg kg−1 RER Region 203.86 77.88 15.77 196.63 742.85

Plain 229.26 76.67 15.77 231.99 742.85
Apennines 176.44 69.43 28.47 159.36 655.70

P2O5 mg kg−1 LUCAS Region 23.88 10.33 0.00 24.60 107.14
Plain 30.53 7.21 0.00 29.56 64.42

Apennines 16.73 8.18 0.00 16.17 107.14
P2O5 mg kg−1 RER Region 12.39 6.72 1.31 11.78 61.54

Plain 17.66 4.79 2.18 17.02 61.54
Apennines 6.71 2.61 1.31 6.29 53.82
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 8. RER (a,c,e) and LUCAS (b,d,f) maps of topsoil (0–30 cm) nutrients concentrations in
Emilia-Romagna: nitrogen (a,b) (g kg−1), potassium (c,d) (mg kg−1), and phosphorus (e,f) (mg
kg−1).

Figure 9 visually summarizes the differences between the maps derived from the
two data sets by using violin plots, which illustrate the probability density of three macronu-
trient concentrations at various values, as well as the median and quartile values of the
DSM estimates. In the case of N concentrations, RER estimates are characterized by a
narrower IQ range that does not overlap with those of the LUCAS estimates and a more
positively skewed distribution; in both cases, the distributions are markedly leptokurtic.
The IQ ranges of the two K concentration distributions overlap, but the RER estimates
exhibit a moderate bimodality which is not observed in the distribution of the LUCAS
estimates, which are more markedly positively skewed and leptokurtic. A noticeable bi-
modality characterizes the distribution of the RER estimates of P concentrations, reflecting
the observed difference in P concentrations between the plain and the Apennines. The
distribution of the LUCAS P estimates also exhibits this feature, albeit with a significantly
smoother bimodality. The LUCAS estimates are less positively skewed than the RER ones
and slightly platykurtic.
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Figure 9. Violin plots displaying the spread of DSM estimates for macronutrient concentrations using
the LUCAS (blue) and RER (red) datasets.

Eventually, the three macronutrient maps stemming from the LUCAS and the RER
databases were compared in terms of mean concentrations in the agricultural districts
and pedolandscapes of Emilia-Romagna. Figure 10 shows the radar charts of the relative
difference between the LUCAS and RER DSM estimates of macronutrient concentrations,
standardized over the LUCAS concentrations. In the agricultural districts of the plain,
LUCAS estimates resulted systematically in higher values than the corresponding RER-
based estimates, except for N concentration in the Ferrara plain (district 25), where they
were 22% lower, missing the detection of large areas of reclaimed soils with peat layers
characterized by the highest N concentrations of the region. On average the eastern districts
of Romagna showed the largest relative differences, with values exceeding 30% in Ravenna
(district 16) and Forlì (district 19). As for K concentrations in the agricultural districts of the
plain, RER estimates were 4 to 8% higher than the LUCAS ones in three districts of Emilia,
while in all the other sectors of the plain the opposite was observed, with larger differences
in Piacenza (district 1) and Ravenna (district 16). As evident from Figure 10, in all districts,
the overestimation of P topsoil concentrations based on the LUCAS database exceeded
those observed for N and K, with larger relative differences in Piacenza (district 1, 60%)
and Ravenna (district 16, 52%).

(a) (b) 

Figure 10. Radar charts of the relative differences of DSM estimates of N, K, and P concentrations
based on the LUCAS and RER datasets: (a) agricultural districts (see Figure 2 for legend description),
(b) pedolandscapes (see Figure 1 for legend description). The dashed line marks a relative difference
equal to zero.
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In the agricultural districts of the lower and mid-upper Apennines, relative differ-
ences in DSM-estimated macronutrients’ concentrations followed a similar pattern, with
values below or close to the average in the districts of Emilia, with a minimum in Reggio
Emilia (districts 8 and 9) and a maximum in the districts of Romagna. In the lower Apen-
nine districts, maximum relative differences were observed in Forlì (district 20), Bologna
(district 14) and again in Forlì (district 20) for N (50%), K (36%), and P (67%) concentrations,
respectively. In the agricultural districts of the mid-upper Apennine, maximum relative
differences were observed in Ravenna (district 18) for N (53%) and K (50%), and again in
Forlì (district 21) for P (70%).

In the pedolandscapes of the plain, the major difference between the LUCAS and the
RER macronutrient maps was observed in the lower abandoned Po delta plain (unit A2,
512 km2, ca. 4.5% of the plain), where the widespread occurrence of reclaimed soils with
organic horizons (e.g., Histic Humaquepts, Sulfic Endoaquepts, Taphto-Histic Endoaquolls,
Terric Sulfisaprists, Typic Sulfihemists, and Typic Sulfisaprists, classified according to
USDA Soil Taxonomy, 12th Ed.) was not acknowledged in the LUCAS macronutrient map,
which severely underestimated N concentration compared to the RER map (−181%). In
the same unit, K concentration was also underestimated in the LUCAS map (−16%), while
P concentration was slightly overestimated (+8%). In all the other pedolandscape units of
the plain, LUCAS-based maps provided higher macronutrient concentrations, notably for
P contents, with relative differences ranging from 35 (unit A8) to 54% (unit A10). In the
case of N and K, relative difference ranges were between 1 (unit A9) and 24% (unit A10),
and 7 (unit A6) and 46% (Unit A1), respectively. However, a notable exception regarding
K content is unit A5, which consists of soils in morphologically depressed areas of the
lower Apennine alluvial plain (1641 km2, 14% of the plain) and is characterized by fine-
textured soils with high to very high clay contents (e.g., Chromic Udic Haplusterts, Halic
Endoaquerts, Sodic Endoaquerts, Udic Calciusterts, Ustic Endoaquerts, Vertic Calciustepts,
and Vertic Endoaquepts, classified according to USDA Soil Taxonomy, 12th Ed.). In this
pedolandscape, LUCAS-based K concentrations resulted on average 22% less than those
observed in the corresponding unit of the RER-based map.

In the pedolandscapes of the Apennine, relative differences in DSM-estimated nutrient
contents increased with elevation for P and K, while in the case of N a decreasing trend was
observed. In the units of the lower Apennine the lowest relative differences occurred in
the pedolandscape B2 and the maximum in B4 for all nutrients, with mean values ranging
from 9 (K) to 55% (P) in B2 and from 51% (K) to 65% (P) in B4. In the pedolandscapes
of the mid-Apennines, the smallest relative differences were detected in the unit C4 for
all nutrients, with average values ranging from 25 to 46% for K and P concentration,
respectively. Relative differences were largest in unit C3 for N (38%) and K (35%) contents,
while unit C5 showed the largest differences in terms of P contents (65%). Eventually, in
the upper-Apennine pedolandscapes the relative differences between the LUCAS- and
RER-based maps were the largest for P contents, being above 60% in all units, with a
maximum in D3 (69%) and a minimum in D1 (60%). The mean relative differences in
estimated K contents varied greatly, ranging from 8% in unit D2 to 45% in unit D1. As
already detected in most cases, relative differences in terms of N content were intermediate,
ranging between 26% in unit D2 and 34% in unit D3.

Maps of the relative difference between the three concentration maps based on the
LUCAS and RER datasets are shown in Figure S5 in the Supplementary Materials
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4. Discussion

4.1. Model Performance and Covariate Interpretation

The results presented in the previous section confirm the predictive effectiveness of
the DSM approach in estimating topsoil macronutrients’ concentrations in Emilia-Romagna.
The analysis of covariates’ importance revealed that continuous soil (e.g., organic carbon,
clay, sand, and pH) and categorical variables representing regional spatial trends were the
most relevant predictors. This aligns with the recommendation to integrate pedological
knowledge into DSM frameworks [49], which not only potentially improved estimation
precision but was crucial for the interpretation of the resulting spatial patterns. The limited
direct relevance of Land Use Land Cover (LULC) as a categorical predictor, notable only
in the Apennines, suggests that its effects were better captured by remote sensing indices
and reflectance bands [50,51]. However, while the increasing availability and accessibility
of high-resolution spectral indices derived from remote sensing offers great potential in
DSM applications [52], it can also result in a frequent lack of awareness of definitions
and limitations, causing redundancies and inconsistencies [53]. Therefore, rather than
employing an exhaustive set of predictors [54,55], we prioritized model interpretability and
parsimony using a robust set of covariates tested in the region [44], with feature selection
guided by Recursive Feature Elimination [56].

4.2. Root Causes of the LUCAS–RER Discrepancy and Its DSM Implications

The most significant finding of this study is the substantial and systematic discrepancy
between the regional (RER) and continental (LUCAS) DSM products. We identify three
primary root causes for this:

• Sampling density: the fundamental difference in observation density, LUCAS
(~1.5 sample/200 km2) versus RER (~1.6 samples/km2), is the most critical factor. The
RER dataset’s high density allows it to capture local variability and nutrient cold spots
and hotspots that are statistically invisible at the LUCAS sampling density. It is note-
worthy that recent research highlighted that for most soil properties, macronutrients
included, the differences in survey design and sampling protocols between LUCAS
and Italian methods did not lead to significant differences, showing consistency among
the different sampling procedures [57].

• Scale of covariates and model generalization: continental-scale models like LUCAS
necessarily rely on covariates at a coarser resolution and must generalize across
vastly different pedo-climatic regions. This process inherently smooths out extremes.
Our regional model, using higher-resolution predictors tailored to the local context,
preserves this critical fine-scale variation.

• Inability to capture specific pedolandscape units: a telling example is the failure of the
LUCAS-based map to identify the high N concentrations in the organic soils of the
lower Po delta plain (pedolandscape A2). This unit, covering over 500 km2, contains
distinct soil types characterized by organic horizons (e.g., Histic Humaquepts and
Typic Sulfisaprists) that greatly affect nutrient levels. Continental models lack the con-
textual knowledge and data density to represent such specific, yet extensive, features.

This discrepancy underscores a major challenge in digital soil mapping: the loss
of critical information when upscaling models or applying coarse-scale products at a
regional level [58]. Our results provide concrete evidence that accuracy and relevance
are significantly enhanced when DSM is conducted at a scale commensurate with the
management and policy questions being addressed.
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4.3. Direct Implications for the EU Soil Monitoring Law and Regional Soil Management

The discrepancy between the datasets has profound and immediate policy implica-
tions. Using the proposed SML phosphorus threshold of 50 mg kg−1 P2O5 as a benchmark,
the choice of baseline data leads to drastically different outcomes (Figure 11):

• LUCAS baseline: would classify 92.8% of the plain and 25.0% of the Apennines as
exceeding the admissible concentration.

• RER baseline: suggests only 16.05% of the plain and 0.11% of the Apennines are above
this threshold.

 

Figure 11. Values above the SML threshold of 50 mg kg−1 P2O5 as resulting from the RER (a) and
LUCAS (b) estimates.

This represents a potential misclassification of over 76% of the plain’s agricultural area,
which would have severe consequences for farmers, land managers, and the perceived
severity of phosphorus-related environmental risk in the region. While the “one-out, all-
out” principle may have been removed from the final SML text, the definition of reference
baselines remains a cornerstone of the legislation. Our study demonstrates that adopting
a baseline based on continental-scale assessment could lead to inappropriate regulatory
pressures and misdirected resources.

Therefore, the findings strongly advocate for a hybrid approach to DSM. The “top-
down” paradigm of continental models, like LUCAS and SoilGrids [59], should be sys-
tematically integrated with “bottom-up,” regionally coordinated efforts. Initiatives such
as the FAO-Global Soil Partnership‘s soil organic carbon map [60] and the EU-funded
EJPSOIL project [61] champion this very concept, promoting participatory, multi-scale data
collection that leverages local knowledge and priorities. Our RER baseline illustrates the
relevance of such integration. The future of robust soil governance under the SML lies not
in choosing one scale over the other, but in creating a framework where continental models
provide the broad context and regional baselines, like the one presented here, provide the
essential, high-fidelity data for effective local implementation and validation at the level of
the soil districts foreseen by the SML proposal [62].

4.4. Communication of Uncertainty and Study Limitations

To enhance the practical utility of our maps, we coupled concentration estimates with
spatial uncertainty based on QRF prediction intervals [63]. In line with best practices for
communicating with end-users [64,65], we aggregated and presented this uncertainty at the
municipality level (Figure S4). This supports risk-aware decision-making in land planning
and can guide future targeted sampling campaigns to enhance survey efficiency [66].

This study has two major limitations. First, due to the long time span of the data
used in this study, it was not possible to assess temporal dynamics within the study area,
because the data grouped by survey time (e.g., by decades) were also spatially clustered
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from successive surveys. This limitation is often encountered in DSM applications [49,67] as
data are mostly collected and analyzed for several purposes apart from solely mapping soil
properties. This limitation indeed prevented the analysis of the changes in soil nutrients’
status and the assessment of the impact of land use history.

Second, the focus is exclusively on the topsoil (0–30 cm), as most data were sourced
from agricultural fertilization planning. Only about 12% of the available data provide infor-
mation on subsoil macronutrient concentrations, and future work will focus on extending
this framework to subsoil nutrients.

5. Conclusions

This study effectively generated high-resolution (100 m), uncertainty-quantified maps
of topsoil macronutrients (N, P, and K) for the Emilia-Romagna region, providing a robust
baseline for soil fertility assessment and monitoring. The key conclusions are as follows:

1. The DSM approach using Quantile Random Forests proved highly effective, with
models demonstrating excellent performance (R2 ≥ 0.9) and identifying soil organic
carbon and texture as the dominant controls on macronutrient spatial patterns.

2. A critical comparison with the continental-scale LUCAS-based maps revealed sig-
nificant systematic overestimations by LUCAS, particularly for phosphorus (48% at
regional level), and a failure to detect important local features, such as nutrient
hotspots in organic soils.

3. The root of this discrepancy lies in the extremely different sampling densities, the
scale of environmental covariates, and the inability of continental models to capture
specific soil–landscape relationships.

4. The practical implications are substantial: the choice of baseline data dramatically
alters the assessment of soil quality against regulatory thresholds, as demonstrated
for the EU Soil Monitoring Law. Relying solely on continental-scale data for regional
policy implementation carries a high risk of misinformed decisions.

In conclusion, while continental-scale models like LUCAS are valuable for broad-scale
assessments, they are insufficient for regional-scale land management and policy. Our
results highlight one of the potential difficulties in the actual implementation of the Soil
Monitoring Law resulting from the absence of soil information of adequate detail at the
level of the soil districts identified by member states as required by the proposal. This
eventually would lead to possible differences among and within member states in its
implementation. Our work underscores the indispensable need for the integration of high-
resolution, region-specific soil data to ensure the accurate and effective implementation of
environmental regulations like the EU Soil Monitoring Law.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land14112142/s1, Table S1: Dominant soils occurring in the
pedolandscape units of Emilia-Romagna. Soil are classified according to Soil Taxonomy (Soil Survey
Staff, 2014, Keys to Soil Taxonomy. 12th Edition, USDA-NRCS, Washington DC). The soil classifica-
tions are listed in order of prevalence. Table S2: Mean and median macronutrients’ concentrations
over five sampling periods. Figure S1: Distribution of the FAO-WRB Major Soil Groups in the
pedolandscapes of Emilia-Romagna. Figure S2: Location of macronutrients sampling points over
time. Figure S3: Location of the LUCAS points (n = 117) in the pedolandscapes of Emilia-Romagna.
Figure S4: Classed uncertainty maps at municipality level for DSM macronutrients estimates:
(a) Nitrogen, (b) Potassium, (c) Phosphorus. The five uncertainty classes are based on the ventiles of
the distribution of the IQ range values. Figure S5. Relative differences in estimated macronutrient
concentrations between the LUCAS and the RER datasets: (a) Nitrogen, (b) Potassium, (c) Phos-
phorus. Relative differences are calculated for each cell of the 250m estimation grid as [LUCAS
-RER]/[LUCAS].
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Abbreviations

The following abbreviations are used in this manuscript:

AE Absolute Error
EC European Commission
EPSG European Petroleum Survey Group
EU European Union
DEM Digital Elevation Model
DSM Digital Soil Mapping
IoA Index of Agreement
IQ range Interquartile range
ISO International Organization for Standardization
LUCAS Land Use/Cover Area frame statistical Survey
LULC Land Use Land Cover class(es)
ME Mean Error
ML Machine Learning
MS Member States
NDVI Normalized Difference Vegetation Index
NDSI Normalized Difference Soil Index
NDWI Normalized Difference Water Index
NUTS Nomenclature of Territorial Units for Statistics
QRF Quantile Random Forest
RER Regione Emilia-Romagna
RFE Recursive Feature Elimination
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RMSE Rooted Mean Square Error
RUSLE Revised Universal Soil Loss Equation
SML Soil Monitoring Law
SOSI Soil Salinity Index
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Abstract: Organic matter has a very important function in soil, without which, soil for-
mation processes cannot take place properly. It can be divided and classified based on
several aspects; the most general division is between the living and non-living parts of
organic matter. The results presented in this paper specifically refer to the living microbial
part of organic matter. This research was carried out in the years 2021–2024 in the South
Bohemia region located in the Czech Republic. Two types of land use (four permanent
grassland areas, two forest areas) were evaluated. Based on laboratory soil analyses, some
significant dependencies were found. For example, in grasslands with statistically identical
pH, there was a dependence (p-value 0.05) between soil organic carbon (SOC), carbon of
microbial biomass (MBC) and microbial basal respiration (MBR). Additionally, coniferous
forest experimental locations had a lower pH, which, in turn, slowed the activity of mi-
croorganisms and promoted the accumulation of SOC in the soil. The results from this
experiment support the current knowledge of organic matter and are important for a better
understanding of the soil organic matter cycle.

Keywords: soil science; microorganisms; organic carbon; microbial biomass; basal respiration

1. Introduction

Organic matter, only being a small part of soil, plays a key role because the decompo-
sition, mineralisation and subsequent humification of organic material are among the most
important soil processes affecting soil fertility and quality [1,2]. It is an important material
derived from plant and animal sources [3] and has an effect on the following aspects of soil:
(1) improving structure: it helps aggregate soil particles, which improves the stability of
soil aggregates and increases soil porosity [4]; (2) nutrient source: organic matter contains
nutrients that it releases when it decomposes [5]; (3) increasing soil retention: it gives soil
a better ability to retain water [6]; (4) reduction of erosion and surface runoff [7,8]; and
(5) providing a source of energy for microorganisms: it is the main source of feed and
nutrients for soil microorganisms [9].

The total amount of organic matter in soil can be influenced in the long term by
management practices [10]. The use of organic fertilisers, intercrops, deep-rooted crops
and ploughing puts crop residues back into the soil and contributes to enriching soil with
organic matter [7,10,11]. Conversely, a lack of organic matter input into soil and the loss of
organic matter are behind some serious degradation processes [12].
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The basic general division of organic matter is into its non-living and living parts. The
non-living part of soil organic matter is divided according to the degree of decomposi-
tion [13] and the presence of non-humified soil organic matter comprising undecomposed
organic matter. This includes the remains of plants (leaves, roots) and animals whose
original structure is retained [9,14]. Another part consists of partially decomposed organic
matter that has already been altered by soil organisms [15]. The next part is fully decom-
posed organic matter, which, in later stages, is referred to as humus [16]. This decomposed
organic matter no longer shows signs of its original structure [17].

The living part of soil organic matter can be divided as follows: microflora [18],
microfauna, mesofauna, macrofauna and megafauna [19]. This classification includes
a range from smallest to largest, i.e., from micrometres to centimetres and, in some
cases, up to metres [20]. Microfauna and microflora inhabit water-filled pores and water
films around soil particles [21]. Mesofauna occur in existing air-filled pore spaces and
are largely confined by these spaces. Macrofauna have the ability to create their own
spaces through their activities and, like megafauna, can significantly influence the coarse
structure of soils [22,23]. The biodiversity in soils is impressively large [24,25] and,
therefore, species with similar biology and morphology are often grouped together for
classification purposes [26]. The most abundant species are among the microbial compo-
nent of soil [19]. When assessing the living microbial part of organic matter, the basic
parameters evaluated include microbial basal respiration (MBR) and microbial biomass
carbon (MBC). These parameters have been monitored by a number of authors [27–29]
and are, therefore, also evaluated in this paper.

Of course, many variables enter into the whole process of microorganism activ-
ity [30,31]. For example, temperature [32,33], soil moisture [34,35], pH [36], nutrient
availability [37,38], redox potential [39] and carbon/nitrogen ratio [40] are known to be the
main factors that contribute to microbial activity.

Differences can also be expected for different types of land use [41,42]. Microbial
activity is particularly important for land use types where soil is the basis for management,
i.e., mainly agricultural land and forests, possibly also in other ecological systems [43].
The concept of agricultural land is general and includes different types of land cover.
In soil environments where disturbance is frequent (typically conventional arable land
management), it is more difficult to draw general conclusions, as a number of different
agricultural operations can be used during cultivation that have a significant impact on
soil parameters [44]. For this reason, grasslands and forests are the subject of the current
assessment as they have a relatively stable soil environment and there is an assumption of
less inter-annual variation.

The aim of this study was to verify the following hypotheses: (1) soil microbial activity
will vary in permanent grassland and forest locations; (2) microbial activity assessed by
MBR and MBC is dependent on the amount of soil organic carbon (SOC); and (3) the
amount of SOC in soil is influenced by the pH level.

2. Materials and Methods

Six soil samples from South Bohemia (49◦05′00.0′′ N, 14◦40′00.0′′ E) in the Czech
Republic were tested every year in 2021–2024 (Figure 1). Four soil samples were from
agricultural land (grassland) and two were from coniferous forest soil. Soil texture at each
location listed in Table 1 was determined using the hydrometric method. This method
is based on the principle of measuring the sedimentation rate of soil particles in a water
environment. A hydrometer (an instrument for measuring the density of the suspension)
was used to record the concentration of particles in the water at various time intervals. This
makes it possible to measure the proportion of each fraction and thus determine the soil
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texture. The subsequent classification was performed using the texture triangle [45], which
is also currently used in the Czech Republic.

 

Figure 1. Map of the Czech Republic and the district of South Bohemia.

Table 1. Experimental locations.

Locations Type of Location Soil Texture (USDA *)

G1 Grassland Sandy Loam
G2 Grassland Sandy Loam
G3 Grassland Sandy Loam
G4 Grassland Loam
F2 Forest (coniferous) Sandy Loam
F1 Forest (coniferous) Sandy Loam

* USDA—U.S. Department of Agriculture: texture triangle.

One composited soil sample was taken from each locality with a spade and placed in
paper bags. The composited sample consisted of a total of 5 samples from a 10 × 10 m area.
The depth of sampling was 0–15 cm and the amount of soil sampled from each location was
approximately 3 kg. It should be mentioned that forest locations usually have an organic
horizon, which has a strong influence on the amount of SOC in the soil. When taking soil
samples, the emphasis was always on doing everything the same way every year. First, the
organic horizon was carefully removed and then the topsoil was taken. Nevertheless, it
was difficult to ensure the uniformity of the sampling. This problem can be clearly seen in
Table 2, where the standard deviation is higher for forest locations than for grassland. In
the case of grassland, the top layer containing live plants was removed. Subsequently, soil
sampling was carried out using a spade.

After sampling, material from the composite soil samples was taken to the laboratory
and used for subsequent analyses. Samples were air-dried so that they could be sieved and
then particles larger than 2 mm were removed. The soil intended for pH and SOC analysis
was dried at 60 ◦C to a constant weight before analysis. Part of the remaining soil was
homogenised and sieved through a 0.25 mm sieve. Soil sieving was conducted because
some analyses were performed on soil textures less than <2 mm (pH, MBR, MBC), while
SOC was analysed on a fraction < 0.25 mm.
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Table 2. Results from the experimental plots (2021–2024).

Locations pH SOC MBR MBC MMQ—qCO3

(KCl) SD (%) SD (μg CO2·g−1·h−1) SD (μg·g−1) SD
(×10−4

MBR:MBC)
SD

G1 4.90 0.19 3.93 0.18 0.3034 0.0203 756 65 4.1 0.6
G2 4.77 0.28 2.52 0.25 0.1621 0.0112 354 38 4.6 0.6
G3 4.66 0.12 2.36 0.23 0.1589 0.0160 301 23 5.3 0.5
G4 4.70 0.09 3.44 0.35 0.2271 0.0243 577 37 4.0 0.7
F1 3.22 0.05 7.37 1.10 0.1021 0.0284 141 18 7.4 2.2
F2 3.32 0.09 7.28 1.74 0.1333 0.0143 181 42 7.9 2.7

Standard deviation (SD), soil organic carbon (SOC), carbon of microbial biomass (MBC), microbial basal respiration
(MBR), microbial metabolic quotient (MMQ).

Individual analyses of soil samples were carried out using the following procedures:

• Soil pH (ISO 10390:2005 [46])— was determined using a 1 M KCl solution. In 250 mL
plastic bottles, 10 g of soil was weighed and 50 mL of KCl was added. Subsequently,
the samples were shaken for 60 min on a shaker. The pH was then measured using
the SI Analytics Lab 875P (Xylem Analytics, Weilhem, Germany). The measurements
were carried out in two repetitions each time.

• SOC—the basis of the analysis was the method of Tyurin [47], where the process of
determination was as follows: 0.1 g of soil (<0.25 mm) was weighed in triplicate for
each location. Subsequently, 0.3 M K2Cr2O7 and concentrated H2SO4 were mixed to
form a chromosulfur mixture. The titration cups with the weighed soil were added
to 12.5 mL of the chromo sulphur mixture and then the samples were burned in
an oven at 135◦ for 30 min. Then, titration was performed using 0.2 M Mohr’s salt
((NH4)2Fe(SO4)2·6H2O + H2SO4) on the Mettler Toledo DL55 titrator (Mettler Toledo,
Schwerzenbach, Switzerland).

• MBR—the analysis was based on the ISO standard 16072:2002 [48], but some mod-
ifications were made in the determination (soil moistening). The procedure was as
follows: 150 g of soil moistened to 50% retention capacity was pre-incubated for 3 days
and then 25 g of soil was weighed into breathable bags (in three replications). The
breathable bags were hung in a 750 mL sealed glass bottle with 20 mL of 0.05 M NaOH
at the bottom for 3 days. Before titration, 2 mL of 0.5 M BaCl2 and phenolphthalein
were added. Subsequently, titration was performed on the Mettler Toledo DL55 titrator
(Mettler Toledo, Schwerzenbach, Switzerland) using 0.1 M HCl.

• MBC—the analysis was performed according to the ISO standard 14240-2:1997 [49]
with some modifications (the weighing and moistening of the soil): 250 g of soil
moistened to 50% retention capacity was pre-incubated for 3 days and then 25 g of
soil was weighed (in six replications). Three samples were fumigated in a desiccator
using boiling chloroform and left in the dark for 24 h. To the remaining samples,
200 mL of 0.5 M K2SO4 was added, and the samples were shaken for 30 min. The
same process was carried out for the fumigated samples after 24 h. MBC was de-
termined by dichromate oxidation. All samples were filtered and 8 mL was taken.
Subsequently, 2 mL 0.07 M K2Cr2O7 and 15 mL acid mixture (H2SO4, H3PO4) were
added. After refluxing for 30 min, titration was carried out using 0.04 M Mohr’s salt
((NH4)2Fe(SO4)2·6H2O + H2SO4) on the Mettler Toledo DL55 titrator (Mettler Toledo,
Schwerzenbach, Switzerland).

• Microbial metabolic quotient (MMQ)—this was the ratio between the MBR and the
MBC, where the MBR was divided by the MBC.

A basic statistical evaluation was performed on the results to obtain significant corre-
lations using one-way ANOVA. The Pearson correlation coefficient was also determined
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for the processed data. This correlation coefficient was evaluated if there were at least two
distinct locations in the statistical evaluation.

3. Results

3.1. Soil Reaction (pH) in Experimental Locations

The basic analysis performed was the determination of pH. The results of the mea-
surements are shown in Figure 2 and Table 2. Statistically significantly higher values were
measured at the grassland locations compared to the forest locations (Table 3). The highest
pH across the grasslands was measured at G1 (4.90). The lowest value was at G3 (4.64).
Locations G2 and G2 fell within this range in their values. Statistical evaluation of all
grasslands showed no significant difference. They were therefore identical in terms of pH.
Statistical agreement was also valid for the forest locations, where the mean pH for F1
was 3.22 and that for F2 was 3.32 (Table 3). The values and standard deviations (Table 2)
across research years could be considered relatively stable in the locations. The highest
standard deviation was measured at G2 (0.28), but this was not a significant fluctuation.
Lower values were measured at the other locations.

 

Figure 2. Soil reaction in experimental locations (box plots).

Table 3. Statistical evaluation of selected parameters (one-way ANOVA, p-value <0.05).

Parameters Locations G1 G2 G3 G4 F1 F2

pH

G1 x 6.08 × 10−1 7.14 × 10−2 1.64 × 10−1 1.27 × 10−11 1.27 × 10−11

G2 x x 8.14 × 10−1 9.56 × 10−1 1.27 × 10−11 1.27 × 10−11

G3 x x x 9.99 × 10−1 1.27 × 10−11 1.27 × 10−11

G4 x x x x 1.27 × 10−11 1.27 × 10−11

F1 x x x x x 8.19 × 10−1

F2 x x x x x x
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Table 3. Cont.

Parameters Locations G1 G2 G3 G4 F1 F2

SOC

G1 x 3.75 × 10−3 9.14 × 10−4 7.58 × 10−1 2.50 × 10−11 2.81 × 10−11

G2 x x 9.98 × 10−1 1.44 × 10−1 2.29 × 10−11 2.29 × 10−11

G3 x x x 5.33 × 10−2 2.29 × 10−11 2.29 × 10−11

G4 x x x x 2.30 × 10−11 2.30 × 10−11

F1 x x x x x 1.00 × 10−0

F2 x x x x x x

MBR

G1 x 3.22 × 10−11 3.22 × 10−11 5.85 × 10−11 3.22 × 10−11 3.22 × 10−11

G2 x x 9.99 × 10−1 2.56 × 10−9 2.71 × 10−8 1.55 × 10−2

G3 x x x 5.70 × 10−10 1.25 × 10−7 4.37 × 10−2

G4 x x x x 3.22 × 10−11 3.23 × 10−11

F1 x x x x x 7.31 × 10−3

F2 x x x x x x

MBC

G1 x 2.29 × 10−11 2.29 × 10−11 2.30 × 10−11 2.29 × 10−11 2.29 × 10−11

G2 x x 3.26 × 10−2 2.29 × 10−11 2.29 × 10−11 2.31 × 10−11

G3 x x x 2.29 × 10−11 2.45 × 10−11 2.16 × 10−8

G4 x x x x 2.29 × 10−11 2.29 × 10−11

F1 x x x x x 1.96 × 10−1

F2 x x x x x x

MMQ

G1 x 9.45 × 10−1 3.90 × 10−1 1.00 × 10−0 2.83 × 10−5 9.86 × 10−7

G2 x x 9.05 × 10−1 9.00 × 10−1 7.48 × 10−4 3.29 × 10−5

G3 x x x 3.11 × 10−1 1.96 × 10−2 1.34 × 10−3

G4 x x x x 1.64 × 10−5 5.55 × 10−7

F1 x x x x x 9.54 × 10−1

F2 x x x x x x

Locations that were statistically equal are highlighted. Soil organic carbon (SOC), carbon of microbial biomass
(MBC), microbial basal respiration (MBR), microbial metabolic quotient (MMQ). The light grey colour in the table
indicates statistically identical locations.

The results from this analysis were very important for the subsequent evaluation
because it was possible to divide all assessed locations into two groups with statistically
identical pH. Forest locations represented one group and grasslands represented the second
group. This made it possible to evaluate the effect of different pH on the other assessed
parameters (SOC, MBC, MBR, MMQ). As shown in the following Sections 3.2 and 3.3, this
fact proved to be very important for some parameters.

3.2. Relationship Between pH and SOC

SOC, like pH, is an essential parameter in the assessment of soil parameters. The
highest amount of SOC was found at the forest locations, where the average value was
7.37% at F1 and 7.28% at F2. In this context, it should be added that the method of soil
sampling mattered because as the amount of organic horizon (for forest locations) in the
soil sample increased, so did the amount of SOC. It was problematic to ensure the same
amount of organic horizon in the soil samples. This can be clearly seen in the standard
deviations (Table 2), which were higher for forest locations than for grasslands. These
facts need to be taken into account when comparing the results with other studies. In the
statistical evaluation, the values from forest locations (F1 and F2) were identical (Table 3).
When comparing them with grasslands, they were significantly different (p-value < 0.05).
The individual grassland locations, however, did not have statistically the same SOC
content, confirming that the whole issue was much more complex. The highest SOC value
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was measured at G1 (3.93%). This location was statistically identical to G4 (3.44%) but
significantly different from G2 (2.52%) and G3 (2.36%). Locations G2, G3 and G4 could be
considered identical (Table 3).

Correlations were determined at all locations but also separately for grasslands and
forests (Figure 3). In the case of the forest locations (F1, F2), which were statistically identical,
correlations were not assessed further. When all locations were assessed, the strongest
correlation was obtained between pH and SOC. Specifically, a strong inverse correlation
(−0.913) was found, meaning that the lower the pH, the higher the SOC content of the soil.
For this statement, the depth of sampling needs to be considered (see Discussion chapter).

Figure 3. Correlation heat map for the evaluated parameters. Fields that are light grey were not
evaluated due to statistical equality at all locations (p-value 0.05). Soil organic carbon (SOC), carbon
of microbial biomass (MBC), microbial basal respiration (MBR), microbial metabolic quotient (MMQ).

3.3. Microbial Activity (MBR, MBC) as a Function of SOC

Soil microbial activity was measured using two basic indicators (MBR, MBC). The
lowest MBR values were determined at both forest locations, which were also identical
according to the statistical evaluation. The MBR values were higher for the grasslands.
For MBC, the situation was similar to that of MBR. Lower MBC values were measured for
forest locations compared to grasslands.

Based on the results (MBR, MBC), it was confirmed that microbial activity in soil
differed between grasslands and forests (hypothesis 1), but statistical differences were also
found for individual grassland locations (see, Table 3). In the case of MBR, only G2 and
G3 were statistically identical. For MBC, no statistical concordance was confirmed and,
therefore, each grassland location could be considered different.

The dependencies between MBR, MBC and SOC were assessed using the correlation
coefficient and trend lines. When MBR and MBC were evaluated, there was a strong
relationship (R2 = 0.9461) between these two parameters. The dependence was confirmed
when evaluating all locations, but only at grasslands (Figure 3). This points to the fact
that different soil pH did not significantly affect this dependence. Thus, at the locations
evaluated, it was valid that MBC increased with increasing MBR.

The above statement did not apply to the relationship between SOC and MBC. In
assessing the correlation across all locations (Figure 3), an inverse correlation (−0.557) was
found, but, when looking for a definite trend between SOC and MBC (Figure 4), it is clear
that no trend (R2 = 0.2914) was observed. The situation was completely different if the
forest locations were omitted and only grassland locations with statistically equally high
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pH were evaluated. Then, a strong direct correlation (0.920) between SOC and MBC was
evident and a significant trend (R2 = 0.907) could be established (Figure 4).

 

Figure 4. Relationship between SOC and microbial parameters. Soil organic carbon (SOC), carbon of
microbial biomass (MBC), microbial basal respiration (MBR).

A similar situation, slightly less marked, existed for the relationship between SOC and
MBR. When forest locations were included, an inverse correlation (−0.546) was found and
the resulting trend (R2 = 0.2152) was significantly negatively affected. When assessing only
grassland locations, a strong direct correlation (0.750) was found and a significant trend
(R2 = 0.8703) was also established.

From the results, the conclusion was that hypothesis 2 (microbial activity assessed
by MBR and MBC is SOC-dependent) was only valid for locations with the same pH.
When different locations (grasslands and forests) were evaluated, the hypothesis was
not confirmed.

In this paper, the efficiency of the microbial environment expressed in terms of MMQ
was also calculated. The highest values were determined for forest locations, which were
statistically significantly different from grasslands. It was also confirmed that all grasslands
were statistically identical, as were forest locations (Table 3). Figure 3 shows that the highest
correlation value (−0.898) was achieved between MMQ and pH when all locations were
evaluated. Thus, the results indicate that the MMQ value increased with decreasing pH.
An assessment of only grasslands or forests was not carried out for statistical concordance.

4. Discussion

Soil pH is one of the basic indicators that is monitored in a comprehensive soil as-
sessment [50–52]. Its value influences a number of soil properties: physical, chemical and
biological [53,54]. The level of pH is determined by the composition of the soil but is also
influenced by the plants themselves, as the organic matter from each species can have sig-
nificantly different compositions [55–57]. This can be clearly seen in Figure 2, where the pH
at the two forest locations differed significantly from the pH at the grassland locations. The
results confirm the generally accepted conclusion that coniferous forest locations need and
have a lower pH than agricultural land in the upper soil layer (0–15 cm). This conclusion is
in agreement with [58–60], but is only valid for topsoil, because at deeper soil levels, the
differences in pH for individual land uses tend to decrease, as previously reported [61,62].

When assessing the pH of agricultural land, it must be taken into account that changes
may occur as a result of agronomic operations. These may affect the pH. Some agrotechnical
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operations are directly carried out to adjust the pH to the optimum value for the crop [63].
The classic case is the liming of soils, which increases the pH [64]. However, the pH can
also be lowered by, for example, applying certain types of mineral or organic fertilisers [65].
The way the soil is cultivated also has an influence. All these agrotechnical operations that
are carried out affect not only pH but also other soil parameters including SOC, MBR and
MBC [66,67]. The greatest changes in soil parameters can be expected on arable land, where
the soil is generally subjected to more frequent cultivation than grasslands and forests.
In this context, it is important to note that no agrotechnical operations (liming, organic
fertilisation) were carried out on the experimental locations during the research that would
have significantly altered the pH. This is apparent from Table 2 (standard deviation) and
Figure 2 (box plots).

Similar to pH, the amount of SOC is influenced by a number of parameters. Some of the
basic ones include the type of farming [68], soil texture [69] or species composition [70]. In
evaluating the relationship of SOC with other parameters, certain dependencies were found.
A very strong correlation was determined between pH and SOC, but it must be added that
the results were valid for the upper layer in which the sampling took place (0–15 cm). For
deeper soil levels, this statement may not be valid. This was also confirmed by some studies
in which sampling was carried out in lower layers [43]. The same relationship (ph–SOC)
in upper layer was found by [71] in a tropical forest soil environment, [72] in grasslands
and forests, and [59] in steppe and cropland locations. Based on the results (Table 2), it
can be confirmed with some simplification that, in this case, higher SOC was measured in
forest locations due to a more acidic soil environment. This conclusion is also clearly visible
in Figure 3, which shows the correlation coefficient between the evaluated parameters.
For higher pH (above 8), this may no longer be applicable, as [73] reported a hump-back
model between soil organic carbon and pH in grasslands. On arable land, there may even
be reverse dependence due to soil cultivation, as noted by [74], i.e., a decrease in organic
carbon as pH decreases. This means that hypothesis 3 involving the dependence of SOC
on pH was only partially confirmed because in significantly different soil environments
than those in this study, the relationship may not always be valid. This observed pH–SOC
relationship can be significantly disturbed by agrotechnical operations. It is therefore
essential to know the management practices that have been applied to the land.

There were also some findings for SOC and microbial activity (MBR, MBC). In the
case of MBC, the lowest values were found at forest locations (F1, F2). The values in this
study are in agreement with many authors [75–77] who determined the MBC for forest
soils. However, values at forest locations can vary considerably. The main reason is due
to the complicated soil sampling. It is necessary to separate soil from forest floor during
sampling because [78,79] reported that MBC can vary significantly between forest floor and
forest soil. For grassland, some authors [80,81] gave similar values to those in this paper,
but, in some studies [82,83], there were higher values.

The situation was similar for MBR, but not the same. Almost all locations were statisti-
cally different, but several individual MBR values from forest locations were comparable to
those of some grassland locations (Figure 4). This finding is in agreement with [84], who
also compared grasslands and forests. When evaluating the relationship between MBR and
MBC, it can be concluded that a higher MBR in soil indicates a higher MBC (Figure 5), as
confirmed by other authors [85,86].
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Figure 5. Dependence between basic parameters related to microbial activity (MBR, MBC). Carbon
of microbial biomass (MBC), microbial basal respiration (MBR).

From the results of the SOC–MBC and SOC–MBR relationships, it can be further
assumed that the more SOC in the soil, the more microorganisms. This is in line with other
authors [87–89], but only applicable when the pH is the same. When forest locations are
included, this statement cannot be confirmed. The same conclusion may apply to the MBR.
A strong correlation between SOC and MBR at grassland locations was reported by [90,91]
and also by [92], who assessed only forest locations.

MMQ is considered an important indicator of soil health [93] and the highest correla-
tion was found for pH. Similar findings were reported in a study by [94], who analysed
24 studies and concluded that MMQ often declines with increasing pH in a stable environ-
ment. The results indicate that organic matter is more efficiently used by microorganisms in
grassland locations, where MMQ is lower compared to forest locations. Higher ratios may
reflect that the microbial community is exposed to stressful conditions such as inappropri-
ate pH (Table 2). This means that microorganisms must expend more energy to maintain
basic life functions and use less for growth [95]. Soil pH is not the only parameter that
affects MMQ, but there are other soil parameters such as clay content, amount of MBC [94]
or soil moisture [96].

The conclusion regarding the relationship between SOC and MBC, SOC and MBR or
pH and MMQ highlights the issue of overgeneralisation. In some cases, it is not possible to
make general conclusions that apply across locations. This is also the case for microbial
activity, which is influenced by a number of factors. These factors may vary due to different
land cover types and it is therefore always important to take into account basic parameters
(e.g., pH) that may differ between land use types.

5. Conclusions

This paper summarised the knowledge concerning organic matter and its microbial
role. The results show that some significant trends and dependencies can be found for
the parameters evaluated (SOC, MBR, MBC). When assessing microbial activity, both
parameters MBR and MBC appear to be suitable indicators in relation to SOC. However,
it is also important to assess other parameters such as the pH in the soil environment.
Different pH levels can significantly affect the resulting trends, which was evident when
forest locations were included. The findings support the current knowledge of soil organic
matter and are useful for other authors in evaluating and interpreting results related to
microbial activity. Information on microbial activity is also important from the point of view

100



Land 2025, 14, 183

of soil quality. This can be influenced (both negatively and positively) in the long term by
the way it is managed. Therefore, management practices that contribute to the enrichment
of the diversity of microflora and microfauna in the ecosystem should be promoted in
order to increase landscape stability and improve soil health, crop health and agricultural
production. From this perspective, it would be interesting to better clarify the dynamics
of pH, SOC, MBR and MBC in other ecological systems and land use types. Microbial
activity through the decomposition of organic matter influences nutrient cycles, and a
deeper understanding of this could provide more support for sustainable management
practices and development.
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Bohemia in České Budějovice, Czech Republic (no. GA JU 122/2025/Z).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Bünemann, E.K.; Bongiorno, G.; Bai, Z.; Creamer, R.E.; De Deyn, G.; De Goede, R.; Fleskens, L.; Geissen, V.; Kuyper, T.W.; Mäder,
P.; et al. Soil quality–A critical review. Soil Biol. Biochem. 2018, 120, 105–125. [CrossRef]

2. Karlen, D.L.; Cambardella, C.A. Conservation strategies for improving soil quality and organic matter storage. In Structure and
Organic Matter Storage in Agricultural Soils; Carter, M.R., Stewart, B.A., Eds.; CRC Press: Boca Raton, FL, USA, 2020; pp. 395–420.

3. Kozak, C.; Leithold, J.; do Prado, L.L.; Knapik, H.G.; de Rodrigues Azevedo, J.C.; Braga, S.M.; Fernandes, C.V.S. Adaptive
monitoring approach to assess dissolved organic matter dynamics during rainfall events. Environ. Monit. Assess. 2021, 193, 423.
[CrossRef] [PubMed]

4. Mustafa, A.; Minggang, X.; Shah, S.A.A.; Abrar, M.M.; Nan, S.; Baoren, W.; Zejiang, C.; Saeed, Q.; Naveed, M.; Mehmood, K.;
et al. Soil aggregation and soil aggregate stability regulate organic carbon and nitrogen storage in a red soil of southern China. J.
Environ. Manag. 2020, 270, 110894. [CrossRef] [PubMed]

5. Gerke, J. The central role of soil organic matter in soil fertility and carbon storage. Soil Syst. 2022, 6, 33. [CrossRef]
6. Lal, R. Soil organic matter and water retention. Agron. J. 2020, 112, 3265–3277. [CrossRef]
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13. Kolář, L.; Kužel, S.; Horáček, J.; Čechová, V.; Borová-Batt, J.; Peterka, J. Labile fractions of soil organic matter, their quantity and
540 quality. Plant Soil Environ. 2009, 55, 245–251. [CrossRef]

14. Ochs, M. Influence of humified and non-humified natural organic compounds on mineral dissolution. Chem. Geol. 1996, 132,
119–124. [CrossRef]

101



Land 2025, 14, 183

15. Bani, A.; Pioli, S.; Ventura, M.; Panzacchi, P.; Borruso, L.; Tognetti, R.; Tonon, G.; Brusetti, L. The role of microbial community in
the decomposition of leaf litter and deadwood. Appl. Soil Ecol. 2019, 126, 75–84. [CrossRef]

16. Osman, K.T.; Osman, K.T. Soil organic matter. In Soils: Principles, Properties and Management; Springer: Dordrecht, The Netherlands,
2013; pp. 89–96.

17. Zavarzina, A.G.; Danchenko, N.N.; Demin, V.V.; Artemyeva, Z.S.; Kogut, B.M. Humic substances: Hypotheses and reality (a
review). Eurasian Soil Sci. 2021, 54, 1826–1854. [CrossRef]

18. Prashar, P.; Shah, S. Impact of fertilizers and pesticides on soil microflora in agriculture. Sustain. Agric. Rev. 2016, 19, 331–361.
19. Coleman, D.C.; Geisen, S.; Wall, D.H. Soil fauna: Occurrence, biodiversity, and roles in ecosystem function. In Soil Microbiology,

Ecology and Biochemistry, 5th ed.; Paul, E.A., Frey, S.D., Eds.; Elsevier: Amsterdam, The Netherlands, 2024; pp. 131–159.
20. Moreira, F.M.; Huising, E.J.; Bignell, D.E. A Handbook of Tropical Soil Biology: Sampling and Characterization of Below-Ground

Biodiversity; Taylor & Francis: London, UK, 2012; pp. 1–256.
21. van Vliet, P.C.J.; Hendrix, P.F. Role of fauna in soil physical processes. In Soil Biological Fertility: A Key to Sustainable Land Use in

Agriculture; Abbott, L.K., Murphy, D.V., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2003; pp. 61–80.
22. Bottinelli, N.; Jouquet, P.; Capowiez, Y.; Podwojewski, P.; Grimaldi, M.; Peng, X. Why is the influence of soil macrofauna on soil

structure only considered by soil ecologists? Soil Tillage Res. 2015, 146, 118–124. [CrossRef]
23. Jeffery, S.; Gardi, C.; Jones, A.; Montanarella, L.; Marmo, L.; Miko, L.; Ritz, K.; Peres, G.; Römbke, J.; van der Putten, H.W. European

Atlas of Soil Biodiversity; European Commission, Publications Office of the European Union: Luxembourg, 2010; pp. 1–122.
24. Fierer, N.; Lennon, J.T. The generation and maintenance of diversity in microbial communities. Am. J. Bot. 2011, 98, 439–448.

[CrossRef]
25. Potapov, A.M.; Beaulieu, F.; Birkhofer, K.; Bluhm, S.L.; Degtyarev, M.I.; Devetter, M.; Goncharov, A.A.; Gongalsky, K.B.; Klarner,

B.; Korobushkin, D.I.; et al. Feeding habits and multifunctional classification of soil-associated consumers from protists to
vertebrates. Biol. Rev. 2022, 97, 1057–1117. [CrossRef]

26. Geisen, S.; Mitchell, E.A.; Adl, S.; Bonkowski, M.; Dunthorn, M.; Ekelund, F.; Fernández, L.D.; Jousset, A.; Krashevska, V.; Singer,
D.; et al. Soil protists: A fertile frontier in soil biology research. FEMS Microbiol. Rev. 2018, 42, 293–323. [CrossRef]

27. Bouguerra, S.; Gavina, A.; Natal-da-Luz, T.; Sousa, J.P.; Ksibi, M.; Pereira, R. The use of soil enzymes activity, microbial biomass,
and basal respiration to assess the effects of cobalt oxide nanomaterial in soil microbiota. Appl. Soil Ecol. 2022, 169, 104246.
[CrossRef]

28. Yang, Y.; Cheng, S.; Fang, H.; Guo, Y.; Li, Y.; Zhou, Y. Interactions between soil organic matter chemical structure and microbial
communities determine the spatial variation of soil basal respiration in boreal forests. Appl. Soil Ecol. 2023, 183, 104743. [CrossRef]

29. Das, S.; Deb, S.; Sahoo, S.S.; Sahoo, U.K. Soil microbial biomass carbon stock and its relation with climatic and other environmental
factors in forest ecosystems: A review. Acta Ecol. Sin. 2023, 43, 933–945. [CrossRef]

30. Cao, H.; Chen, R.; Wang, L.; Jiang, L.; Yang, F.; Zheng, S.; Wang, G.; Lin, X. Soil pH, total phosphorus, climate and distance are the
major factors influencing microbial activity at a regional spatial scale. Sci. Rep. 2016, 6, 25815. [CrossRef] [PubMed]

31. Maurya, S.; Abraham, J.S.; Somasundaram, S.; Toteja, R.; Gupta, R.; Makhija, S. Indicators for assessment of soil quality: A
mini-review. Environ. Monit. Assess. 2020, 192, 1–22. [CrossRef]

32. Curiel Yuste, J.; Baldocchi, D.D.; Gershenson, A.; Goldstein, A.; Misson, L.; Wong, S. Microbial soil respiration and its dependency
on carbon inputs, soil temperature and moisture. Glob. Chang. Biol. 2007, 13, 2018–2035. [CrossRef]

33. García-Palacios, P.; Crowther, T.W.; Dacal, M.; Hartley, I.P.; Reinsch, S.; Rinnan, R.; Rousk, J.; van den Hoogen, J.; Ye, J.S.; Bradford,
M.A. Evidence for large microbial-mediated losses of soil carbon under anthropogenic warming. Nat. Rev. Earth Environ. 2021, 2,
507–517. [CrossRef]

34. Borowik, A.; Wyszkowska, J. Soil moisture as a factor affecting the microbiological and biochemical activity of soil. Plant Soil
Environ. 2016, 62, 250–255. [CrossRef]

35. Singh, S.; Mayes, M.A.; Shekoofa, A.; Kivlin, S.N.; Bansal, S.; Jagadamma, S. Soil organic carbon cycling in response to simulated
soil moisture variation under field conditions. Sci. Rep. 2021, 11, 10841. [CrossRef]

36. Naz, M.; Dai, Z.; Hussain, S.; Tariq, M.; Danish, S.; Khan, I.U.; Qi, S.; Du, D. The soil pH and heavy metals revealed their impact
on soil microbial community. J. Environ. Manag. 2022, 321, 115770. [CrossRef]

37. Stark, S.; Männistö, M.K.; Eskelinen, A. Nutrient availability and pH jointly constrain microbial extracellular enzyme activities in
nutrient-poor tundra soils. Plant Soil 2014, 383, 373–385. [CrossRef]

38. Penn, C.J.; Camberato, J.J. A critical review on soil chemical processes that control how soil pH affects phosphorus availability to
plants. Agriculture 2019, 9, 120. [CrossRef]

39. Mattila, T.J. Redox potential as a soil health indicator–how does it compare to microbial activity and soil structure? Plant Soil
2024, 494, 617–625. [CrossRef]

40. Angst, G.; Mueller, K.E.; Nierop, K.G.; Simpson, M.J. Plant-or microbial-derived? A review on the molecular composition of
stabilized soil organic matter. Soil Biol. Biochem. 2021, 156, 108189. [CrossRef]

102



Land 2025, 14, 183

41. Moghimian, N.; Hosseini, S.M.; Kooch, Y.; Darki, B.Z. Impacts of changes in land use/cover on soil microbial and enzyme
activities. Catena 2017, 157, 407–414. [CrossRef]

42. Lepcha, N.T.; Devi, N.B. Effect of land use, season, and soil depth on soil microbial biomass carbon of Eastern Himalayas. Ecol.
Process. 2020, 9, 65. [CrossRef]

43. Van Leeuwen, J.P.; Djukic, I.; Bloem, J.; Lehtinen, T.; Hemerik, L.; De Ruiter, P.C.; Lair, G.J. Effects of land use on soil microbial
biomass, activity and community structure at different soil depths in the Danube floodplain. Eur. J. Soil Biol. 2017, 79, 14–20.
[CrossRef]

44. Valboa, G.; Lagomarsino, A.; Brandi, G.; Agnelli, A.E.; Simoncini, S.; Papini, R.; Vignozzi, N.; Pellegrini, S. Long-term variations
in soil organic matter under different tillage intensities. Soil Tillage Res. 2015, 154, 126–135. [CrossRef]

45. Soil Science Division Staff. Soil Survey Manual; Agriculture Handbook No. 18; United States Department of Agriculture:
Washington, DC, USA, 2017; pp. 1–603.

46. ISO 10390-2005; Soil Quality—Determination of pH. International Standard: Geneva, Switzerland, 2005.
47. Tyurin, I.V. A new modification of the volumetric method of determining soil organic matter by means of chromic acid.

Pochvovedenie 1931, 26, 36–47.
48. ISO 16072-2002; Soil Quality—Laboratory Methods for Determination of Microbial Soil Respiration. International Standard:

Geneva, Switzerland, 2002.
49. ISO 14240-2-1997; Soil Quality—Determination of Soil Microbial Biomass. Part 2: Fumigation-Extraction Method. International

Standard: Geneva, Switzerland, 1997.
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Abstract: Globally, arid and semi-arid agricultural land is characterized by low soil organic
carbon (SOC) content. This impacts on the abundance and diversity of soil microorganisms
in such environments. We therefore examined SOC and bacterial community structure
dynamics in the single plots of the conventional (PC), improved fertilization (PA) and
unimproved control (PT) at El Hmadna experimental station (Northwest Algeria) dur-
ing five-time intervals T(0), T(15), T(70), T(104) and T(147 days). The SOC content was
determined using the modified Walkley and Black method. The 16S rRNA genes were
isolated from soils and sequenced using the Illumina sequencing platform. Over time,
OC levels increased by more than 15%, especially in the improved plot. The highest OC
stock was observed for the unmanaged control plot (47 Mg ha−1), also associated with
higher bacterial biomass. However, taxonomic analysis revealed that bacterial diversity
was higher in PA and PC, with Actinobacteria (42%) and Firmicutes (15%) dominating.
Soil salinity did negatively influence SOC but the imposed management practices such as
organic amendments did improve both carbon retention and bacterial diversity. The results
underline the importance of imposing sustainable agricultural practices to improve carbon
sequestration and soil health in semi-arid regions.

Keywords: semi-arid area; organic carbon dynamics; bacterial microflora; physicochemical
properties; soil management practices; clay soil

1. Introduction

Arid and semi-arid lands constitute approximately one-third of global terrestrial
surface according to the United Nations Committee to Combat Desertification (UNCCD).
These lands suffer from degraded and vulnerable soil, limited vegetation cover and low
soil organic matter (SOM) with less than 4% [1]. Future projections for climate change in
semi-arid areas indicate that global temperature will rise and the temporal and spatial
patterns of precipitation will change [2]. Consequently, crop production and food security
for one-third of the global population living in these areas will deteriorate [3]. Nevertheless,
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arid and semi-arid soils’ total potential of soil organic carbon (SOC) sequestration can reach
up to 20 Pg C over 50 years [4]. Numerous studies indicate that this sequestration can be
achieved through adopting land use and management practices emphasizing enhancing
land vegetation cover and increasing SOM contents [5–7]. These practices not only aim to
mitigate the effects of climate change but also to restore degraded soils and strengthen the
resilience of agroecosystems in these vulnerable regions [4,7].

In addition to their role in ameliorating the physicochemical properties of the soil [8,9],
SOM is a key factor limiting microbial growth and activity in the soil [10]. The interaction
between SOM and soil microbiology enormously impacts the ecosystem’s functionality [11].
A decline in SOM content results in a decrease in soil microbial biomass, a crucial indicator
of soil health and thus a loss in the essential ecosystem functions and disturbance of the
vital processes provided by soil [12].

In semi-arid environments, microbial biomass plays a critical role in nitrogen fixa-
tion [13,14] and soil carbon cycling [15]. The main function of microbial biomass is to
decompose SOM to release the essential nutrients from their organic sources [16,17]. On
the other hand, the microbial-derived residues produced upon their decomposition such
as amino sugars, proteins, lipids, biopolymers and other molecules are considered a vital
source of OC and N in the soil [18,19].

Typically, semi-arid soils display reduced microbial biomass and diversity. Among
the dominant microbial communities detected in arid and semi-arid lands are Proteobacte-
ria, Actinobacteria, Planctomycetota and Acidobacteriota [20,21]. The accumulation and
diversity of microbial community structure in these environments are affected by lack of
moisture, extreme variations in precipitation, high temperature and soil salinity [22,23].
However, these stresses can be influenced by environmental parameters such as climate,
land use type and soil management practices [24–26]. Moreover, shifts in microbial com-
munities under different management practices can provide important insights into the
capacity of these soils to recover their biological functions and enhance carbon sequestra-
tion [11,25].

Adopting management practices such as fertilization or changing land use have
significant and long-lasting effects on microbial activity in semi-arid soils [5,27,28]. Mineral
and organic fertilization modifies C and N sources for microbial communities through a
substantially higher input of organic matter below and above ground [6,29]. In a meta-
analysis study, Allison and Martiny (2008) [30] found that 84% of 38 studies reported that
microbial community composition is sensitive to N, P and K fertilization. Wardle (1992) [31]
indicated that C and N are limiting elements for soil microorganism accumulation in the
soil. In another meta-analysis based on data from long-term fertilization trials in cropping
systems, Geisseler and Sow (2014) [32] found that mineral fertilizer application results in
a 15.1% increase in microbial biomass above levels in unfertilized control treatments. Sui
(2019) [33] found that the beta diversity of the microbial community in semi-arid lands
can be significantly affected by soil pH, available P, N and OC due to changes in land use.
In their study, they indicated that arable land consistently showed higher alpha diversity
for bacteria, Acidobacteria and fungi compared to other land use types. Plant species and
biomass directly impact the availability of carbon and other nutrients in the soils, thus
affecting microbial biomass’s diversity, distribution and community composition [34].

Additionally, organic agricultural practices can significantly influence soil bacterial
and fungal biomass; it was found that their diversity increases under no-tillage prac-
tices [35]. The activity of the microbial biomass is high in undisturbed soils compared to
tilled soils as repeated tillage results in loss of SOM through rapid decomposition from
improved aeration and exposure of protected OM to microbial mineralization [36,37]. Fur-
thermore, undisturbed soil or fallow land management favors soil carbon sequestration
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and the microbial community structure [38]. Despite this knowledge, integrating microbial
community assessments with SOC dynamics under various land use intensities and soil
amendments in semi-arid agriculture remains underexplored and represents a research gap
that this study aims to address.

Studies concerning microbial communities and diversity responses to the OC dynam-
ics in semi-arid lands are scarce. In Algeria, few studies addressed the relationship between
bacterial microflora and OC accumulation and dynamics, particularly on clayey and saline
agricultural soils. Previous studies focused on characterizing soil microbial diversity in
hypersaline natural ecosystems, other studies explored the relationships between microbial
biomass and OM accumulation [39–42]. Consequently, there is a lack of precise data on
microbial density and diversity of agricultural soils, their relationship with OC dynamics
and the impact of management practices on bacterial structure and diversity.

We therefore used genomic DNA analysis to examine changes in soil bacteria commu-
nities and their relationships with soil physiochemical properties in three plots receiving
different management practices as follows: 1. a fallow or undisturbed land, used in this
study as a control plot; 2. a conventional plot that receives regular mineral fertilization
NPK; and 3. an amended plot that received NPK, sand, cattle manure, gypsum and ferrous
sulfate amendments over a 3-year project.

Thus, our specific objectives of this study are: (i) to assess the effect of conventional
and improved management practices on OC accumulation and dynamics in semi-arid soil;
(ii) to elucidate the changes in soil bacterial structure and diversity affected by SOC and
soil properties; and (iii) to investigate the role of bacterial communities in SOC storage.

The outcomes of this study will help quantify the influence of land management on
soil bacterial community structure and diversity in northwestern Algeria. The research
is of significant value for improving soil management practices in Algeria. Additionally,
the findings are expected to provide actionable insights for sustainable soil restoration
strategies and contribute to global knowledge on the interplay between microbial ecology
and carbon dynamics in dryland agriculture.

2. Materials and Methods

2.1. Description of the Study Area

The experimental site is in the National Institute of Agronomic Research of Algeria
(INRAA) experimental station in El Hmadna, region of Relizane (Northwest Algeria). The
site coordinates are 35◦55′26′ ′ N and 0◦44′57′ ′ E at an altitude of 48 m (Figure 1). The
station, which is surrounded by two mountain ranges, the Dahra to the north and the
Ouarsenis to the south, covers an area of 77 ha and is part of Bas-Cheliff zone, which covers
2750 km2 [43]. The climate is Mediterranean, characterized by hot summers, cold winters
and poorly distributed annual rainfall. This area is also known as the “oven of the Tell” due
to the extreme heat in the summer season [44]. The soil of the study area is a clay texture
with high salinity [45].

2.2. Description of the Plots

The study was conducted on three plots, as illustrated in Figure 1. Table 1 summarizes
the experimental design, highlighting the management history, applied treatments and the
main baseline soil physical and chemical characteristics of each plot. These parameters
represent the stable properties that did not vary during the observation period.

2.3. Sampling Strategy

Five soil samples (0–30 cm depth) were collected from each plot to form a composite
sample. Physicochemical analyses included OC content, texture, bulk density, salinity,

108



Land 2025, 14, 1126

pH, cation exchange capacity (CEC), total and active limestone, total nitrogen, available
phosphorus and potassium. Soil monitoring covered five time intervals: T(0), T(15), T(70),
T(104) and T(147). Bacterial microflora was analyzed at two key stages: T(0), representing
the initial state, and T(104), corresponding to the peak of microbial activity [46]. For each
plot, a composite soil sample was prepared by homogenizing five subsamples collected
randomly to ensure representativeness. The composite samples were then stored at 4 ◦C in
sterile containers prior to analysis. The study covered both wet (November–April) and dry
(May–October) seasons. Table 2 provides an overview of the sampling timeline, detailing
the chronological progression and the specific objectives assigned to each sampling point.

 

Figure 1. (A,B) Geographical location of the experimental plots. (C–E) Plots in the wet period
(December 2021). (F–H) Plots in the dry period before harvest (May 2022).

Table 1. Main characteristics of the experimental plots.

Plot
Treatments Applied

During the Study
Prior Management

(Before 2021)
Crop

2021–2022 Vegetationcover

Particle Size
Bulk

Density
(g/cm3)

CaCO3

(%)Clay (%)
Fine
Silt
(%)

Coarse
Silt
(%)

Sand
(%)

PA

Plowing
+

NPK
(15-15-15)

100 kg/plot

Algerian-Chinese project
(3 years): NPK + cattle

manure + sand + gypsum
+ ferrous sulfate

Rainfed soft
wheat

(Triticum
aestivum L.)

–

41 28 4 27

1.3 22Clayey soil

PC

Plowing
+

NPK
(15-15-15)

100 kg/plot

NPK (15-15-15)
100 kg/plot

Rainfed soft
wheat

(Triticum
aestivum L.)

–

63 28 5 4

1.4 20Clayey soil

PT
None (uncultivated
fallow since 1942)

No agronomic
intervention None Suaeda fruticosa

61 30 2 7
1.4 21Clayey soil

PT: control plot, PC: conventional plot, PA: amended plot.

Table 2. Soil sampling schedule, growth stages, seasons and sampling purposes during the experi-
mental period.

Stage (Days) Date Growth Stage Season Sampling Purpose

T(0) 14 September 2021 Before sowing Dry Physicochemical + bacterial analysis
T(15) 29 December 2021 Germination/emergence Wet Physicochemical analysis
T(70) 23 February 2022 Tillering Wet Physicochemical analysis
T(104) 29 March 2022 Bolting/heading Wet Physicochemical + bacterial analysis
T(147) 11 May 2022 Maturation Dry Physicochemical analysis
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2.4. Physicochemical Analysis

Mineral fractions were measured using the “Robinson” method [47]. The principle
of this method is to remove all cement-like carbonates, oxides and organic substances by
oxidation with hydrogen peroxide. After dispersion in sodium hexametaphosphate, the
samples were pipetted at different times and depths, following different sedimentation
intervals. Sampling time and depth were calculated using Stokes’ law. All particle size data
were expressed as a percentage of fine earth (<2 mm). pH was measured using a pH meter
(Hanna Instruments, Netherlands) for suspensions with a 1:2.5 (m/v) ratio of fine earth and
water. Salinity was measured by electrical conductivity (EC) in millisiemens per centimeter
(mS cm−1) using a conductivity meter (Hanna Instruments, Netherlands). A suspension of
fine earth and water with a ratio of 1:5 (m/v) was set for this analysis [48]. The bulk density
(BD) in g cm−3 was calculated by direct sampling using a metal cylinder with a height of
5 cm and a diameter of 5.5 cm [49]. Samples taken by the cylinder were dried and passed
through a 2 mm diameter sieve to measure coarse particle content (expressed in %). OC
content was determined by the modified Walkley and Black method, based on the oxidation
of OC by potassium dichromate (K2Cr2O7) in sulfuric acid [50]. Total limestone (CaCO3)
content was determined by a Bernard calcimeter. The CO2 released by the reaction was
measured by a gas burette [51]. Active limestone was measured according to the method
described by Drouineau (1942) [52]. The excess ammonium oxalate was determined by
titration with a solution of potassium permanganate in a sulfuric solution. Total nitrogen
was determined by the Kjeldahl method described by Bremner (1965) [53]. Phosphorus
content was measured according to Olsen (1954) [54] using a UV/visible spectrometer.
The potassium content was measured based on dilute ammonium acetate with a flame
spectrophotometer using a method described by Nash (1971) [55]. CEC was determined
using the sodium acetate method reported by Rhoades (1982) [56].

2.5. Organic Carbon Stock Calculation (OCS)

The soil OCS was calculated for 0 to 30 cm depths using the equation recommended
by the FAO [57,58] as follows:

OCS
(

Mg C ha−1
)

0.1 × C × BD × T × (1 − CP)

where OCS is organic carbon stock (Mg C ha−1), C is carbon content (g C kg−1 soil), BD
is bulk density (g cm−3), T is the thickness of the soil horizon (cm) and CP is the gravel
content or coarse particles (g g−1 soil).

2.6. Biological Soil Analysis
2.6.1. DNA Extraction and Polymerase Chain Reaction (PCR) Amplification

The genomic DNA was extracted from 250 g of soil using a DNeasy® PowerSoil® Pro
Soil Kit (sourced from QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s
instructions. This kit is effective in removing PCR inhibitors as it employs the second
generation of QIAGEN Inhibitor Removal Technology® (IRT). Cell lysis occurs through
both mechanical and chemical methods. Total genomic DNA is captured onto a silica
membrane in a centrifuge column format, then washed, eluted and is ready for NGS, PCR
and other molecular analyses, following procedures as previously described [59,60].

PCR amplification of the targeted 16S rRNA gene regions was performed using specific
primers combined with barcodes. PCR products of appropriate size were selected by 2%
agarose gel electrophoresis. Equal quantities of PCR products from each sample were
pooled, end-repaired, A-tailed and ligated with Illumina adapters, according to standard
protocols [61].
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To ensure data quality and reliability, quality control (QC) was implemented at every
step of the process, as shown in Figure S1. After sequencing, raw data containing low-
quality sequences (“dirty data”) were processed to generate clean data through merging
and filtering [60,62]. OTUs were clustered using UPARSE [62]. The representative sequence
of each OTU was assigned a taxonomic classification using the SILVA 138 database [63] and
the abundance distribution was calculated accordingly. The detailed workflow is shown in
Figure S2.

2.6.2. Sequencing of the 16S rRNA Gene

Libraries were sequenced on an Illumina paired-end platform to generate 250 bp
paired-end raw reads. The process of DNA library preparation, including PCR prod-
uct selection, end-repair, A-tailing, adapter ligation and purification, was carried out
following standard Illumina protocols, as summarized in Figure S3, which illustrates
the key steps of the library construction workflow. The amplicon was then sequenced
on the Illumina paired-end platform to produce 250 bp raw paired-end reads (Raw PE),
which were subsequently merged and pre-processed to obtain clean tags [59]. Chimeric
sequences were detected and removed using UCHIME [64], resulting in efficient tags used
for downstream analysis.

Chimera checking and removal steps were performed to minimize false diversity
estimates [61]. Final taxonomic annotation was performed using the SILVA 138 database,
ensuring reliable taxonomic resolution [63].

2.6.3. Statistical Analyses

Matched reads were assigned to samples based on their unique barcodes and trun-
cated by cutting the barcode and primer sequences. Matched reads were merged using
FLASH (Version 1.2.7), a high-speed and accurate analysis tool designed to merge matched
reads [59]. End reads when at least some of the reads overlap with the read generated
from the opposite end of the same DNA fragment, and splice sequences were called raw
tags. Quality filtering on the raw tags was performed under specific filtering conditions
to obtain high-quality clean tags according to the Qiime (Version 1.7.0) quality-controlled
process [60]. The tags were compared with the reference SILVA138 database using the
UCHIME algorithm to detect chimeric sequences [61]. The chimeric sequences were then
removed [62]. After obtaining the Effective Tags, sequence analysis was performed by
Uparse software (Version 7.0.1090) [63]. Sequences with a similarity ≥ 97% were assigned
to the same OTUs. The representative sequence of each OTU was examined for further
annotation. For each representative sequence (Version 1.7.0) Qiime [64] in the Mothur
method was performed against the SSUrRNA database of the SILVA138 database [65] for
species annotation at each taxonomic rank (threshold: 0.8~1) (kingdom, phylum, class,
order, family, genus, species) [66]. MUSCLE (Version 3.8.31) was used to understand the
phylogenetic relationship between all representative OTU sequences [67]. The software
can compare multiple sequences quickly. OTU abundance information was normalized
using a sequence number standard corresponding to the sample with the fewest sequences.
Subsequent analyses of alpha diversity were performed based on this normalized output
data. Alpha diversity is applied in biodiversity complexity analysis for a sample across six
indices, including Observed-species, Chao1, Shannon, Simpson, ACE and Good-coverage.
All these indices were calculated with QIIME (Version 1.7.0) and displayed with R software
(Version 2.15.3). Linear regression was carried out to estimate the temporal OC response of
each plot over the experimental period. Statistical analyses were performed using Python
program (version 3.12.0), using the Pandas, Numpy, Mtplotlib.pyplot, Sklearn.linear_model
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and Sklearn.metrics libraries. Statistical significance of coefficients was assessed using the
p-value and the student t-test.

3. Results

3.1. Temporal Changes in Soil Physicochemical Properties

The temporal variation of key soil physicochemical properties across the different plots
and sampling stages is presented in Table S1. The pH is neutral to slightly alkaline (7.0–8.1)
at all sampling stages. The EC varied considerably throughout the different sampling
periods. Plots PT and PC vary from excessively salty to slightly salty, while PA ranges
from very salty to slightly salty. CEC is high to very high in all plots, which is typical for
clay-dominated soils where cation exchange between soil and plant is relatively limited.
The C/N ratio varies remarkably throughout the different samples. At T(0), T(15) and
T(147), all plots recorded low to very low C/N ratios, indicating rapid OM decomposition.
On the other hand, at T(70) and T(104), C/N is very high, revealing reduced biological
activity and slow OM decomposition. The phosphorus levels varied from high to very high
for all samples; similarly, the potassium levels were high in the three plots.

3.2. Organic Carbon Variations

At T(0), OC content remained constant across all three plots; however, at T(15), it
increased significantly in PC and PA, coinciding with plowing operations that incorporated
fresh plant residues into the soil. This period also experienced 86.5 mm of cumulative
rainfall and an average temperature of 19 ◦C; these conditions are favorable for OM
mineralization. At T(70), OC content was higher in PA than in PC (Figure 2A), likely due to
greater plant biomass, increased photosynthesis and enhanced rhizodeposition. Despite
low rainfall (~5 mm), PA benefited from prior soil improvement practices that enhanced
soil aeration and water retention, helping crops withstand the precipitation deficit. At
T(104), a significant increase in OC levels was observed in all three plots (PA > PT > PC),
while at T(147), OC levels rose further, particularly in PA. The last samples from PA and
PC were taken before the harvest when the wheat crop was in its final vegetative phase,
which may have increased carbon intake. Rainfall (~92 mm) during this stage may have
also enhanced primary production, resulting in increased carbon inputs into the soil.

The dispersion of OC values is greater in the PA plot. The PT plot has the lowest OC
concentration on average and the least dispersion (Figure 2B). Figure 2C,D indicate that PT
displays the highest OCS values, with a median of 50 Mg ha−1 and low data dispersion. PA
shows intermediate values, with a median of 43 Mg ha−1 and greater variability. PC has the
lowest OCS, with a median of 40 Mg ha−1 and a reduced total extent. PT seems to promote
more OC storage than the other plots. PA also tends to favor greater OC accumulation than
the PC plot.

A difference in plot means is noted, with PA > PC > PT. The variance reveals greater
PC data homogeneity, while PA and PT show greater dispersion around the mean. The
standard deviation indicates more stable and less dispersed data for PC, while PA shows
the greatest variability. PT has a slightly higher standard deviation than PC and PT suggests
moderate variability (Table S4). The p-values were well above the 0.05 threshold in all
comparisons (PT vs. PC, PT vs. PA, PC vs. PA) (Table S5). This means that there is no
statistically significant difference between the means of the PT, PC and PA plots.

Linear regression analysis reveals a strong positive relationship between sampling
periods and OC values for PA (Figure 2E), with a very well-fitted model (R2 = 0.96) and a
significant increase in OC of 0.0063 units per period (p = 0.003). In contrast, for PT, although
69% of variability was explained (R2 = 0.69), the relationship was not significant (p = 0.08),
while for PC, the model was unreliable (R2 = 0.30, p = 0.3), suggesting a limited influence
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of time. Other factors could explain these variations, such as temperature, rainfall, soil
texture, salinity, tillage intensity, fertilization and microbial activity.

 

Figure 2. (A) Variation of soil OC at each sampling stage. (B) Difference of soil OC variation among
plots. (C) Variation in average of soil OCS. (D) Boxplots for difference of OCS variation. (E) Linear
regression between sampling periods and OC values for PA. (F) Linear regression between EC and
OC for PA. PT: control plot, PC: conventional plot, PA: amended plot.

Linear regression revealed a strong and statistically significant negative relationship
between EC and OC for PA (Figure 2F), with 95% of OC variability explained by EC
(R2 = 0.95, p = 0.005). In contrast, PT showed a moderate but non-significant negative
correlation (R2 = 0.51, p = 0.17), while PC displayed a very weak and non-significant
association (R2 = 0.07, p = 0.65). These results highlight PA as the only site where EC
strongly and reliably predicts OC changes, whereas the relationship is uncertain in PT and
negligible in PC.

3.3. Composition and Structure of Bacterial Microflora
Identification of Operational Taxonomic Units (OTUs)

During the OTU construction process, basic information for each sample, including
efficient tag data, low-frequency tag data and tag annotation data, was collected. The
detailed summary of these steps is presented in Table S2, which shows the sequencing
depth and data quality for all samples.
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An average of 87,061 raw reads per sample was obtained. Following quality control
procedures, an average of 77,981 valid reads per sample was retained for further analysis.
The sequences were clustered into OTUs, resulting in a total of 2267 OTUs, which were
taxonomically assigned using the SILVA138 database, as illustrated in Figure 3.

 

Figure 3. Taxa relative abundance in phylum. PT: control plot, PC: conventional plot, PA: amended plot.

Regarding the domain distribution, more than 98% of OTUs at T(0) were classified
within the Bacteria domain, while only 2% were affiliated with the Archaea domain. At
T(104), the proportion of Archaea increased to 12%, while the Bacteria domain represented
88% of the OTUs. The detailed summary of the tag counts and OTU numbers for each sam-
ple at both T(0) and T(104) is provided in Figure S4, which also highlights the distribution
of sequencing effort and OTU richness across the PT (control), PC and PA plots.

Detailed analysis of the alpha diversity metrics presented in Table S3, including
observed species, Shannon, Simpson, Chao1, ACE, Goods coverage and phylogenetic
diversity (PD whole tree) indices reveals a close link between cropping practices and the
structuring of microbial communities. As seen in Figure 3, the analysis showed the relative
abundance of the different phyla. Complementing these results, the Krona display shown in
Figure S5 provides a detailed visualization of the percentage contribution of each microbial
group. It can be seen that at T(0), the dominant communities were Actinobacteriotas (47%),
followed by Firmicutes (14%) and Proteobacteria (16%), while the least represented included
Cyanobacteria (<0.1%) and Myxococcota (1%). At T(104), the composition remained similar,
with Actinobacteriotas dominating (36%), followed by Firmicutes (16%) and Proteobacteria
(13%), while Cyanobacteria (0.1%) and Myxococcota (1%) remained the least abundant.
Overall, the relative abundances of the different microbial groups ranged from <0.1% to
47%, depending on the taxonomic group and sampling condition.

Figure 4 provides more details on the microbial structure of the four most abundant
phyla. The OTUs with the highest indicator values for soils from the three plots at T(0) and
T(104) were dominated by the phylum Actinobacteriota with the genus Rubrobacter and
the classes Actinobacteria, Acidimicrobiia and Thermoleophilia. Then came the Firmicutes
with the class Bacilli, followed by the Proteobacteria, with the classes Alphaproteobacteria
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and Gammaproteobacteria. Archaea are dominated by the Crenarchaeota, notably the
Nitrososphaeraceae family.

 

Figure 4. Abundance of taxonomic ranks. PT: control plot, PC: conventional plot, PA: amended plot.

Analyses of beta diversity, as illustrated in Figure S6, reveal significant shifts in mi-
crobial community composition between T(0) and T(104). The UPGMA cluster tree based
on Weighted UniFrac distance (Figure S6A) shows that the different treatments influenced
not only the presence or absence of certain phyla but also their relative abundance, reflect-
ing modifications in the fine structure and composition of bacterial communities across
the plots.

In parallel, the UPGMA cluster tree based on Unweighted UniFrac distance (Figure S6B)
emphasizes that the treatments affected the overall diversity of bacterial communities by
altering both species richness and their phylogenetic structure. Together, these analyses
underline the combined effects of management practices and seasonal variation on the
microbial community assemblages at both taxonomic and phylogenetic levels.

4. Discussion

4.1. Organic Carbon Dynamics and Soil Physicochemical Properties

As detailed in Table S1, the OC levels increased notably at T(15) across the plots.
This increase can be attributed to plowing, which enhances OM decomposition in the
presence of optimal temperature and humidity, favoring carbon loss [68–70]. Additionally,
the rise in OC may be linked to mineral fertilization amendments containing nitrogen,
e.g., NPK or from atmospheric nitrogen fixed by N-fixing plants [71,72]. In addition,
Table S1 shows a significant increase in total nitrogen content, especially in the PC plot,
which likely supported enhanced OC storage through improved nitrogen availability [73].
Regarding salinity, the EC values reported in Table S1 highlight a marked reduction at
T(104), particularly in the PA plot, likely due to heavy rainfall events during this period.
This decrease in salinity was further supported by improved soil management practices in
PA that facilitated better drainage and salt leaching, thereby contributing to the slowdown
of OC mineralization [74]. At T(147), EC values from Table S1 confirm non-saline conditions
in both PA and PC plots, which would further limit carbon mineralization.

Moreover, our linear regression analysis, supported by the EC and OC data from
Table S1, revealed a clear negative correlation between salinity and OC levels, indicating
that reduced salinity conditions are conducive to enhanced OC accumulation in these
semi-arid soils.
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4.2. Organic Carbon Stock Variations

The fluctuations in OC averages have a direct impact on OCS. Higher concentrations
and dispersion were observed in the PT plot (Figure 2C,D). The PT plot represents a fallow
undisturbed natural ecosystem since 1942, therefore, C mineralization is negligible [75].
Previous studies indicated that soils with permanent vegetation cover and zero-till are
characterized by a significant concentration of OM in the topsoil, higher microbial biomass
(i.e., total tags for PT > 91400) and slower carbon mineralization [69,76]. Moreover, the
high clay and carbonate contents might have influenced SOC resistance to mineralization
through soil aggregate formation and stabilization [77–79]. The precipitation rate (≈53 mm)
at T(104) may have also contributed to the decrease in salinity and led to an increase in
microbial activity and stimulating OM mineralization. Noteworthy is that the C/N ratio
indicates low microbial activity at T(104) for all plots, which may have contributed to
SOC storage.

4.3. Variation in Soil Bacterial Biomass and Diversity

The results showed that bacterial biomass was lower during the wet period at T(104),
with a total number of markers of 84,319 compared with 89,803 at T(0), despite a higher
level of OCS at T(104) (53 Mg ha−1) compared with T(0) (31 Mg ha−1). On the other
hand, bacterial diversity was higher during the wet period at T(104), with OTU giving
indicator values of 2443 compared with 2091 for the dry period at T(0). The variation
in microbial biomass and diversity is the result of several factors. In the wet period,
elevated moisture and nutrient levels increase environmental and habitat diversity, creating
more favorable conditions for microbial diversity. However, increased competition and
fragmentation of by-product resources limit the dominance of certain species, thus reducing
total biomass [80]. In dry periods, the more stressful conditions select a smaller number
of resistant species, resulting in higher biomass but reduced diversity [81]. OC, although
more abundant in wet periods, may be less accessible, while in dry periods, it is potentially
more concentrated and labile, favoring higher bacterial biomass [82,83]. In the dry period
at T(0), soil salinity in all three plots is high (1.5 mS cm−1), while it decreases significantly
in the wet period (0.3 mS cm−1). The combined stress of salinity and drought reduces
microbial diversity but favors the dominance of tolerant species, therefore maintaining
high biomass [84,85].

The high density of the Actinobacteriota phylum in the PT plot may be attributed
to the high vegetation cover [86]. Our results agree with previous studies showing that
Actinobacteriota are of the dominant microbial communities in arid environments [87–89].
Unpredictably, the decline in OCS at T(0) despite the high density of Actinobacteriota may
be explained by the high salinity levels at that time, which may have restricted the activity
of the bacterial community [90]. Firmicutes dominated in the anthropized plots, i.e., PC and
PA, and were mainly represented by the Bacilli class (Figures S5 and 4), which is probably
due to soil management practices such as plowing and fertilization [91]. In contrast, the
undisturbed PT plot showed a very low density of Firmicutes. Firmicutes can also resist
unfavorable environmental conditions, such as high temperatures, drought and nutrient-
poor soils [92]. In addition, the morphology and physiology of Firmicutes allow them to
live in hypersaline and especially humus-bearing environments [42]. Among Firmicutes,
the Bacilli class includes a significant concentration of halophilic species requiring very
high OM rates. All three plots had high EC at T(0); however, at T(104) salinity decreased
due to the high rainfall during this period, while OC content increased significantly, which
may have amplified the density of the Bacilli class (Figures 4 and S5). Furthermore, the
dominance of Firmicutes in the PC and PA plots at both T(0) and T(104) could be attributed
to tillage practices affecting bacterial community composition. Firmicutes play a key role
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in soil fertility by contributing to the mineralization of OM and thus affecting the residence
time of the OC in the soil [93]. This was evident in the PC plot, which has the highest
density of Firmicutes and demonstrates low OCS levels.

Proteobacteria are among the most abundant phyla after Actinobacteriota and Firmi-
cutes. They are mainly represented by the classes Alphaproteobacteria and Gammapro-
teobacteria. Proteobacteria are nitrogen-fixing bacteria [94] and play a role in the carbon
and sulfur cycles [94]. The Alphaproteobacteria class can adapt to dry, nutrient-poor soils,
thrive in saline soils and is found in abundance in undisturbed and stable ecosystems [84].
Alphaproteobacteria were abundant in all three plots, particularly during the dry period at
T(0) (Figure 4). In contrast, Gammaproteobacteria were dominant in the three plots during
the wet period at T(104), when OC levels were higher compared with T(0). This phylum
prefers moist soils rich in OM, tolerates saline soils and is more abundant in disturbed
ecosystems [80,82].

Ammonia-oxidizing archaea are represented in our study by the Crenarchaeota class,
dominated by the Nitrososphaeraceae family. The latter are abundant in warm, humid
soils [95]. Nitrososphaeraceae are involved in the nitrification process [96]. They are most
active in soils containing medium to high levels of OC (1–3%) [96]. Their activity is optimal
in moderately humid environments with low to moderate salinity [97]. This explains why
Nitrososphaeraceae are more abundant at T(104), which also explains the higher nitrogen
levels at T(0). Biological nitrogen removal through nitrification could lead to OC loss [98],
but this is not true for plots at T(104), where OCS is higher than at T(0). The hypothesis
may still relate to soil salinity, which is very high at T(0) and may have significantly
contributed to OC loss. High OCS values were observed at PT, particularly at T(104), where
the reduction in salinity, probably due to rainfall (~53 mm), may have mitigated its limiting
effect on microbial activity and OM mineralization. Despite unfavorable conditions at T(0),
such as low OC content, high salinity and temperature, bacterial biomass was surprisingly
higher; the results are in line with a previous study showing bacterial resilience in carbon-
deficient soils [98]. The taxa were dominated by Actinobacteriota and Firmicutes, probably
influenced by the clay texture and sand amendments. The observed higher bacterial
biomass in PT at both T(0) and T(104) may likely be attributed to the dense root systems of
permanent vegetation, which could enhance rhizosphere resource availability for microbial
communities [99,100].

4.4. The Role of Actinobacteria and Firmicutes in Soil Organic Carbon Dynamics

Our results reveal contrasting dynamics between Actinobacteria and Firmicutes in
regulating SOC under semi-arid conditions, shaped by both environmental factors and
management practices. The dominance of Actinobacteria (42%, mainly Rubrobacter) in the
undisturbed control plot (PT) was associated with higher SOC stocks (47 Mg ha−1), sug-
gesting a key role for this group in the long-term stabilization of soil OM. This observation
aligns with the well-documented capacity of Actinobacteria to degrade complex polymers
such as cellulose and lignin through the production of extracellular enzymes like cellulases
and peroxidases [18]. Moreover, their resilience under dry conditions (T0), despite high
salinity levels (EC = 1.8 mS/cm), can be attributed to their robust cell walls and production
of hydrophobic metabolites [101]. Conversely, Firmicutes (15%, predominantly Bacilli)
were more abundant in the managed plots (PA, PC), where their presence was negatively
correlated with SOC stocks (40–43 Mg ha−1). This supports the hypothesis that Firmicutes
may contribute to the accelerated turnover of labile carbon via fermentative pathways [81].
Their increased abundance under the influence of organic amendments and tillage reflects
their sensitivity to anthropogenic disturbances [27].
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Although the statistical analysis did not reveal significant differences (p > 0.05) in SOC
between plots, a 15% increase was observed in the PA plot. This apparent discrepancy can
be attributed to (1) the relatively short duration of the experiment, which may be insufficient
for SOC changes to reach statistically detectable levels and (2) the inherently high spatial
variability in semi-arid soils, which often limits the statistical power of short-term studies.
From a biological perspective, even a non-significant 15% increase in SOC could have
meaningful functional implications in these systems. Previous studies have demonstrated
that even modest increases in SOC (5–15%) can enhance aggregate stability [102], stimulate
microbial activity [103] and improve water retention [104]. These effects are particularly
relevant in soils with low organic matter content, where minor improvements can positively
impact crop productivity [103,104]. Therefore, while these findings remain preliminary,
they highlight the potential of organic amendments to progressively improve soil quality
in semi-arid areas. Long-term monitoring is, however, needed to confirm the sustainability
of these trends.

Seasonal dynamics further revealed that during the wet period (T104), microbial diver-
sity increased alongside a marked emergence of nitrifying Archaea (Nitrososphaeraceae),
while overall microbial biomass appeared to decrease, likely due to intensified competi-
tion [105]. In contrast, during the dry period (T0), the community structure was dominated
by stress-tolerant taxa such as Actinobacteria, leading to reduced SOC mineralization.
Importantly, the strong negative correlation observed between EC and SOC in the PA plot
(R2 = 0.95, p = 0.005) highlights the inhibitory effect of salinity on microbial-driven carbon
sequestration processes, consistent with the findings of Rath and Rousk (2015) [84] on the
suppressive effects of salts on enzymatic activities.

Overall, these findings suggest that undisturbed systems (PT) maintain microbial
communities that favor SOC retention over the long term; organic amendment practices
(PA), although subject to variability, may contribute to mitigating SOC losses by supporting
higher microbial diversity; salinity emerges as a critical limiting factor, acting independently
of soil moisture regimes and potentially constraining microbial activity and SOC dynamics.

5. Conclusions

This study evaluated how soil management practices influence SOC dynamics and
microbial diversity under semi-arid conditions in Northwest Algeria. Land management
practices significantly influenced bacterial diversity, biomass and SOC dynamics in Al-
geria’s semi-arid soils. During dry periods in the experiment, the PC plot showed high
bacterial diversity (due to clay content) but lower biomass from salinity stress, while the
undisturbed PT plot maintained the highest biomass. During wet periods, amended PA
plots surpassed others in diversity due to improved soil conditions, whereas PC plots
showed stress-adapted biomass increases. Undisturbed PT plots demonstrated resilient
microbial communities and superior long-term SOC storage, while amended PA soils
enhanced microbial diversity and soil properties. Conventional PC practices reduced SOC
and favored stress-resistant bacteria. These findings underscore that sustainable practices
(organic amendments, reduced tillage) optimize carbon sequestration, microbial health and
ecosystem resilience in semi-arid regions like Algeria and beyond. Additionally, this study
highlights the need to integrate drought and salinity into SOC models, assess long-term
impacts of organic amendments and explore Actinobacteria and Firmicutes interactions
across climates variability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land14051126/s1, Figure S1. The procedures from DNA extraction
to sequencing, Figure S2. The procedures from DNA samples to final data, Figure S3. Workflow of
library construction, Figure S4. Summary of the Tags and number of OTUs in each sample for T(0)
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and T(104) samples. PT: control plot, PC: conventional plot, PA: amended plot, Figure S5. KRONA
display, Figure S6. UPGMA cluster tree: (A) based on Weighted Unifrac distance; (B) based on
Unweighted Unifrac distance, Table S1. Soil physicochemical characteristics of different plots at each
sampling stage, Table S2. Quality control statistics (QC), Table S3. Alpha diversity indice, Table S4.
Descriptive statistics of OC values for studied plots, Table S5. Student’s t-Test: Comparing OC
differences between plots.
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Abbreviations

Abbreviation Definition

16S rRNA 16S ribosomal RNA (gene used for bacterial studies)
BD Bulk density
C/N Carbon-to nitrogen ratio
CaCO3 Calcium carbonate
CEC Cation exchange capacity
DNA Deoxyribonucleic acid
EC Electrical conductivity (measure of soil salinity)
GC% Guanine-cytosine content (DNA base composition)
INRAA National Institute of Agronomic Research of Algeria
IRT Inhibitor Removal Technology (DNeasy® PowerSoil® kit)
NGS Next-generation sequencing
NPK Nitrogen-phosphorus-potassium fertilizer
OC Organic carbon
OCS Organic carbon stock
OM Organic matter
OTU Operational taxonomic unit
PA Amended plot (improved management practices)
PC Conventional plot (mineral fertilization)
PCR Polymerase chain reaction
PE Paired-end sequencing
PT Control plot (uncultivated since 1942)
QC Quality control
Q20/Q30 Sequencing quality scores (1/100 or 1/1000 error rate)
SOC Soil organic carbon
SSUrRNA Small subunit ribosomal RNA (taxonomic annotation database)
UPGMA Unweighted pair group method with arithmetic mean (clustering method)
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Abstract: Soil microbes are critical in regulating the growth and function of eucalyptus
plantations. The mechanisms underlying soil microbial communities’ response to different
eucalyptus plantation management practices remain elusive. In this study, we compiled
datasets containing 2744 observations across global eucalyptus-planted regions and ana-
lyzed the effects of five management practices (i.e., burning, residual removal, fertilization,
mixed planting, and controlling planting years) on soil microbial biomass, diversity, and
structures. Our results showed that fungal community alpha diversity responds more
sensitively to management practices than bacterial community alpha diversity on euca-
lyptus plantations. Although the implementation of management practices significantly
increased the content of most soil nutrients and microbial biomass elements (excluding
burning), these practices did not necessarily improve soil microbial biomass and diversity,
particularly among fungal communities. Burning, fertilization, and mixing eucalyptus with
nitrogen-fixing species significantly decreased the diversity of fungal communities, which
were mainly impacted by soil organic carbon and total potassium content. Compared
to the four other management practices, mixing eucalyptus with nitrogen-fixing species
favored the growth of bacterial communities and the storage of microbial biomass nitrogen,
making it the most effective management practice. However, attention should also be paid
to the protection of fungal communities. In addition, these management practices signif-
icantly changed microbial community structures, which were positively correlated with
the microbial biomass elements carbon and nitrogen and, to a lesser extent, soil microbial
alpha diversity. Our results highlight the importance of prioritizing mixing eucalyptus
with nitrogen-fixing species as a management practice and safeguarding fungal community
diversity during its implementation and suggest that microbial diversity development
associated with soil organic carbon and potassium contents should be given priority in
eucalyptus plantation management.

Keywords: soil microbial community; eucalyptus; management practices; meta-analysis

1. Introduction

Eucalyptus trees exhibit rapid growth, even in nutrient-poor soils, outperforming
species such as Acacia, Pinus, and other common plantation species [1–4]. These trees
are capable of efficiently absorbing nutrients from highly weathered soils in tropical and
subtropical regions, enabling them to produce substantial biomass in a relatively short
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period [5]. Consequently, eucalyptus plantations have been successfully established across
various soil types, providing both commercial and subsistence opportunities for rural
smallholders [6]. Furthermore, owing to its significant carbon sequestration potential,
eucalyptus plays a vital role in maintaining carbon balance under global climate change
conditions [7,8]. These advantages have thus enabled eucalyptus to become one of the
most widely utilized species for afforestation efforts globally, with a broad distribution
across Australia, Asia, Africa, the Americas, and other regions [8]. However, the results
of a number of studies have indicated that during the growth of eucalyptus, it can con-
sume large amounts of water and nutrients, substantially depleting soil resources and
impacting the global flux of nitrogen dioxide [9,10]. The allelopathic effects of eucalyp-
tus can reduce understory plant biomass and diversity, which not only diminishes soil
resource availability but also induces deterioration in local microclimates, leading to a
loss of biodiversity [11–14]. At present, a series of management practices have been imple-
mented around the globe to mitigate the adverse impacts of eucalyptus and optimize its
benefits. These practices include burning, fertilization, mixed planting, residue removal,
and controlling planting age [15–19]. The results of previous studies suggest that artifi-
cial interventions on eucalyptus plantations are beneficial for eucalyptus growth and soil
fertility [17,19–21]. However, the results of other studies indicate that such interventions
may negatively impact understory and soil biodiversity, thereby hindering the sustainable
development of eucalyptus plantations [15,16,18,22]. At present, the effects of different
management practices on eucalyptus plantations remain unclear.

Microorganisms play a vital role in ecosystems, with them being widely involved in the
processes of carbon and nitrogen cycling, in addition to soil structure formation [15,17,19].
Compared to soil properties, they exhibit higher sensitivity to environmental changes, and
variations in their biomass, diversity, and structure are considered early indicators of soil
ecosystem changes [23,24]. A series of management practices implemented by personnel
on eucalyptus plantations can directly or indirectly (by affecting soil properties and above-
ground vegetation) impact the biomass, structure, and diversity of soil microorganism
communities [18–21,25]. For example, burning and residual removal can effectively miti-
gate the accumulation of surface fuels while concurrently diminishing the influx of carbon
and nitrogen nutrients into the soil via leaching from litter, resulting in a substantial reduc-
tion in microbial biomass and alterations in microbial community structures [16,22,24–26].
However, the results of some studies suggest that the thermal effects of fire can stimulate
the germination of numerous plant species within ecosystems [27] and stimulate spore
germination of heat-tolerant species, which induces soil microbial activity [28,29]. In con-
trast, removing accumulated litter from a forest area can enhance soil aeration and water
infiltration, in addition to promoting the growth of a wider variety of plants [30]. These
factors, in turn, provide a wider range of ecological niches and nutritional resources for
soil microorganisms, ultimately enhancing soil microbial diversity and activity [25,30].
Fertilization and mixing nitrogen-fixing species with eucalyptus mainly impact the micro-
bial community through the addition of soil nitrogen supply and the enhancement of soil
nitrogen utilization efficiency [17–19,31,32]. The introduction of nitrogen-fixing species can
enhance aboveground vegetation diversity by promoting photosynthesis, further altering
microbial community diversity and structure [18,20,33]. However, although fertilization
has the potential to enhance soil nutrient contents [34,35], its influence on microorganisms
is not consistently beneficial [36–38]. In their study, Hasselquist et al. [38] found that the
enrichment of the nitrogen fertilizer inhibits saprophytic fungi while activating certain
mycorrhizal fungi. Regarding timber, the determination of eucalyptus rotation periods
often hinges on considerations of economic profitability and carbon sequestration potential,
with limited regard for their effects on soil quality [21,39]. Shorter rotation periods typically
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yield higher productivity but lead to soil nutrient imbalances [20,40,41]. Conversely, longer
rotation periods allow for the gradual opening of eucalyptus canopies, which promotes
understory biodiversity and accelerates litter decomposition rates [42]. These processes
benefit soil nutrient reserves [39,43] and support the resilience and development of micro-
bial communities [21]. Nonetheless, the results of some studies suggest that with the aging
of eucalyptus stands, the allelopathic effects lead to notable declines in the diversity of
undisturbed vegetation and the content of soil nutrients, thereby impacting soil enzyme
activity, microbial diversity, and community structure [44–47].

The inconsistent results presented in the above studies may stem from variations
in management practices, plantation age, and climatic conditions at the location under
study. Individual studies, unfortunately, often lack the capacity to comprehensively ac-
count for all of these influencing factors. To address the above issues, some researchers
have employed meta-analysis to evaluate the effects of artificial management practices
on forest soil properties and microbial communities. For instance, Guo et al. [48] and
Curtright et al. [49] assessed the impact of mixed-species planting on soil properties,
enzyme activity, and microbial biomass in plantation forests. The results of studies by
Wang et al. [26] and Zhou et al. [50] demonstrated that nitrogen fertilization led to a sig-
nificant decrease in microbial diversity and shift in microbial community composition in
plantation forests. Furthermore, the results of several studies have highlighted the effects
of forest residue harvesting on the soil nutrient content and microbial biomass [51,52].
However, the authors of these studies predominantly focused on individual management
practices within global forests, primarily investigating their influence on soil properties,
enzyme activity, microbial diversity, and community structure. At present, there are no
studies specifically focusing on eucalyptus plantations that examine in detail the effects of
artificial management practices on microbial biomass, diversity, and community structure
across different microbial taxa. In light of this gap, it is necessary to conduct a meta-analysis
of multiple studies to determine the effect of management practices on soil microorganisms
on eucalyptus plantations, specifically in the different microbial taxa. The results of this
study can provide scientific guidance for subsequent eucalyptus plantation management
strategies and contribute to sustainable development.

To accomplish the above research aims, we conducted a meta-analysis of 2744 observa-
tions, including soil properties, enzyme activity, microbial biomass, microbial community
diversity, and structure. The management practices implemented on eucalyptus plantations
included burning, fertilization, mixed planting, residue removal, and control of planting
age, which are five common practices. The primary aims of this study were as follows:
(1) to analyze the effects of different management practices on the biomass of different soil
microbial taxa, diversity, and structure on eucalyptus plantations on a global scale and (2) to
explore the key factors driving different soil microbial taxa biomass, diversity, and struc-
ture on eucalyptus plantations globally. Through the following study, we aim to provide
scientific recommendations for the subsequent management of eucalyptus plantations.

2. Materials and Methods

2.1. Data Collection

We collected all articles published prior to May 2023 from Web of Science
(https://apps.webofknowledge.com (accessed on 30 April 2023)) and the China Knowl-
edge Resource Integrated Database (https://www.cnki.net (accessed on 30 April 2023))
addressing the following topics: eucalyptus plantations and soil microorganisms, soil
fungi, and soil bacteria. In total, 2744 observations were collected from 103 articles (Fig-
ure 1 and Supplementary S1). To mitigate potential biases arising from variations across
studies, we implemented stringent inclusion criteria during data collection. These cri-
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teria were as follows: (1) The article reports at least one microbial indicator, including
microbial biomass elements (microbial biomass carbon (MBC), microbial biomass nitro-
gen (MBN), or microbial biomass phosphorus (MBP)), microbial composition biomass
(PLFA, bacterial biomass, fungal biomass, Gram-positive bacterial biomass, Gram-negative
bacterial biomass, or Actinomycetes biomass), alpha diversity index, beta diversity, and
community structure; (2) the availability of sample size, mean, and standard deviation,
either reported directly or calculated from tables, digitized charts, or textual descriptions;
(3) the inclusion of both field experiments and laboratory cultures; and (4) for factorial
experiments, the selection of only one management practice as the control and treatment
factor, excluding any interaction factors. Each study underwent independent screening
by two reviewers to determine compliance with these criteria. In cases of disagreement,
additional reviewers were engaged to reach consensus. Data extraction from the figures pre-
sented in the papers was conducted using GetData Graph Digitizer software (version 2.20,
http://www.getdata-graph-digitizer.com/index.php (accessed on 30 April 2023)) to extract
the mean values and standard deviation.

The information collected by our group also includes site locations (latitude, longitude,
and altitude), climate conditions (mean annual temperature (MAT) and mean annual
precipitation (MAP)), soil physical properties (bulk density (BD) and soil moisture content
(SMC)), soil chemical properties (total carbon (TC), soil organic carbon (SOC), total nitrogen
(TN), total phosphorus (TP), total potassium (TK), and pH), soil enzymes (catalase, urease,
and invertase), and experimental forcing factors (burning, fertilization, mixed planting,
residue removal, and controlling planting age).

Figure 1. Soil sampling sites.

2.2. Data Calculations

For each case study, the effect of the practice on each variable was assessed and
computed after transformation into natural logarithms (Table S1):

RR = ln(
xt

xc
) = ln(xt)− ln(xc) (1)

where xc and xt represent the mean values of the respective variable in the control and
treatment groups, respectively. The change in soil pH demonstrated the impact of the
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practice on soil pH; the difference in pH between the treatment and control was calculated
based on the method outlined in a previous meta-analysis [53]. The corresponding sample
variance (v) was calculated as follows:

v =
s2

t

ntxt
2 +

s2
c

ncxc
2 (2)

where nc and nt represent the replicate numbers of the treatment and control groups,
respectively, and sc and st represent the standard deviation of the treatment and control
groups, respectively.

Microbial alpha diversity is generally evaluated using the Shannon and Richness
indices [26,54]. Notably, the Chao, ACE, and OTU indices are commonly reported metrics
for microbial richness in the literature.

The methodologies employed for analyzing microbial community structure in the
reviewed articles predominantly encompassed redundancy analysis, principal coordinate
analysis, principal component analysis, and non-metric multidimensional scaling analysis.
These methods revealed discernible differences in soil microbial community structure
between the control and treatment conditions [55]. The approach of Zhou et al. [56] was
used to assess microbial community structure. Specifically, sample positions along the
first two ordination axes were extracted, the “vegan” package was utilized to compute the
Euclidean distance among different samples [57], and the RR of the microbial community
structure (RRstructure) and the RR of beta diversity (RRBeta) were calculated as follows:

RRstructure ln(
Db

Dc + Dt
) (3)

RRBeta ln(
Dt

Dc
) (4)

where Dc is the distance within the control, Dt is the distance within the treatment, Db is
the distance between the control and the treatment, and Dt, Dc, and Db represent the means
of Dc, Dt, and Db.

RRstructure < 0 indicates that the practice has no effect on microbial community structure;
RRstructure > 0 indicates that there is a notable alteration in the community structure; and
RRBeta > 0 indicates that beta diversity was increased by the management practice.

2.3. Statistical Analyses

Egger’s regression test and sensitivity analyses were conducted to test for potential
publication bias and to determine the robustness of the meta-analysis (Table S2) [58]. Any
outliers were excluded before analyses [51]. In addition, we assessed the heterogeneity
of effect sizes using formal Cochran’s Q-test to determine whether the variability in the
observed effect sizes was larger than that expected by chance (Table S2) [59]. Based on
Cochran’s Q-test results, we chose either a random effects or fixed effects model to assess
the impact of management practices on soil properties and microbial indicators using the
“Metafor” package [60]. The significance of the difference between management practice
treatment and control was determined for each variable based on whether the CI of the RR
overlapped with zero [56].

Model selection relied on AIC correction. The relative importance of a given predictor
was determined by summing the Akaike weights across all models in which the predic-
tor appeared. Consequently, predictors featured in models with higher Akaike weights
received greater importance values, indicating stronger overall support across all mod-
els. For this process, the “gmulti” package was utilized [61]. Four types of candidate
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predictors were considered: (1) climate factors, (2) soil properties, (3) soil enzymes, and
(4) management practices. Lastly, we employed linear regression models to investigate the
associations between the RR of microbial indicators and predictor variables, in addition
to the relationship between the RR of microbial indicators (microbial biomass and alpha
diversity) and beta diversity and structure. All statistical analyses were conducted in
R software (Version 4.0.2).

3. Results

3.1. Variation in Soil Microbial Community Biomass, Diversity, and Structure

The soil microbial biomass elements of eucalyptus plantations were significantly
influenced by the management practices employed (Figure 2). Both burning and residue
removal significantly decreased MBC and MBN; in comparison, burning notably increased
MBP (p < 0.05). Mixed planting significantly increased MBN (p < 0.001). Additionally, with
the increase in planting age, MBC, MBN, and MBP significantly increased (p < 0.05). These
findings demonstrate that implementing management practices on eucalyptus plantations
does not always significantly increase the abundance of soil microbial biomass elements,
with MBN being more sensitive to environmental changes compared to MBC.

 
Figure 2. The response ratios of soil microbial biomass elements under different management
practices. The values beside the bars are the corresponding number of observations. *** and
** indicates p < 0.001 and p < 0.01, respectively.

The microbial biomass of different species on eucalyptus plantations was also influ-
enced by management practices employed, with the biomass of most species significantly
increasing as a result of these practices, whereas fungal biomass significantly decreased
(Figure 3). After burning, total microbial and bacterial biomass significantly increased;
in comparison, fungal biomass significantly decreased (p < 0.05). Residue removal sig-
nificantly decreased total microbial and fungal biomass (p < 0.01), and mixed planting
significantly increased total microbial and bacterial biomass (p < 0.05). In addition, fertiliza-
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tion significantly increased Gram-negative bacterial biomass; in comparison, the increase
in planting age significantly decreased Actinomycetes biomass (p < 0.05).

Figure 3. The response ratios of soil microbial biomass of different species under different manage-
ment practices. The values shown at the bottom of the bars represent the corresponding number of
observations. ***, ** and * indicates p < 0.001, p < 0.01 and p < 0.05, respectively.

The different management practices significantly decreased fungal community rich-
ness on eucalyptus plantations, with it being important to note that these practices may not
consistently have a positive effect on the alpha diversity of bacterial communities (Figure 4).
In addition, the management practices employed could possibly even reduce microbial beta
diversity. Nonetheless, all management practices significantly impacted the soil microbial
community structure (Figure 4).

As shown in Figure 4, burning significantly decreased the diversity and richness of soil
fungal communities on eucalyptus plantations while having no effect on the diversity and
richness of bacterial communities. These results suggest that the post-burning environment
is unfavorable for the survival of fungal communities. The absolute values of the RR
of bacterial and fungal Shannon indices were greater than those of the RR of bacterial
and fungal richness indices, suggesting that rare species were more sensitive to burning.
Similarly, the absolute values of the RR of bacterial and fungal richness indices on the mixed
planting and older-age plantations were greater than those of the RR of bacterial and fungal
Shannon indices, indicating that abundant species were more sensitive to the practice of
mixed planting and increased planting age. In addition, with the increase in planting age,
the richness of both soil fungal and bacterial communities significantly decreased (p < 0.05).
In addition, we found that fungal community alpha diversity responds more strongly than
bacterial community alpha diversity to different management practices.

Under all management practices, the RR of microbial community structures was
greater than 0, particularly for fertilization, mixed planting, and increased planting age,
which indicated that management practices significantly modified the microbial community
structures, and microbial community structures were more sensitive than microbial alpha
diversity to different management practices.
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Figure 4. The response ratios of soil microbial alpha diversity and community structures under differ-
ent management practices. The values shown at the bottom of the bars represent the corresponding
number of observations. ***, ** and * indicates p < 0.001, p < 0.01 and p < 0.05, respectively.

3.2. Variation in Soil Properties and Enzymes

The implementation of different management practices on eucalyptus plantations
significantly influenced the soil nutrient content while concurrently having no significant
impact on soil aeration and the moisture content (Figure 5). Burning significantly increased
soil TK, TP, and pH while significantly decreasing SMC (p < 0.05). Residue removal signif-
icantly decreased soil TK and TP; in comparison, mixed planting significantly increased
soil TN (p < 0.05). Fertilization significantly increased soil TC, TN, and pH (p < 0.05).
In addition, as planting age increased, soil BD, TC, TN, and SOC exhibited significant
increases; in comparison, soil TK and pH showed significant decreases (p < 0.05). These
results illustrated that most artificial management practices significantly increased the soil
nutrient content on eucalyptus plantations.

Figure 5. Response ratios of soil properties under different management practices. The values shown
at the bottom of the bars represent the corresponding number of observations. BD: soil bulk density;
SMC: soil moisture content; TC: total carbon; TN: total nitrogen; TP: total phosphorus; TK: total
potassium; SOC: soil organic carbon. ***, ** and * indicates p < 0.001, p < 0.01 and p < 0.05, respectively.
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The different management practices also exerted a significant influence on soil en-
zyme activity on eucalyptus plantations (Figure 6). Burning and fertilization significantly
decreased soil catalase and urease activities while concurrently significantly increasing soil
invertase activity (p < 0.05). Conversely, with the increase in planting age, catalase and
urease contents significantly increased (p < 0.05).

Figure 6. The response ratios of soil enzymes under different management practices. The values
beside the bars are the corresponding number of observations. ***, ** and * indicates p < 0.001, p < 0.01
and p < 0.05, respectively.

3.3. Mechanisms of Soil Microbial Biomass, Diversity, and Structural Changes

Through model selection analysis, we identified that SOC and TK are crucial factors
for soil microbes. Moreover, certain soil microbes were also affected by TP, MAT, and MAP
(Figures 7 and 8).

We conducted further regression analyses and observed a significant negative correla-
tion between the RR of SOC and the RR of MBC (Figure 9a, p = 0.001). With an increase in
the RR of TK and SOC, there was a concurrent significant increase in the RR of fungal and
Gram-negative bacteria biomass (Figure 9b,d, p < 0.05). In addition, with an increase in the
RR of SOC, the RR of Actinomycetes and the total microbial biomass exhibited concurrent
significant increases (Figure 9b, p < 0.001).
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Figure 7. Factors influencing the response of microbial biomass, alpha diversity, and community
structure. BD: soil bulk density; TN: total nitrogen; TP: total phosphorus; TK: total potassium;
SOC: soil organic carbon; MAT: mean annual temperature; MAP: mean annual precipitation.

Figure 8. Factors influencing the response of microbial biomass elements (a), microbial biomass of
different species (b,c), alpha diversity, and community structure (d). BD: soil bulk density; TN: total
nitrogen; TP: total phosphorus; TK: total potassium; SOC: soil organic carbon; MAT: mean annual
temperature; MAP: mean annual precipitation.
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Figure 9. Relationships between the RR of microbial biomass elements and the microbial biomass of
different species with the RR of SOC (a,b) and TK (c,d).

Soil microbial alpha diversity indices also exhibited significant correlations with SOC
and TK (Figure 9a,c, p < 0.01). A discernible diminishing trend was observed in the RR
of soil bacterial alpha diversity indices as the RR of SOC and TK increased (Figure 10a,c,
p < 0.05). In particular, bacterial and fungal richness indices exhibited a negative correlation
with SOC (Figure 10a, p < 0.01) while showing a concurrent positive correlation with TK
(Figure 10c, p < 0.001).

As shown in Figure 11, we found a significant negative correlation between the RR of
microbial community structures and the RR of MBC and MBN (p < 0.01). However, there
was no significant correlation between the RR of microbial community structure and the
RR of alpha diversity (p > 0.05).
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Figure 10. Relationships between the RR of microbial alpha diversity and microbial community
structures with the RR of SOC (a,b) and TK (c,d).

Figure 11. Relationships between the RR of microbial beta diversity (a) and microbial community
structure (b) with the RR of microbial biomass elements and microbial alpha diversity.
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4. Discussion

4.1. Factors Affecting Microbial Community Biomass, Diversity, and Structure

Both burning and residue removal had negative impacts on the soil MBC and MBN,
particularly inhibiting the growth of fungal communities. The reduction in soil MBC and
MBN was attributed to the decrease in SOC. The decrease in SOC after burning may be
due to the reduction in peroxidase and urease enzyme contents as these enzymes play a
vital role in soil carbon and nitrogen release, respectively [22]. The results of a previous
study demonstrated that peroxidase and urease enzyme contents exhibited a significantly
negative correlation with soil pH [62]. These findings indicate that, with the increase in soil
pH, induced by the leaching of alkaline salts from the ash and charcoal in addition to the
denaturation of organic acids, the peroxidase and urease enzyme contents will decrease,
ultimately leading to a decline in SOC [22,63]. In contrast, the decrease in SOC following
residue removal may be due to the direct loss of nutrients leached from the litter [15].

In addition, both burning and residue removal led to a reduction in fungal biomass; an
important difference, however, was the fact that burning resulted in an increase in bacterial
biomass. This discrepancy was attributed to bacteria showing a preference for utilizing
readily available carbon substrates, whereas fungi displayed a tendency to degrade more
complex carbon substrates [64]. Intense burning is often accompanied by deterioration in
intricate carbon substrates such as cellulose and lignin [63], consequently augmenting the
accessibility of simpler carbon substrates. From the above results, it can be concluded that
the practice of burning promotes bacterial growth rather than fungal growth. Moreover,
burning led to an increase in soil pH, and under elevated pH conditions, bacterial growth
surpassed fungal growth [65,66]. Furthermore, burning significantly reduced the diversity
and richness of fungal communities but had no significant effect on bacterial communi-
ties. This difference in response may be attributed to the greater fire tolerance of bacteria
compared to fungi [22,67,68]. Soil temperatures above 70 ◦C are lethal to fungi [69]; in com-
parison, temperatures exceeding 200 ◦C may only eliminate certain bacterial species [70].
However, after residue removal, fungal biomass exhibited a significant decrease, while
bacterial biomass remained relatively unchanged. This phenomenon may have arisen
from the exposure of soil to air after the removal of surface residues, thereby transforming
the anaerobic environment into one that is aerobic, which was unfavorable for fungal
growth [18]. Consequently, this resulted in a substantial decrease in fungal biomass [71].
Overall, the complete removal of all residues and the practice of burning are detrimental
to soil microbial growth, with burning negatively impacting the preservation of fungal
community diversity.

Fertilization, mixing eucalyptus with nitrogen-fixing species, and controlling planting
age primarily influenced soil health by impacting soil TC and TN contents. However,
these management practices enhanced soil nutrient abundance through different pathways.
Introducing nitrogen-fixing species alongside eucalyptus can stimulate the proliferation of
nitrogen-fixing bacteria, which symbiotically fix atmospheric nitrogen into the soil through
root symbiosis [72], thereby substantially elevating the TN content in eucalyptus plantation
soil [17,19,32]. With the increasing age of plants, there was a gradual increase in the rich-
ness of understory plants and root yield, accompanied by accelerated litter decomposition
rates. These processes contributed to enhanced soil aggregation and permeability [21,42,73],
consequently leading to significant increases in TC, TN, and SOC on eucalyptus planta-
tions [30,43]. Fertilization directly increases soil nutrient contents through the addition of
nutrients to the soil.

The soil microbial biomass, diversity, and community structure exhibit contrasting
responses to different management practices due to the varying methods of nutrient addi-
tion. For example, the biomass of Gram-negative bacteria significantly increased following
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fertilization, whereas the biomass of Gram-positive bacteria remained unchanged. This
discrepancy may be attributed to the rapid response of Gram-negative bacteria to readily
available carbon from fresh litter inputs; in comparison, Gram-positive bacteria must adapt
to utilizing more complex carbon sources [74]. Mixing eucalyptus with nitrogen-fixing
species led to a significant increase in MBN and total microbial biomass. This result was
likely due to mixed planting increasing litter diversity, which provided sufficient carbon
and nitrogen sources for microbial growth [75,76], in addition to creating a more diversified
overall environment [77]. Moreover, we found that soil bacterial biomass significantly
increased, whereas fungal biomass remained relatively stable. This discrepancy may have
arisen from the greater changes in soil TN compared to TC, resulting in a decrease in soil
C:N, which was more favorable for bacterial growth than fungal growth [20]. With the
increase in planting age, the augmentation of the soil nutrient content and the secretion of al-
lelochemicals notably enhanced soil microorganism activity [78,79], consequently resulting
in a significant increase in soil MBC, MBN, and MBP. Actinomycetes, widely distributed in
soil, play a crucial role in promoting the growth and development of eucalyptus [16,80,81].
In soils with older plantation ages, the biomass of Actinomycetes tended to be higher,
potentially due to the increase in SOC with increasing plantation age, which in turn led
to an increase in Actinomycetes biomass (Figure 9b). With the increase in planting age,
there was a significant decrease in the richness of both fungal and bacterial communities.
This finding could be attributed to the proliferation of environmental opportunists, such
as organic decomposers, in response to abundant carbon resources. These opportunists
may potentially suppress the reproduction of other species, leading to the disappearance
of certain species and a reduction in richness [82]. Our findings also indicated a significant
decrease in both bacterial and fungal community richness with increasing carbon resources
(Figure 10a). Changes in bacterial and fungal community richness were also related to soil
TK, exhibiting a significant decrease in richness as TK decreased (Figure 10c). In addition,
ventilation also constrained bacterial community diversity [21]. As planting age increased,
intensified canopy shading and litter accumulation created an anoxic environment, thereby
diminishing bacterial community richness [18]. Overall, burning negatively affected fungal
growth, diversity, MBC, and MBN while promoting bacterial community growth; residue
removal hindered fungal growth and MBC and MBN storage; mixing eucalyptus with
nitrogen-fixing species favored bacterial community growth and MBN storage; fertiliza-
tion reduced fungal diversity but promoted bacterial diversity; and controlling stand
age negatively affected both bacterial and fungal diversity while concurrently benefiting
Actinomycetes growth and MBC, MBN, and MBP storage. From the above results, it can
be concluded that mixing eucalyptus with nitrogen-fixing species is the most beneficial
management practice; however, attention should be paid to properly protecting fungal
communities, with residue removal being the least advantageous management practice.

The alpha diversity of fungal communities was more sensitive to the different man-
agement practices than that of bacterial communities, a finding that may be related to the
different habits and physiological structures of fungi and bacteria. Fungi typically possess
relatively complex cellular structures, including nuclei and cell walls, whereas bacteria
typically possess less complex cellular structures and frequently establish biofilms in the
soil environment. From the above findings, it is evident that compared to bacteria, fungi are
less adaptable to environmental pressures [83]. Additionally, bacteria play a broader role in
ecosystem biochemical cycles [84], whereas fungi are primarily involved in organic matter
decomposition [85]; such factors result in bacteria being more adaptable to environmental
changes compared to fungi [86].

Different management practices exert a significant impact on the structures of micro-
bial communities, although it is important to note that there may not always be a direct
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correlation between microbial community structures and alpha diversity (Figure 11). Fur-
thermore, microbial community structures were more sensitive to management practices
than microbial alpha diversity (Figure 4). The reason for this finding is the fact that while
certain species may have decreased in number or disappeared in response to the different
management practices, another set of species may have increased in number or appeared,
thereby altering the microbial community composition without necessarily affecting its
diversity. However, significant changes in the internal composition of microbes may occur.

4.2. Limitations and Future Directions

While we were able to gather a substantial number of foundational data in the present
study, few authors of existing studies have comprehensively addressed all of the indicators
collected by our group. For the current dataset, constructing an accurate mechanistic
framework to explore the changes in soil microbial communities on eucalyptus plantations
following the implementation of various management practices remains a challenge. To
address this limitation, we hope that the authors of future studies can expand our dataset.
In addition, we hope that the authors of future studies can incorporate a broader range of
environmental variables to more precisely evaluate the response of soil microbial commu-
nities to different management practices. Meanwhile, our study has limited focus on the
influence of eucalyptus species on management practices. Although we selected common
management practices applicable to most eucalyptus plantations and aimed to minimize
the impact of eucalyptus species on these practices, we still hope to collect additional data in
the future to address this drawback in our research. Moreover, we hope that future studies
can include data on microbial functions and taxonomy, enabling a deeper investigation into
how different management strategies influence the function of soil microbial communities.
Such factors represent a critical component for accurately predicting and managing soil
ecosystem functions and should not be overlooked.

5. Conclusions

On eucalyptus plantations, fungal community alpha diversity responds more sensi-
tively to different management practices than bacterial community alpha diversity. Al-
though the implementation of management practices significantly increased most soil
nutrient contents and microbial biomass elements (except for burning), these practices
did not necessarily improve soil microbial biomass and diversity, particularly among fun-
gal communities. Specifically, burning negatively affected fungal growth, diversity, and
microbial biomass carbon and nitrogen contents while simultaneously promoting bacte-
rial community growth; residue removal hindered fungal growth and microbial biomass
carbon and nitrogen storage; mixing eucalyptus with nitrogen-fixing species favored bac-
terial community growth and microbial biomass nitrogen storage; fertilization reduced
fungal diversity but promoted bacterial diversity; and controlling stand age negatively
affected both bacterial and fungal diversity while benefiting Actinomycetes growth and
microbial biomass carbon, nitrogen, and phosphorus storage. Thus, mixing eucalyptus
with nitrogen-fixing species is the most beneficial management practice; however, care
should be taken to protect fungal communities, while residue removal is the least advanta-
geous. Furthermore, our study indicated that variations of soil microbial diversity were
primarily influenced by soil organic carbon and total potassium contents, suggesting that
these should be prioritized when implementing management practices. Additionally, the
implementation of management practices also significantly altered microbial community
structures by positively affecting microbial biomass carbon and microbial biomass nitrogen
instead of soil microbial alpha diversity. However, the impact of different practices on
microbial community structure differed, burning mainly affected rare species structures,
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whereas mixed planting and increasing planting age mainly effected an abundant species
structure. Therefore, different management practices require attention to different microbial
community structures.
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Abstract: Sustainable land management in arid regions such as the Jordan Valley (JV) is
essential as climate pressures and water shortages intensify. The extended use of treated
wastewater (TWW) for irrigation, while necessary, brings potential risks related to the
accumulation of trace elements and their impact on soil health and food safety. This study
examined the spatial distribution, variability, and potential sources of five trace elements
(Co, Hg, Mo, Mn, and Ni) in agricultural soils across a 305 km2 area. A total of 127 surface
soil samples were collected from fields irrigated with either TWW or freshwater (FW). Trace
element concentrations were consistently higher in TWW-irrigated soils, although all values
remained below WHO/FAO recommended thresholds for agricultural use. Spatial model-
ing was conducted using both ordinary kriging (OK) and empirical Bayesian kriging (EBK),
with EBK showing greater prediction accuracy based on cross-validation statistics. To
explore potential sources, semivariogram modeling, principal component analysis (PCA),
and hierarchical clustering were employed. PCA, spatial distribution patterns, correlation
analysis, and comparisons between TWW and FW sources suggest that Co, Mn, Mo, and Ni
are primarily influenced by anthropogenic inputs, including TWW irrigation, chemical fer-
tilizers, and organic amendments. Co exhibited a stronger association with TWW, whereas
Mn, Mo, and Ni were more closely linked to fertilizer application. In contrast, Hg appears
to originate predominantly from geogenic sources. These findings provide a foundation
for improved irrigation management and fertilizer application strategies, contributing to
long-term soil sustainability in water-limited environments like the JV.

Keywords: trace elements; treated wastewater; empirical Bayesian kriging; arid agriculture;
land management

1. Introduction

Trace elements occur naturally in soils, primarily due to the mineral composition
and weathering of parent geological materials. However, in modern agricultural systems,
their levels are increasingly affected by human activities. The use of treated wastewater
(TWW), various fertilizers, organic amendments, biosolids, and pesticides has introduced
additional sources of these elements into the soil [1,2].
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While many trace elements are stable and persist in the environment, their accumula-
tion can become a concern, especially when concentrations rise to levels that may threaten
ecological health or food safety. Elements like cobalt (Co), copper (Cu), manganese (Mn),
molybdenum (Mo), and nickel (Ni) are vital for plant metabolism but can become harmful if
they exceed threshold levels. Moreover, elements not directly required by plants, including
chromium (Cr), selenium (Se), and vanadium (V), can still be absorbed into the food chain,
posing risks to human and animal health [3,4].

Jordan, one of the most water-scarce countries globally, faces growing pressures on
its agricultural sector. Climate variability, land degradation, and scarce renewable water
resources are all contributing factors. The Jordan Valley (JV), a fertile strip extending over
35,000 hectares, plays a critical role in the nation’s food production, particularly for fruits
and vegetables. Due to persistent water shortages, especially in the central and southern
areas, farmers have been relying on TWW combined with surface runoff for irrigation for
over forty years. While TWW provides nutrients and organic matter that can enhance
soil fertility, its prolonged use may also lead to unwanted trace element accumulation,
potentially compromising soil quality and food safety [5,6]. The irrigation water, primarily
sourced from the As-Samra wastewater treatment plant and King Talal Dam (KTD), lacks
tertiary treatment or metal-specific removal steps, which, along with prolonged reuse
practices, likely contribute to trace element accumulation in JV soils.

Recent studies conducted in the JV have reported elevated concentrations of Cr, Cu,
Zn, and Pb in soils irrigated with TWW. Although most concentrations remained within
international safety limits (e.g., WHO/FAO guidelines), these investigations revealed
varying sources of contamination: Cd, Cr, and Pb were largely traced back to TWW; Zn and
Cu were linked to chemical fertilizers; and As appeared to originate from natural geological
formations. However, these studies often lacked spatial detail and did not adequately
account for uncertainty in trace element distribution, limiting their utility for practical land
management [5].

To address such gaps, spatial modeling techniques and multivariate statistical tools
offer valuable insights. Interpolation methods like ordinary kriging (OK) and empirical
Bayesian kriging (EBK) are commonly used to predict the spatial variability of soil con-
taminants [7–9]. Using EBK improves the robustness of spatial estimates by incorporating
repeated simulations of semivariograms, thereby reducing predictive uncertainty. Mean-
while, multivariate analyses—such as principal component analysis (PCA) and hierarchical
cluster analysis—can help distinguish between natural and anthropogenic sources of trace
elements [10,11].

While similar patterns of trace element enrichment have been documented in other
Mediterranean and semi-arid environments, differences in soil type, land use, and climate
mean that local assessments remain essential. For example, elevated copper levels in
vineyards of southern Italy were associated with fungicide applications [12], whereas high
concentrations of Co, Ni, and Cr in parts of Spain [13] were linked to geological sources. In
Egypt, cultivated soils showed higher levels of Cd, Co, Mo, and Pb compared to nearby
desert soils, highlighting the influence of land use on element accumulation [14]. These
international examples underscore the importance of region-specific studies, especially in
vulnerable ecosystems like the JV.

Considering growing climatic pressures and persistent water scarcity, understanding
how trace elements behave across space is essential, not only for assessing contamination
risks but also for shaping adaptive land management strategies. Accurate spatial mapping
of trace element concentrations enables site-specific interventions, such as identifying zones
where TWW use should be minimized, targeting low-risk areas for intensive cultivation,
and refining fertilizer practices based on accumulated soil burdens. This type of data-driven

145



Land 2025, 14, 1325

decision-making can support sustainable agricultural planning in the JV, helping balance
productivity with environmental stewardship [15].

To the best of our knowledge, this is the first study in the JV to examine a specific group
of trace elements (Co, Hg, Mo, Mn, and Ni) chosen for their environmental importance and
agronomic relevance within arid, alkaline agricultural systems. Unlike the well-studied
heavy metals such as Pb, Cd, and Zn, these elements have received relatively little attention
in the JV. Mn, although commonly found in soils, often becomes deficient under the alkaline
conditions prevalent in the JV, which can negatively impact crop yields. Hg, while not
essential to plants, is a highly toxic contaminant primarily introduced through human
activities such as pesticide application and biosolid amendments. Its behavior in arid,
irrigated soils remains largely unexplored.

This research fills critical knowledge gaps by assessing the spatial distribution and
associated uncertainties of these trace elements using geostatistical methods such as OK
and, for the first time in the region, EBK. As an advancement over previous studies that
relied solely on OK for classical heavy metals, EBK enhances spatial prediction accuracy
and quantifies uncertainty by incorporating semivariogram variability [5]. Furthermore,
multivariate statistical techniques, including PCA and cluster analysis, were used to identify
possible sources of these elements. The study also evaluates the long-term effects of TWW
irrigation on trace element accumulation in soils and offers recommendations to guide
adaptive land and water management amid growing challenges from climate change and
water scarcity in the JV.

2. Materials and Methods

2.1. Description and Climate of Study Area

The study area covers about 305 km2 of intensive open-field and greenhouse agri-
cultural farms extending from the northern to southern parts of the JV (32◦19′ 32.45′′ N,
35◦ 33′ 21.47′′ E; 31◦46′ 49.45′′ N, 35◦ 32′ 47.76′′ E) (Figure 1). Farms in the JV are organized
in 0.3–0.4 ha units, with a total of 10,000 farm units extending from the northern borders
to the Dead Sea. The total agricultural land in the JV produces more than half of the total
food production and covers about 13 percent of the total agricultural land in Jordan.

The climate of the study area is arid, characterized by hot, dry summers and mild
winters. Average annual evapotranspiration is about 2250 mm, with average annual
precipitation ranging from 500 mm to less than 100 mm in the northern and middle to
southern parts, respectively. Moreover, annual temperatures range from 21 to 27 ◦C during
summer and from 10 to 12 ◦C during winter. Soils of the study area are Aridisols (Typic
Camborthids, Typic Calciorthids) and Entisols (Typic Torriothents) [16].

Agricultural fields in the middle and south parts are irrigated with a blend of fresh
and TWW, while the north parts are only irrigated with fresh water.

The total cultivated area in the JV is about 28,000 ha, about 42% is cultivated in the
northern parts, 35% in the middle, and 23% in the south. Fruit (citrus trees) and vegetable
crops are mainly grown in the northern and middle parts, whereas in the southern parts,
banana and palm trees are mainly grown, in addition to vegetable crops. Farming areas
between Kreymeh and Deir Alla are planted with greenhouse vegetables in small areas
(0.4 ha). In Al-Muaddi, south of Deir Alla, large farms of palm and citrus trees are mainly
found, in addition to small-scale greenhouse and open-field vegetable crops. In Dameih,
south of Al-Muaddi stretching south to Karamah, open-field vegetables dominate [17].
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N

Figure 1. Location of collected soil samples.

In areas around the village of Karamah, special crops are planted (mint and parsley)
in open fields and greenhouses. In the southern parts of the JV, banana farms and some
vegetables are grown in open fields. These areas extend from the southern parts of Karamah
to the north borders of the Dead Sea (South Shuna to Kafrein areas). Farms use water
mainly from King Abdullah Canal (KAC) and Husban Wadi, in addition to private wells
and some desalination plants. Water pumped from wells is salty; therefore, farmers mix
this water with water from dams. Detailed information regarding sampling locations, soil
classification, irrigation water sources, and grown crops are described in [5].

2.2. Collection of Soil Samples and Chemical Characterization

Soil samples were randomly collected from different farms. The sampling area covered
an area of about 305 km2 (70 km long × 4.7 km average width). Sample coordinates were
recorded with a global positioning system receiver. From each location, four surface
(0–25 cm) soil samples were collected and mixed, and one composite sample was made for
each location, air dried, sieved to ≤2 mm, labeled, and stored for chemical analysis. A total
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of 127 composite surface soil samples (0–25 cm) were collected: 102 from fields irrigated
with TWW and 25 from FW-irrigated fields.

Approximately 50 g of soil was ground to <250 microns using a ball mill, and after
grinding, the mill was cleaned using clean quartz sand to reduce any possible cross-
contamination. About 250 mg of finely ground soil from each sample was weighed into
digestion vessels, followed by the addition of 10 mL of concentrated HNO3. The samples
were subjected to microwave-assisted digestion using the Mars Xpress system (CEM GmbH,
Kamp-Lintfort, Germany) at a maximum temperature of 180 ◦C. The digestion protocol
consisted of four sequential steps: (1) ramping the temperature from 25 ◦C to 90 ◦C over
4 min, (2) holding at 90 ◦C for 2 min, (3) increasing to 180 ◦C over 6 min, and (4) maintaining
180 ◦C for an additional 10 min. After digestion, samples were filtered using acid-washed
Sartorius no. 640 filter paper and transferred into 50 mL polyethylene bottles for subsequent
trace metal analysis [18].

The total concentrations of trace elements (Co, Mn, Mo, Ni, and Hg) in the digested
soil samples were determined using Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES) (Spectroblue, Ametek Materials Analysis Division, Kleve, Germany).
The instrument was operated under the following conditions: RF power of 1300 W, plasma
gas flow rate of 12 L/min, auxiliary gas flow rate of 1.0 L/min, nebulizer gas flow rate of
0.8 L/min, and sample uptake rate of 1.5 mL/min. The following analytical wavelengths
were used: Co (228.616 nm), Mn (257.610 nm), Mo (202.030 nm), Ni (231.604 nm), and Hg
(253.652 nm). Calibration curves were established using multi-element standard solutions
at six concentrations: 0, 0.5, 1.0, 2.0, 5.0, and 10.0 mg/L, with correlation coefficients (R2)
above 0.999 for all analytes. The limits of detection (LOD) and limits of quantification
(LOQ) were calculated as 3σ and 10σ, respectively, where σ is the standard deviation of ten
blank measurements. LOD values ranged from 0.01 to 0.05 mg/L, and LOQ values ranged
from 0.03 to 0.15 mg/L, depending on the element. For quality assurance, two replicate
samples from each site were analyzed in duplicate, yielding four readings per location. The
accuracy and precision of the analysis were evaluated using the certified reference material
SPS-SW2 (Spectrapure Standards AS). Although originally certified for water matrices, the
CRM was used due to the lack of a suitable soil-based reference material, and it showed
good agreement with certified values, confirming acceptable analytical performance.

Furthermore, soil pH [19] and electrical conductivity (EC) [20], organic carbon (Org
C) [21], total nitrogen-TN [22], and total phosphorus-TP (ICP-MS) were also determined
for each soil sample.

2.3. Statistical Methods

Summary statistics were used to describe trace element concentrations and other soil
chemical properties. Data were subjected to normality testing using Kolmogorov–Smirnov
and Shapiro–Wilk tests, correlations between elements and other soil properties were
assessed using the Pearson method, and source identification was performed using PCA
and cluster analysis in SPSS 25. Varimax rotation was performed to extract components
with eigenvalues greater than 1. Prior to PCA, data were z-transformed to normalize
distribution, and the Kaiser–Meyer–Olkin (KMO) measure of adequacy and Bartlett’s test
of sphericity were conducted to test for homogeneity of variances and to check if data were
well suited for factor analysis (KMO > 0.5). Furthermore, cluster analysis (dendrogram)
was used to reduce studied variables into homogeneous groups of similar origin [23].

2.4. Semivariogram Analysis

Semivariogram analysis was used to study the spatial patterns of regionalized vari-
ables. Spatially related data were analyzed by plotting variance versus distance to create
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an experimental variogram to predict values of un-sampled locations (unmeasured data
points) by kriging [24,25]. The semivariance is computed as half the average of the squared
difference between points separated by distance h [26]:

γ(h) =
1

2N(h)

N(h)

∑
i=1

[(Z(xi)− Z(xi + h )]2

where N(h) is the number of sets of all data pairs separated by h, and Z(xi) and Z(xi + h) are
the measured values at spatial locations xi and xi + h.

For the EBK, a semivariogram using a log-empirical transformation and K-Bessel
de-trended type with 100 subsets and 1000 trials were performed in this study. Cross-
validation was employed to evaluate the goodness of fit and to assess the reliability of the
interpolation model (OK vs. EBK) for each element, using several performance indicators:
the coefficient of determination (R2), mean error (ME), root mean square error (RMSE),
mean standardized error (MSE), root mean squared standardized error (RMSSE), and
average standard error (avg. SE).

3. Results and Discussion

3.1. Trace Elements Contents in Soils

Summary statistics of trace elements concentrations, EC, Org C, TP, and TN in studied
soils are shown in Table S1. Soils of the JV are slightly alkaline (pH 7.6) with a wide range
of EC values (1.5–234 dS m−1). Soils vary considerably in texture, with clay and clay
loam textures dominating in the northern and middle parts, while loam, silt loam, and
sandy loam dominate the southern parts of the study area. Levels of trace elements were
compared with the maximum allowable concentration (MAC) reported by [27].

Average metal levels (mg kg−1) in soils were as follows: Co (8.7), Hg (2.29), Mn
(500.8), Mo (5.24), and Ni (21.9). The average contents of all analyzed elements were below
the maximum permissible concentration (MPC) suggested by [28]. Soils irrigated with
TWW contained elevated levels of trace elements compared to FW-irrigated soils (Figure 2).
Summary statistics of trace elements in FW- and TWW-irrigated soils are provided in
Tables S2 and S3.

Numerous studies have documented significant variability in trace element concen-
trations in agricultural soils across different regions. For instance, in Indonesia, average
Ni levels were reported at 11.96 mg kg−1, with a maximum of 19.5 mg kg−1, while Mn
concentrations averaged 1700 mg kg−1, with a maximum of 2300 mg kg−1 [29]. In contrast,
much higher Ni levels were found in Colombia’s Sinú River Basin, where concentrations
averaged 661 mg kg−1, and Hg levels reached 0.159 mg kg−1. These elevated values were
attributed to both agricultural activities and ferronickel mining [30]. In another study, Hg
concentrations ranged from 0.004 to 1.1 mg kg−1, and Ni averaged 24.7 mg kg−1, with
a maximum of 55 mg kg−1. The presence of Hg was linked to emissions from coal-fired
power plants and the historical use of Hg-containing agrochemicals [31]. In Northeast
China’s Dehui region, the average Ni concentration in agricultural soils was reported at
20.8 mg kg−1 [32]. Meanwhile, in Shunde, Southeast China, average concentrations of Co,
Hg, and Ni were measured at 16.76, 0.38, and 33.45 mg kg−1, respectively [33]. Further
data indicated Ni levels at 28.5 mg kg−1 and Mn at 550 mg kg−1, emphasizing spatial
disparities and potential risk patterns in heavy metal distribution [34]. For molybdenum
(Mo), concentrations in Chinese topsoil ranged from 0.10 to 5.97 mg kg−1, with an average
of 0.66 mg kg−1 [35]. These figures are consistent with previously reported Mo levels of
0–44.1 mg kg−1 in the United States [36] and 0.026–14 mg kg−1 in European agricultural
soils [37]. Overall, these data underscore the regional variability of trace elements and

149



Land 2025, 14, 1325

highlight the influence of both natural and anthropogenic sources critical for interpreting
the metal concentrations observed in the current study.

Figure 2. Box-plots for Co, Hg, Mo, Mn, Ni, TP, Org C, and TN contents in fresh (FW) and treated
wastewater (TWW) irrigated soils.

The Mann–Whitney Rank Sum Test between medians was used if the normality test
failed. Soils irrigated with TWW showed significantly (p < 0.001) higher Co, Mn, and Ni
and lower Hg levels than FW-irrigated soils. Moreover, TWW-irrigated soils contained
higher, but not significant, Mo levels as compared to FW-irrigated soils (Figure 2, Table S4).

For both FW and TWW, Co and Mo had the lowest skewness with a Guassian distribu-
tion using Shapiro–Wilk test, indicating non-point source (i.e., TWW and added fertilizers)
loading for both elements. In addition, irrigation with TWW caused slight positive skew-
ness and low to moderate relative standard deviation (CV) for Cr, indicating the presence
of other sources of loading that might be coming from organic and inorganic fertilizer
use. Crops in the JV are under intensive agricultural use, where more NPK fertilizers and
organic manure have been used for improving yield quantity and quality. Furthermore,
Hg had the lowest CV in both FW and TWW, while Ni had the highest CV value [38]. Low
CV values indicate a natural source, while high values reflect anthropogenic sources [38].

3.2. Trace Elements in Main Soil Textural Classes

Concentrations of trace elements in the main textural classes under FW and TWW
irrigation were investigated (Figure 3). Soils irrigated with FW had mainly loam (L), while
textures of TWW-irrigated ones were mainly clay (C), clay loam (CL), and silt loam (SiL).
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Figure 3. Box-and-whisker plots of trace element contents for main soil textures in FW- and TWW-
irrigated soils.

ANOVA and Kruskal–Wallis tests were performed to determine whether the means of
trace element concentrations significantly differ with soil texture in FW- and TWW-irrigated
soils (Table S5). Generally, trace element concentrations in CL soils were significantly
(p < 0.05) higher (except for Hg) than those in loam ones. Soil Co and Mn contents in loam
TWW-irrigated sites were significantly higher (p < 0.05) than those in FW-irrigated sites.
Except for Mo, no significant differences in element levels were observed between CL and
SiL in TWW-irrigated soils, while SiL soils showed significantly higher (p < 0.05) levels of
all elements than loam soils (except for Hg). In CL soils, element contents were significantly
lower (p < 0.05) than those in loam soils (except for Hg).

The lower contents in TWW loam soils, mainly present in the southern parts of the
JV, compared to other textures could be attributed to the use of blended waters from
Shueib and Kafrein dams, private wells, and desalination units, which may contribute to
greater dilution of used TWW. Concentrations of trace elements in soils under cropping
land use (vegetable- vs. tree-planted soils) were also investigated (Figure S1). TWW
vegetable irrigated soils showed significantly (p < 0.05) higher trace element contents than
FW tree-cultivated soils (Table S6).

3.3. Spatial Mapping of Trace Elements

Spatial maps using OK (Figure 4a) and EBK (Figure 4b) show distinctively higher
levels of Cr, Mo, Mn, and Ni in the west of Zarqa River (TWW-irrigated soils). These soils
have fine texture (clay and clay loam) and are characterized by higher Org C, Tp, and
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TN levels than FW-irrigated sites (southern parts). Furthermore, maps clearly show that
the southern parts contained significantly (p < 0.001) higher Hg contents than the middle
and northern parts of JV. This may indicate that Hg comes from a different source (parent
material) than other elements.

N

Figure 4. (a) Distribution of trace elements (mg kg−1) using ordinary kriging (OK). (b) Distribution
of trace elements (mg kg−1) using empirical Bayesian kriging (EBK).
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Spatial maps of Mo, Ni, and Mn using OK show patchy areas (variable elemental
concentrations) in the northern and, to a lesser degree, in the southern parts of the JV
(except for Hg), indicating that agricultural activities may primarily cause this variation.
The relatively uniform spatial distribution of Hg across most sites, with distinct variability
observed only in the southernmost areas, suggests a different origin compared to the
other trace elements. This pattern is indicative of a lithogenic source, likely related to
underlying parent material rather than anthropogenic inputs. Moreover, Co maps have a
blocky distribution (Figure 4a) all over the studied area. The patchy distribution at shorter
distances (especially Mo and Ni) indicates relatively higher inputs of these elements from
anthropogenic activities (fertilizer and TWW use).

Using the EBK, the resulting maps (Figure 4b) display more continuous, block-like
zones with fewer scattered hotspots compared to the OK maps. This smoother spatial
pattern may be due to the reduced uncertainty inherent in the EBK approach relative to the
OK method. Such uncertainties may result predominantly from spatial interpolation or
spatial heterogeneity. In addition, the uncertainties of the spatial prediction of soil elements
across the JV may be inherently linked to the complexity of interactions between natural
processes (parent material) and associated agricultural activities (chemical and organic
fertilizer use, in addition to irrigation with TWW). Therefore, the obtained results indicate
that EBK is a better interpolator than the OK method for the estimation of trace element
concentrations at unsampled locations. Several studies reported that metals had spatially
weak dependence due to anthropogenic factors, while natural factors were attributed to
spatially strong dependence in studied soils [13,39–43].

Examining the spatial maps reveals areas with high Co and Mo concentrations in the
northern parts right across the Deir Allah area (western parts of Zarqa River). The high
levels (red colored) may be attributed to the inputs from TWW. For Mn and Ni, maps show
no distinct areas with high concentration (as observed in Co and Mo maps), indicating that
both elements (Mn and Ni) may be influenced by a parent material origin.

3.4. Correlation Coefficient Analysis

Correlation is used to determine the association between two variables, and it forms
the basis of other more sophisticated multivariate statistics such as factor analysis [44].
Pearson correlation coefficients were determined between Co, Hg, Mn, Mo, and Ni and
other basic soil properties (org C, TP, TN, EC, pH, clay, sand, and CEC). In general, for all
soils, coefficients revealed significant moderate to strong correlation between Co, Hg, Mn,
Mo, and Ni, significant weak to moderate correlations between these elements and Org
C, TN, and TP, significant strong correlations between pH and studied elements (except
for Hg), and weak correlations between EC, CEC, and the rest of the soil tested properties
(Table S7). Correlation coefficients between trace elements and tested soil properties in
both FW and TWW and in main soil textural classes (CL, SiL, and L) are also provided in
Tables S8–S13. Weak negative correlations coupled with low CV for Hg and other tested soil
properties may indicate a different source (parent material). Strong positive correlations
between tested elements may indicate similar possible sources. In addition, weak to
moderate correlations between these elements and Org C, TP, and TN in all soils may also
indicate possible multiple sources (chemical, organic fertilizers, and TWW) affecting trace
element levels in soils.

3.5. Spatial Structure of Trace Elements

The spatial dependence of soil properties in the semivariogram is determined by
the nugget-to-sill ratio. Three classifications are used for model explanation: A ratio of
<25, 25–50, and <75% indicates strong, moderate, and weak spatial dependence, respec-
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tively [39]. For comparison purposes, both the isotropic and anisotropic spatial behavior
of the attributes were explored. Results showed no differences in the spatial dependency
of trace elements. The variability in measured soil properties can be caused by natural
(inherent) and random factors. Anthropogenic activities such as the use of fertilizers and
applying different farming and cropping systems result in a higher nugget-to-sill ratio,
whereas a lower ratio may be related to the effect of climatic and soil-forming factors [45,46].
All trace elements were best described by the spherical model (Figure 5).

Figure 5. Fitted variogram models of Co, Hg, Mo, Mn, and Ni.

Semivariogram analysis showed that the nugget-to-sill ratios were larger than 0.25 and
lower than 0.75 for all elements (excluding Hg), suggesting moderate spatial dependence
(Table 1). A smaller nugget effect indicates enough collected samples to describe spatial
variation of trace elements. Semivariogram analysis showed that the nugget-to-sill ratios
were larger than 0.25 and lower than 0.75 for all elements (excluding Hg), suggesting
moderate spatial dependence (Table 1). The result suggests that both natural and anthro-
pogenic factors might be affecting Co, Mn, Mo, and Ni distribution. Variograms in Figure 5
also show similar shapes and slopes for Mn, Mo, and Ni, with higher nugget values for
Ni, followed by Mo and Mn, indicating patchy distribution at shorter distances and rel-
atively higher inputs of Ni from anthropogenic activities (fertilizer and TWW use) [47].
Furthermore, semivariogram results strongly indicate that Hg was of pedogenic origins.

Table 1. Nugget, sill, and range values of fitted variogram models for individual trace elements.

Element Nugget Par Sill Sill
Nugget-to-

Sill
Ratio

R2 Range Model

Co 0.005841 0.015188 0.021029 0.278 0.52 59,727 Spherical
Mn 0.009133 0.011193 0.020326 0.449 0.67 19,526 Spherical
Mo 0.011496 0.016039 0.027535 0.418 0.66 19,486 Spherical
Ni 0.021468 0.009403 0.030871 0.695 0.75 23,633 Spherical
Hg 0.000322 0.000672 0.000994 0.324 0.06 1305.4 Spherical

All trace elements showed relatively small nugget and sill values; however, the range
values were quite different. For example, Mn and Mo had the lowest range, while Co
had the highest range. Higher range values for Co and Ni indicate the presence of spatial
dependency at longer distances than Mn and Mo [48,49]. For Co, a lower nugget value and
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a gradual increase in semivariogram slope at longer distances indicate lower steady inputs
from fertilizers and TWW [50]. Best-fitted variogram models for isotropic directions are
shown in (Table 1).

Cross-validation results (Table 2) demonstrate that EBK consistently outperformed
OK in predicting trace element concentrations. EBK yielded lower RMSE and MSE values
for most elements (Co, Mn, Mo, and Hg) and showed RMSSE values closer to 1, indicating
improved model calibration. Lower average standard errors suggest reduced prediction
uncertainty. These findings highlight EBK as the more reliable method for spatial inter-
polation of trace element distributions in the study area. For both RMSE and MSE, lower
values or values close to zero indicate better fit, while for RMSSE, values close to one
indicate a good estimation for the variability of prediction, and an MSE value nearest to
the RMSE [24,51,52]. RMSE is a useful measure of accuracy to compare prediction errors of
different models. A lower RMSE value is an indicator of higher precision of the interpo-
lation method [53], while others considered a lower RMSSE value as indicating a stable
model [54,55]. For Hg, both models were comparable; however, EBK showed less data
dispersion when using EBK compared with the OK method [45,56,57]. Therefore, both
natural and anthropogenic factors could be affecting Co, Mn, Mo, and Ni distribution.

Table 2. Cross-validation values of trace elements for evaluating the performance of ordinary kriging
(OK) and empirical Bayesian kriging (EBK) models.

Co Mn Mo Ni Hg

OK EBK OK EBK OK EBK OK EBK OK EBK

ME −0.00090 −0.00027 −0.00115 −0.00064 −0.00180 −0.00142 −0.00253 −0.00208 −0.00108 −0.00174
RMSE 0.07955 0.07463 0.10706 0.10157 0.12019 0.11321 0.15424 0.14205 0.03884 0.04178
MSE 0.00764 0.00192 −0.00553 0.00169 −0.01037 −0.00435 −0.01468 −0.00090 −0.02944 −0.01517

RMSSE 0.95200 0.97254 0.99866 0.97081 0.99073 0.98058 0.98642 1.0582 1.16246 0.98664
Avg. SE 0.08391 0.07772 0.10720 0.10443 0.12137 0.11482 0.15594 0.13399 0.03311 0.03931

3.6. Principal Component Analysis

PCA was performed to further delineate the sources of elements and relative contribu-
tion of irrigation (TWW vs. FW), agricultural practices (chemical fertilizers and organic
manuring), and inherited soil characteristics in soils of the JV. The rotated component
matrix of PCA for trace elements extracted components and loadings are shown for all, FW,
and TWW-irrigated samples (Table 3). CEC was removed for not reaching the KMO criteria.

Table 3. Extracted components and loadings for trace elements (bold values indicate significant
component loadings).

All TWW FW

Parameter PC1 PC2 PC3 PC1 PC2 PC3 PC4 PC1 PC2 PC3

Co 0.883 0.156 −0.326 0.927 0.044 −0.148 −0.163 0.69 0.618 −0.121
Mn 0.768 0.335 −0.245 0.796 0.233 0.004 −0.23 0.832 0.368 −0.154
Mo 0.803 0.276 0.275 0.78 0.144 0.445 −0.083 0.394 0.778 0.208
Ni 0.85 0.02 −0.126 0.893 0.005 −0.037 −0.087 0.01 0.686 −0.072

Clay 0.677 −0.122 −0.423 0.732 0.009 −0.519 0.131 −0.119 0.078 −0.883
Org C 0.036 0.815 0.131 0.021 0.774 0.202 0.008 0.807 0.042 0.443

TN 0.194 0.767 −0.097 0.191 0.846 −0.096 0.164 0.752 0.101 −0.052
TP 0.221 0.681 −0.42 0.158 0.661 −0.073 −0.463 0.796 0.15 −0.344

EC_SPE 0.026 0.068 0.886 0.018 0.043 0.937 0.115 −0.305 0.468 0.55
Hg −0.226 −0.287 0.638 −0.099 0.043 0.062 0.915 −0.369 −0.093 0.464
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Table 3. Cont.

All TWW FW

Parameter PC1 PC2 PC3 PC1 PC2 PC3 PC4 PC1 PC2 PC3

Sand −0.86 −0.235 −0.083 −0.879 −0.209 −0.096 −0.126 −0.469 −0.687 0.162
Explained

variance (%) 37.03 18.97 16.71 38.9 17.1 13.1 11.1 33.1 21.2 15.7

Cumulative 37.03 56 72.71 38.9 56 69.1 80.2 33.1 54.3 70
Eigen value 4.1 2.1 1.8 4.3 1.9 1.4 1.2 3.6 2.3 1.7

For all, TWW, and FW samples, PCA results explained 72.7, 80.2, and 70.0% of total
variance, respectively. For all and TWW-irrigated soils, the first component (PC1) had
strong positive loadings for Co, Mn, Mo, and Ni, moderate loadings for clay, and strong neg-
ative loadings for sand. PC2 showed strong loadings for Org C, TN, and TP; PC3 showed
strong loadings for EC (all samples); and PC4 showed strong loadings for Hg (TWW).

For FW soils, PC1 showed strong loadings for Mn, Org C, TN, and TP; PC2 showed
strong loadings for Mo and moderate to strong loadings for Ni and Co; and PC3 showed
strong negative loadings for clay. Furthermore, Hg showed moderate loadings in PC3 and
weak loadings in PC1 and PC2.

PC2 (with strong loadings in TWW soils for Org C, TN, and TP) indicates a clear signal
of agricultural enrichment (TWW and fertilizer use, and composted organic material).
In FW-irrigated soils, Org C, TN, and TP showed strong loadings in PC1, suggesting
that elevated metal levels in these soils are linked to inputs from chemical fertilizers
and composted organic materials. PC3 reflects saline inputs from TWW and the basic
geochemical background, particularly from lacustrine sediments of the Pleistocene Lake
Lisan [17]. Furthermore, in TWW-irrigated soils, Hg exhibited strong loadings in PC4,
while only showing low to moderate loadings in PC3 for FW soils.

These patterns may strongly suggest an anthropogenic origin, primarily linked to
the long-term use of TWW, which is known to introduce trace elements into soils. The
association with clay may indicate that fine-textured soils act as sinks for these metals,
enhancing their retention through sorption. Furthermore, TWW-irrigated soils exhibited
consistently higher concentrations of trace metals compared to those irrigated with fresh-
water (FW), supporting the interpretation that these elements may be primarily derived
from anthropogenic sources along with agricultural practices such as the use of organic
manure and chemical fertilizers.

Furthermore, PCA results suggest that Hg accumulation is not significantly driven by
fertilizers or organic amendments, but more likely reflects a lithogenic origin related to the
geological characteristics of the region. The high association between Hg and EC suggests
that Hg originates from basic rocks (residual parent material) found in that area [16]. Higher
salinity in the southern parts of the JV was attributed to earlier huge floods occurring in
the rift valley plain, which were considered a precursor for creating the Pleistocene Lake
Lisan–Dead Sea [17]. As a result, layers of lacustrine sediments were left behind and the
thickness of these sediments decreased, and therefore, soil salinity increased southward.
Moreover, Hg shows a weak negative loading in PC1 and PC3; this may also confirm that
chemical and organic fertilizers are weakly associated with Hg levels in the tested soils.

To further extrapolate the origins of trace elements; PCA was run excluding factors
in PC2. Results showed that trace elements have moderate loading for clay (transported,
alluvial parent material), moderate loading for TP, weak loadings for TN, and no loadings
for Org C. Moderate loadings for trace elements and TP suggest the influence of chemical
fertilizers and a greater possibility that p is complexed with these elements. Weak loadings
for TN may indicate the influence of TWW and organic manure. Furthermore, PCA was
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run excluding factors in PC3. Results showed that EC and pH had very weak loading for
all tested elements (except for Hg). Therefore, it could be postulated that Co, Mn, Mo, and
Ni originate from multiple sources (pedogenic, chemical, and organic fertilizers).

PCA results were further clarified by the biplots using a different program (JMP
software, JMP Version 11), where the angles formed between variable vectors and the
horizontal (X) axis illustrate the strength and direction of their correlations (Figure 6). Acute
angles (<90◦) indicate a strong positive correlation, right angles (90◦) suggest no correlation,
and obtuse angles (>90◦) denote a negative correlation [58]. These biplots indicate that these
elements could have been derived primarily from weathering and genesis of soil parent
rocks, whereas the upper graph indicates another secondary elemental source, which might
be affected by agricultural practices (anthropogenic factors) such as chemical and organic
fertilizers, as well as the use of TWW. Oblique angles (>0◦–<90◦) between vectors of soil
trace elements strongly dominated by the same PC revealed strong correlations among
these elements, suggesting that they were derived from similar sources [59].

Figure 6. Principal component (PC) analysis biplot for trace element contents.

Results of this study agree with [60,61], which reported that Co, Ni, and Mn had
positive loadings and belonged to one group (factor). In addition, Na and Si (sand) were
negatively correlated with the other elements in this group.

In soils along Zarqa River, ref. [62] reported that Mn was mainly bound to iron-
manganese oxides and calcite fractions, whereas Ni was found in the residual, iron-
manganese oxides, and calcite fractions. Ref. [63] showed that Hg concentrations in
Quanzhou Bay sediments were attributed to the variable geological distribution of their
parent minerals.

Multivariate and geostatistical analyses in agricultural soils in Dehui, Northeast
China, suggested that average Ni concentrations as high as 20.8 mg kg−1 had lithogenic
origins [32]. Higher enrichment of Hg in the studied soils could be mainly attributed to
the background value, which was determined only in the <2-micron fraction of 20 soil
samples [64]. Moreover, higher explained variance in PC1 (34%) could be considered
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a strong indicator of geological or soil forming factors controlling Co, Mn, Mo, and Ni
distribution in soil [65].

3.7. Cluster Analysis

Hierarchical cluster analysis using Ward’s linkage (Figure 7) was used to group the
tested parameters into main clusters. Results of the cluster analysis show three main groups
(1) Co, Mn, Ni, Mo, and clay (red color); (2) Org C, TN, and TP (blue); and (3) Hg, EC, pH,
and sand (black). Co and Mn were grouped tightly, Ni and Mo showed close association,
and clay was linked with all four. The cluster analysis supports PCA outcomes by grouping
Co, Mn, Mo, Ni, and clay together, Org C with TN and TP, and Hg with EC and pH. These
findings may suggest that Co, Mn, Mo, and Ni could originate from mixed anthropogenic
sources (TWW and fertilizers), while Hg could be largely attributed to geogenic factors [66].

Figure 7. Hierarchical relationship (dendrogram) between trace elements and soil properties.

Within these clusters, Co and Mn were grouped tightly, Ni and Mo were clustered,
and clay was associated with all four, indicating that soil texture modulates trace element
retention but does not negate their anthropogenic source. Org C was more closely linked to
TN, likely from wastewater and organic amendments, while TP diverged slightly, indicating
a stronger association with chemical fertilizers. Hg’s pairing with EC and pH, along with
its weak correlation with other metals, supports its distinct geological origin.

Therefore, the combined evidence from PCA, hierarchical clustering, spatial mapping,
correlation analysis, and comparisons of trace element levels in TWW versus FW suggests
that the continued use of TWW for irrigation, along with fertilizer and manure application,
is likely a contributor to the observed accumulation of Co, Mn, Ni, and Mo in soils.
However, definitive source attribution would require further validation through isotopic
fingerprinting or controlled experiments.

3.8. Implications for Land Management Under Water Scarcity

Studying the spatial variability and sources of trace elements in the JV offers critical
insights for sustainable land management in arid and semi-arid agricultural systems.
Although concentrations of Co, Mn, Mo, and Ni in TWW-irrigated areas remain below
regulatory limits, their elevated presence underscores the need for proactive, site-specific
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strategies [67]. The kriging-based maps generated in this study serve as a decision support
tool for identifying trace element hotspots, enabling more efficient freshwater allocation
and guiding agroecological zoning through spatially informed crop planning to enhance
crop safety and long-term sustainability. Farmers and extension services can use these
spatial insights to implement selective irrigation—alternating TWW and freshwater based
on localized trace element levels—and to develop long-term soil monitoring protocols
that leverage model uncertainty ranges to detect early signs of accumulation in high-risk
zones [68].

To further mitigate the accumulation of trace elements, land managers are advised
to periodically dilute TWW with freshwater, particularly during dry periods, and to
define region-specific threshold values that inform both irrigation scheduling and fertilizer
management. Reducing the use of high-metal-content fertilizers and promoting slow-
release or organic alternatives can also minimize trace element inputs [69]. Ultimately,
integrating these targeted irrigation, monitoring, and input strategies within a broader
agronomic planning framework will support resilient and adaptive land use in the face of
growing climate and resource pressures.

4. Summary and Conclusions

This study investigated the spatial distribution and source attribution of five trace
elements (Co, Hg, Mo, Mn, and Ni) in intensively cultivated soils of the JV, where irrigation
with treated wastewater has been practiced for decades. Using both ordinary kriging
(OK) and empirical Bayesian kriging (EBK), spatial variability and prediction uncertainty
were quantified. EBK demonstrated superior predictive performance, providing more
reliable spatial assessments essential for land monitoring programs. Multivariate analyses
indicated that Hg likely originated from geogenic sources, while Co, Mn, Mo, and Ni are
largely associated with anthropogenic activities—particularly the prolonged use of TWW,
chemical fertilizers, and organic amendments.

Although none of the trace element concentrations exceeded international safety
thresholds, the accumulation patterns emphasize the need for sustainable management
practices to prevent future degradation. These include routine soil monitoring, the dilution
of TWW with freshwater during sensitive growth periods, and more judicious fertilizer
application. Site-specific maps produced from this study can support decision-makers and
farmers in identifying at-risk zones and implementing precision agriculture techniques.
Overall, this research provides a geostatistical framework for improving land resilience
and ensuring soil sustainability under continued pressure from climate change and water
scarcity in arid regions such as the JV.
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52. Özkan, B.; Dengiz, O.; Turan, İ.D. Site Suitability Analysis for Potential Agricultural Land with Spatial Fuzzy Multi-Criteria
Decision Analysis in Regional Scale under Semi-Arid Terrestrial Ecosystem. Sci. Rep. 2020, 10, 22074. [CrossRef]

53. Gumiere, S.J.; Lafond, J.A.; Hallema, D.W.; Périard, Y.; Caron, J.; Gallichand, J. Mapping Soil Hydraulic Conductivity and Matric
Potential for Water Management of Cranberry: Characterisation and Spatial Interpolation Methods. Biosyst. Eng. 2014, 128, 29–40.
[CrossRef]

54. Shi, G. Kriging. In Data Mining and Knowledge Discovery for Geoscientists; Elsevier: Amsterdam, The Netherlands, 2014; pp. 238–274.
55. Tziachris, P.; Metaxa, E.; Papadopoulos, F.; Papadopoulou, M. Spatial Modelling and Prediction Assessment of Soil Iron Using

Kriging Interpolation with PH as Auxiliary Information. ISPRS Int. J. Geoinf. 2017, 6, 283. [CrossRef]

162



Land 2025, 14, 1325

56. Manjarrez-Domínguez, C.B.; Prieto-Amparán, J.A.; Valles-Aragón, M.C.; Delgado-Caballero, M.D.R.; Alarcón-Herrera, M.T.;
Nevarez-Rodríguez, M.C.; Vázquez-Quintero, G.; Berzoza-Gaytan, C.A. Arsenic Distribution Assessment in a Residential Area
Polluted with Mining Residues. Int. J. Environ. Res. Public Health 2019, 16, 375. [CrossRef]

57. Gupta, A.; Kamble, T.; Machiwal, D. Comparison of Ordinary and Bayesian Kriging Techniques in Depicting Rainfall Variability
in Arid and Semi-Arid Regions of North-West India. Environ. Earth Sci. 2017, 76, 512. [CrossRef]

58. Hothorn, T.; Everitt, B.S. A Handbook of Statistical Analyses Using R; CRC Press: Boca Raton, FL, USA, 2014.
59. Shangguan, Y.; Cheng, B.; Zhao, L.; Hou, H.; Ma, J.; Sun, Z.; Xu, Y.; Zhao, R.; Zhang, Y.; Hua, X.; et al. Distribution Assessment and

Source Identification Using Multivariate Statistical Analyses and Artificial Neutral Networks for Trace Elements in Agricultural
Soils in Xinzhou of Shanxi Province, China. Pedosphere 2018, 28, 542–554. [CrossRef]

60. Han, Y.M.; Cao, J.J.; Wu, F.; Zhang, B.C.; Zhan, C.L.; Wei, C.; Zhao, Z.Z. Geochemistry and Environmental Assessment of Major
and Trace Elements in the Surface Sediments of the Wei River, China. J. Environ. Monit. 2012, 14, 2762–2771. [CrossRef] [PubMed]

61. Shukla, K.; Kumar, B.; Agrawal, R.; Priyanka, K.; Venkatesh, M. Anshumali Assessment of Cr, Ni and Pb Pollution in Rural
Agricultural Soils of Tonalite–Trondjhemite Series in Central India. Bull. Environ. Contam. Toxicol. 2017, 98, 856–866. [CrossRef]

62. Ghrefat, H.A.; Yusuf, N.; Jamarh, A.; Nazzal, J. Fractionation and Risk Assessment of Heavy Metals in Soil Samples Collected
along Zerqa River, Jordan. Environ. Earth Sci. 2012, 66, 199–208. [CrossRef]

63. Yu, R.; Yuan, X.; Zhao, Y.; Hu, G.; Tu, X. Heavy Metal Pollution in Intertidal Sediments from Quanzhou Bay, China. J. Environ. Sci.
2008, 20, 664–669. [CrossRef]

64. Banat, K.M.; Howari, F.M.; To’mah, M.M. Chemical Fractionation and Heavy Metal Distribution in Agricultural Soils, North of
Jordan Valley. Soil Sediment Contam. 2007, 16, 89–107. [CrossRef]

65. Franco-Uría, A.; López-Mateo, C.; Roca, E.; Fernández-Marcos, M.L. Source Identification of Heavy Metals in Pastureland by
Multivariate Analysis in NW Spain. J. Hazard. Mater. 2009, 165, 1008–1015. [CrossRef]

66. Bux, R.K.; Batool, M.; Shah, S.M.; Solangi, A.R.; Shaikh, A.A.; Haider, S.I.; Shah, Z.-u.-H. Mapping the Spatial Distribution of Soil
Heavy Metals Pollution by Principal Component Analysis and Cluster Analyses. Water Air Soil Pollut. 2023, 234, 330. [CrossRef]

67. Al-Kharabsheh, N.M.; Al-Zboon, K.K. Wastewater Treatment and Reuse in Jordan, 10 Years of Development. Desalination Water
Treat 2021, 238, 15–27. [CrossRef]

68. Wu, Z.; Zhang, S.; Shan, B.; Zhang, F.; Chen, X. Optimizing Crop Spatial Structure to Improve Water Use Efficiency and Ecological
Sustainability in Inland River Basin. Agronomy 2024, 14, 1645. [CrossRef]

69. Mishra, S.; Kumar, R.; Kumar, M. Use of Treated Sewage or Wastewater as an Irrigation Water for Agricultural Purposes-
Environmental, Health, and Economic Impacts. Total Environ. Res. Themes 2023, 6, 100051. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

163



Article

Edaphic Diversity, Polychemical Soil Status of the Prinevskaya
Lowland and Prospects for Soils Use

Ekaterina Yu. Chebykina 1,*, Timur I. Nizamutdinov 1, Evgeny V. Abakumov 1 and Natalia V. Dinkelaker 2

1 Department of Applied Ecology, St. Petersburg State University, 199034 Saint-Petersburg, Russia;
t.nizamutdinov@spbu.ru (T.I.N.); e.abakumov@spbu.ru (E.V.A.)

2 Faculty of Ecotechnologies, ITMO University, 197101 Saint-Petersburg, Russia; nvdinkelaker@mail.ru
* Correspondence: e.chebykina@spbu.ru; Tel.: +7-921-987-70-51

Abstract: There will be a significant increase in anthropogenic load on the soils of the
Prinevskaya lowland in the nearest decade due to the fact that a significant territory is
occupied by St. Petersburg. The main objective is a study of the sanitary-hygienic state
and soil diversity of the Prinevskaya lowland in case of a high degree of agricultural soil
development there and the significant role of the lithological factor. Soils were studied
at the following land use and land cover: agricultural and fallow soils of agrolandscapes;
forest soils; and soils of industrial areas. Studies were carried out using morphological
descriptions and analyses of chemical, physical, and biological properties. The most
vulnerable land use are forest and agricultural and fallow zones, where active accumulation
of priority toxicants of anthropogenic origin can occur. Geochemical peculiarities of studied
soils are deficit of Mn, Cu, Mo, and Zn in soil-forming rock materials and accumulation of
strontium and lead in arable horizons. The soils examined show minimal contamination
with trace elements, as verified by a range of individual and combined ecotoxicological
indicators. Urban development planning, particularly in St. Petersburg, should prioritize
the preservation of biodiversity and soil resources.

Keywords: edaphic diversity; soil contamination; pollution status indexes; lowland;
anthropogenic impact; soil functioning; land use

1. Introduction

Urban soils play a crucial role in the urban ecosystem, serving as an essential com-
ponent of the habitat for humans, plants, and animals, while also underpinning various
economic activities [1–4]. The condition of these soils is vital for evaluating the ecological
health of a specific area, as they are significant in multiple ways: they act as the primary
link in the food chain, serve as a source of secondary pollution for air and water, and
provide a consolidated measure of the overall ecological status of the environment [5]. As
cities often expand into surrounding agricultural lands, they encounter various agronatural
soils and agrozems with distinct agrogenic horizons [6–8].

A significant portion of St. Petersburg is situated on the Prinevskaya lowland plain, a
terraced lacustrine–glacial landscape formed from the glaciolimnium of the Baltic glacial
lake (Figure 1) [9–11].

This flat region lies between the Gulf of Finland and Lake Ladoga, with its formation
history linked to the abrasion and accumulation processes of late- and post-glacial basins,
which have contributed to the variety of soil-forming materials present [12–14]. Notably,
a large part of the Prinevskaya lowland is occupied by St. Petersburg and its associated
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industrial and agricultural enterprises, highlighting the significant impact of human activity
on the development of lowland soils over the past three centuries.

Figure 1. Prinevskaya lowland (marked with green shading).

The peculiarities of the soils of this territory were covered in the works [15–24] and a
number of others. The works mentioned above were written in the last century and require
updating. Additionally, the diversity of soils and their chemical properties are not well
studied. There are challenges in assessing the sanitary and hygienic conditions of soils,
as well as gaps in our understanding of soil development dynamics in agricultural land-
scapes. Furthermore, information regarding the sources of polychemical soil pollution is
lacking. The current level of knowledge on the geochemistry of natural and anthropogenic
landscapes in St. Petersburg and the Leningrad region is insufficient to address all issues
related to the ecological and geochemical conditions of soils in the Prinevskaya lowland.
Moreover, large cities such as St. Petersburg are important driving factors of environmental
trends due to the increasing proportion of the global population living in urban areas and
the high intensity of urban residents’ activities. However, as the world urbanizes, people
lose touch with the soil and the services it provides to sustain life. As developing cities
and countries industrialize, soil pollution continues to increase and reaches a level that
requires immediate action. Therefore, conducting a global assessment of the state of urban
soils, starting from the local levels, such as the soils of the Prinevskaya lowland, to identify
patterns, processes, and unique anthropogenic impacts is quite a relevant objective.

The lowland has a long history of agricultural development. The Prinevskaya low-
land is characterized by the prevalence of humus–podzolic–gley soils with a thick peat
horizon and drained sphagnum peat bogs [15]. In 1922, a soil survey conducted in the
Shusharskaya farm area, situated in the heart of the Prinevskaya lowland, revealed that it
can be challenging to reestablish the boundaries of natural soil types after years of culti-
vation and the application of urban waste and peat [16]. Today, the Prinevskaya lowland
serves as the primary region for suburban agriculture, supplying Saint Petersburg with
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potatoes and vegetables, as well as functioning as a base for livestock feed. The fields
were drained, treated with lime, and received large amounts of both organic and mineral
fertilizers. Agricultural activities utilize 71–98% of all lowland areas, with over half of this
land designated for arable farming (40–65%). A minor portion (ranging from 2 to 18%) is
covered by secondary small-leaved forests [25,26].

Data from the third round of soil agrochemical surveys, conducted in the early 1980s
during a period of intensive fertilizer application, indicated a significant increase in the
average humus content of Leningrad region soils, reaching 3.5%. Additionally, there was
a reduction in soil acidity and an enhancement in the levels of essential plant nutrients
(the average content of mobile phosphorus and potassium in the region’s soils attained
average to above-average availability) [27,28]. Moreover, the Prinevskaya lowland stands
out as one of the most intensively farmed regions in the Leningrad region. Consequently,
areas with low pH, poor humification, and deficiencies in mineral nutrients occupy only a
small fraction of their landscape. The practice of intensive agriculture has resulted in the
emergence of a new soil component in the Prinevskaya lowland—agrosoils. These soils
develop on various parent materials and are characterized by a thick (over 40 cm) organic
layer that is well-structured and rich in plant nutrients [6].

Unfortunately, the economic decline in the Russian Federation during the 1990s and
early 2000s was marked by inconsistencies in land use, resulting in a decrease in arable
land. As a consequence of the changing economic landscape, a substantial portion of arable
land in St. Petersburg has been left uncultivated [29–31].

The northwest region of the Russian Federation serves as a distinctive showcase of the
diversity found in fallow lands. The quality of these lands, along with their biological char-
acteristics and fertility levels, plays a crucial role in determining the quality of agricultural
products, including seeds and grains [32,33].

In addition to the intentional effects of agriculture on the soils of the Prinevskaya
lowland, there is also the unavoidable influence of the nearby city of Saint Petersburg, along
with its industrial and transportation activities. Heavy metals and other toxic substances are
released into the environment through the atmosphere, while sewage and urban waste serve
as another major source of pollution. As a result of atmospheric transport, as well as surface
and groundwater flow, a substantial suburban area is subjected to contamination. Therefore,
the objectives of the study were: (a) to investigate the soil diversity of Prinevskaya lowland
and describe the main types of urban, natural, and agrosoils at different land use and
land cover (LULC), to determine their morphological features, and taxonomic position; (b)
to evaluate the main chemical, physical and biological properties of soils of the different
functional zones; (c) to assess heavy metal content and its geochemical distribution, and
characterize the soil pollution status. The edaphic diversity and polychemical status of soils
in the Prinevskaya lowland were studied on the example of the following objects (LULC):

1. Agricultural and fallow soils of agrolandscapes;
2. Forest soils;
3. Soils of industrial areas.

2. Materials and Methods

The territory of the Prinevskaya lowland is located in the northwest of the East
European Plain in the southern part of the Karelia Isthmus. It is limited by the fluvio-glacial
hills of the Koltushy upland in the north and by the Izhora upland in the south.

The climate of the Prinevskaya lowland is characterized as moderately cold and
humid, influenced by the Atlantic Ocean, the Baltic Sea, and Lake Ladoga. In summer,
the thermal regime is primarily affected by solar radiation, while in winter, it is largely
determined by heat transfer from the Atlantic. Average temperatures in July range from
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16.5 to 17.0 ◦C, while January sees averages of −8.0 to −8.5 ◦C, resulting in an average
annual air temperature of 2.4 to 2.6 ◦C [34]. Precipitation patterns are mainly influenced by
the topography; for instance, the lowland shores of the Gulf of Finland and Lake Ladoga
receive the least rainfall. The average annual precipitation in the area is between 550 and
600 mm, with evapotranspiration rates of 400 to 500 mm, leading to a precipitation ratio of
1.8, indicating excessive moisture [35,36].

In terms of geomorphological zoning, the region falls within the Prinevsky–Estonian
district of the Baltic–Valdai region and is part of the North Russian province of the Russian
Plain. The Prinevskaya lowland is bordered to the north by the Central (Kotovskaya)
Upland of the Karelia Isthmus and to the south by the Baltic–Ladoga escarpment. It
features a terraced marshy plain with elevations ranging from 10–15 to 55–60 m [37].
The current landscape is primarily shaped by lake–glacial, glacial, lacustrine, and marine
processes that occurred during the late Neopleistocene to Holocene periods. Common
landforms include multi-aged lake and lake–glacial plains with coastal ramparts, sand
spits, and abrasion scarps, all associated with Late Glacial–Holocene palaeobasins; rock
outcrops and remnant uplands are more prevalent in the northern part of the study area.
The border of the Prinevskaya lowland in the north is partly the abrasion ledges of the
Rantolovsky plateau of the Toksovskaya kame upland.

The Prinevskaya lowland was formed in pre-glacial times. The contemporary land-
scape began to take shape as the last Valdai glaciation receded. The Prinevsky landscape
emerged on sandy hills and loamy moraine deposits that constitute the Prinevskaya low-
land, featuring granite boulders and banded clays. Most of the small boulders were
removed from the soil during the process of territory development, while large boulders
were blasted, crushed, and used in construction (for example, one of the boulders (Grom
Stone) was used for the pedestal of the Bronze Horseman).

Moraine covers the bottom of the lowland and the surrounding areas, forming a flat
surface (peneplain) and confirming that the lowland was formed before glaciation and is of
tectonic origin. The geological column of Quaternary sediments is completed by marine,
marsh, and eluvial sediments of the Holocene age.

The study area is characterized by middle-taiga forests, high and lowland swamps,
and overgrown lakes. The primary element of the cropping system in the study area has
been and continues to be perennial grasses, while annual grasses, vegetables, potatoes, and
cereals cover significantly smaller areas.

Ten soil pits within Prinevskaya lowland were made in order to analyze soils of
studied LULC (Figure 2).

Morphological soil diversity of the Prinevskaya lowland was studied in August–
November 2023. These investigations were conducted utilizing standard soil characteri-
zation methods, including soil pits, morphological descriptions, and laboratory analyses
focused on examining the chemical, physical, and biological properties of the soils.

Soil samples were collected from various depths of the soil horizons at each sampling
location. Soil identification was performed in accordance with the “Classification and
Diagnostics of Russian Soils” [38] and the World Reference Database of Soil Resources
(FAO, 2015) [39].

All samples were air-dried at room temperature in the Department of Applied Ecology
at St. Petersburg State University and subsequently passed through a 2 mm sieve. The
analysis of soil properties was conducted on the fine earth fraction. The comprehensive
analytical soil characteristics involved assessing chemical, physical, and physicochemical
soil indicators through widely recognized methods [40,41].
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Figure 2. Map of studied plots and soil pits within the Prinevskaya lowland.

The particle size distribution was assessed using the Kachinsky pipette method, which
involved the peptization of microaggregates with pyrophosphate. The analysis of mobile
potassium compounds was performed following the Kirsanov method, as modified by the
Central Scientific Research Institute of Agrochemical Service of Agriculture (CSRIASA) in
accordance with Russian National Standard GOST R 54650-2011 [42]. The measurement
of basal respiration (BR) was conducted according to the specified method [43]. Basal
respiration is based on recording the CO2 response in native soil. The pH values were
determined in water and salt suspensions (soil-to-solution ratio 1:2.5). Substrate-induced
soil respiration determined by the SID technique was also evaluated [44]. Carbon content
was determined by the Tyurin method [40].

Soil samples in the solid phase were analyzed by X-ray fluorescence method using a
portable X-ray spectrometer “Spectroscan” (M-049-P/16, 2016, Ekaterinburg, Russia) for
the content of the following metals: Sr, Pb, As, Zn, Cu, Ni, Co, Fe2O3, MnO, Cr, V and TiO2.
Spectrometer “SPECTROSKAN” is designed for determination of elemental composition in
the range from 11Na to uranium (92U), equipped with a vacuum-assisted scanning crystal-
diffraction channel. The range of determinable contents from 0.0001% to 100% without
concentrating depends on sample type, analyzed element, and matrix, and from 10−6 to
10−7% to several proportions of percent with concentrating. The basic instrumental error
does not exceed 0.5%. Calculation from oxide contents to element concentrations was
carried out according to standard conversion coefficients [45].

Geochemical soil pollution by heavy metals was assessed by calculating the total
soil pollution index Zc, calculating exceeding the regional background values (single
pollution index—PI) and maximum permissible concentrations specified in standard
SanPiN 1.2.3685-21 [46]. The PI values are determined by taking the ratio of heavy metal
concentrations (Cn) to their corresponding background regional values (Bn). The overall
soil pollution index is computed using the following formula:

Zc =

(
n

∑
i=1

PI

)
− (n − 1) (1)

Zc is classified into four classes (Table 1).
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The geoaccumulation index (Igeo) (proposed by Muller G. [47]), pollution load index
(PLI) and potential environmental risk index (RI) were used to fully assess the pollution
status of potentially toxic metals in soils of the Prinevskaya lowland.

The geoaccumulation index Igeo is used to determine the degree of contamination by
trace metals relative to natural regional background values [47,48] and is calculated by the
following formula:

Igeo = log2

[
Cn

1.5 Bn

]
, (2)

where Cn represents the measured concentration of the element in the soil, Bn denotes the
geochemical regional background value. Background values were determined according to
Matinyan et al. 2007 [49]. A coefficient of 1.5 is used to minimize possible variations due to
lithogenic variations [50]. Igeo is classified into seven classes (Table 1).

The Pollution Load Index (PLI) is determined as the geometric mean of the Pollution
Index (PI) values [51–54]. This intricate index is calculated using the following formula:

PLI = n
√

PI1 × PI2 × PI3 × . . . PIn (3)

PLI is divided into six categories (see Table 1).
The Potential Ecological Risk (RI) Index assesses the level of ecological risk associated

with the harmful effects of trace metals [53,55,56]. This index is computed using the
following formula:

RI =
n

∑
i=1

Ei
r =

n

∑
i=1

Ti
r × P (4)

where n represents the number of heavy metals, Ei
r indicates a single ecological risk factor

index, and Ti
r refers to the toxicity response coefficient for each metal (As-10; Ni, Pb, Co-5;

V, Cr-2; Zn-1) [55]. PI is calculated values for the Single Pollution Index. RI is categorized
into five classes (Table 1).

All the indices utilized have their own evaluation scales, which are detailed in Table 1.

Table 1. Classification of pollution status indexes.

The Total Soil Pollution Index (Zc) [46]

1 <16 Permissible pollution
2 16–32 Moderately dangerous pollution
3 32–128 Dangerous pollution
4 >128 Extremely dangerous pollution

Geoaccumulation index (Igeo) [57]

0 Igeo ≤ 0 Absence of pollution
1 0 < Igeo ≤ 1 From unpolluted to moderately polluted
2 1 < Igeo ≤ 2 Moderately polluted
3 2 < Igeo ≤ 3 From moderately to highly polluted
4 3 < Igeo ≤ 4 Highly polluted
5 4 < Igeo ≤ 5 From highly to extremely high polluted
6 Igeo > 5 Extremely high polluted

Pollution load index (PLI) [53,58]

0 PLI < 1 Absence of pollution
1 PLI = 1 Baseline levels of pollution
2 1 < PLI ≤ 2 Low pollution
3 2 < PLI ≤ 3 Moderate pollution
4 3 < PLI ≤ 5 High pollution
5 PLI > 5 Strong pollution
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Table 1. Cont.

Potential ecological risk (RI) [55,56]

1 RI < 90 Low potential ecological risk
2 90 ≤ RI < 180 Moderate potential ecological risk
3 180 ≤ RI < 360 High potential ecological risk
4 360 ≤ RI < 720 Strong potential ecological risk
5 RI ≥ 720 Very strong potential ecological risk

The vertical electrical resistivity sounding (VERS) method, which enables the vertical
division of soil layers into genetic layers with distinct properties and characteristics [59,60],
was conducted using the portable LandMapper device (ERM-03, Landviser, LLC, League
City, TX, USA). Measurements of apparent electrical resistance in the soil and strata were
taken with electrode spacings of MN 10 and AB/2 at distances of 10, 20, 30, 40, 50, 60, 70,
80, 90, 100, 150, 200, 300, 400, and 500 cm. This approach allowed for the determination of
apparent soil electrical resistance values at the corresponding depths.

The statistical data processing and analysis were performed using methods with the
software packages MS Excel 2016, Past (version 3.20), and Statistica 64 (version 10).

3. Results and Discussion

3.1. Edaphic Soil Diversity of Prinevskaya Lowland

The soil cover of the Prinevskaya lowland was formed within the conditions of flat,
poorly drained relief, with insignificant height variations. The cool, humid climate, along
with this factor, leads to surface water stagnation and the occurrence of waterlogging
processes in the region. The variety of soil-forming rocks in the lowland is a result of
glacier and post-glacial water basins, which facilitated the erosion and redeposition of
glacial sediments.

In the examined area of the Prinevskaya lowland, the following soil-forming materials
were identified: (a) moraine loams and (b) fluvioglacial sands and sandy loams.

Additionally, the region contains banded clays and loams, limnoglacial sands and
sandy loams, as well as sands and sandy loams of various origins, all underlain by loams
and clays of lacustrine–glacial and moraine types.

The homogeneity of the relief in the Prinevskaya lowland means that soil diversity
is largely influenced by lithological factors, which relate not only to the chemical compo-
sition and physical properties of the soil but also to their water availability. Additionally,
human activities have significantly impacted the development of the soil cover in the
study area over the past 200–300 years, leading to the formation of various agronatural
soils and agrozems with distinct agrogenic horizons. Initially, this influence could be
seen as beneficial—such as through land development and fertilizer application—but as
anthropogenic impacts have intensified, their harmful effects have also become evident.

The diversity of soil-forming materials within the Prinevskaya lowland had a signifi-
cant influence on the nature of soil-forming processes that determine the main soil types
(Figure 3). Podzol formation associated with the impact of humus acids on the mineral
soil part and further profile migration of decomposition products is most characteristic for
soils formed on moraine loams. Gley soils develop on clay materials under conditions of
impeded internal drainage and excessive moistening by surface waters. The formation of
a lightened horizon in these soils is the result of reduction processes and the removal of
elements of variable valence from upper horizons in a horizontal rather than vertical direc-
tion. Podzols and podburs (Entic Podzol) with illuvial–iron, and illuvial–humus horizons
are formed on sandy rocks under the influence of podzolization and alfehumus processes.
The alfehumus process consists of the removal by humus acids of aluminous-iron films
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from mineral grains and the formation of illuvial horizons with the content of semi-ferrous
oxides and incrustive humus [23].

Agricultural and fallow soils of agrolandscapes:

Agrozem redoxy-
morphous light
loamy formed on
kama sandy loams
(agricultural eld)
(Stagnic Anthrosol)
N°. of study plot–3.

Agrozem texture-
di erentiated sub-
eluvial loamy on
cambrian clays (agri-
cultural eld) (Plag-
gic Anthrosol)
N°. of study plot–5.

Sod-podzolic posta-
grogenic redoxy-
morphic loamy soil
on cambrian clays
(forest massif) (Um-
bric Plaggic Albelu-
visol)
N°. of study plot–7.

Postagrogenic grey hu-
mus fallow redoxy-
morphic sandy loam
soil on uvioglacial
sediments (forest mas-
sif of the Prikoltushsky
part of the Prinevskaya
lowland) (Stagnic An-
throsol)
N°. of study plot–8.

Agrozem ameliorative
deep-turbid redoxi-
morphic sandy loam
on uvioglacial sedi-
ments (agricultural
eld of the Prikoltush-

sky part of the
Prinevskaya lowland)
(Irragric Anthrosol)
N°. of study plot–9.

Agrozem alfehu-
mus postagrogenic
sandy on kama
sandy loams
(Koltushy uplands
nature protected
area) (Plaggic Albic
Anthrosol)
N°. of study plot –
10.

Forest soils: Soils of industrial areas:

Soddy podbur pod-
zolized formed on
kama sandy loams
(border of
Prinevskaya lowland
and Koltushy upland
*) (Umbric Entic Pod-
zol)
N°. of study plot–1.

Soddy podbur redoxymorphic sandy
loam on kama sandy loams (forest park)
(Umbric Entic Podzol)
N°. of study plot–2.

Lithostrata on cam-
brian clays (clay
quarry) (Nudilithic
Leptosol)
N°. of study plot–4.
Soil horizons were not
identi ed there.

Lithostrata formed on overburden dumps
(Spolic Technosol)
N°. of study plot–6.
Soil horizons were not identi ed there.

* Koltushy uplands is a unique natural object. This territory was not ooded by any of the seas and lakes that domi-
nated the Prinevskaya lowland, not excluding the First Ioldian Sea—the deepest and largest waterbody: with depth of
the First Ioldian Sea at 40–45 m, the Koltushy uplands was an archipelago of islands.

Figure 3. Sampling sites and soil profiles. Number of studying plots is given according to Figure 2.
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The soil cover is mainly represented by patches of soddy podzolic soils (Podzol),
podburs (Entic Podzol), and agrozems (Anthrosols). Relative microrelief rises, located in
spots among the main massif, are occupied by automorphous soddy podzolic soils on
moraine loams. Soddy podburs podzolized were found on sands with the thickness of the
upper sediments exceeding 60 cm. The weak expression of the podzol process in soils at
these plots can be explained by their anthropogenic transformation. Intensive farming leads
to the formation of a peculiar component in the soil cover—agrozems. They develop on
various types of rock materials and are distinguished by a thick organic layer (over 40 cm)
that is well-structured and rich in humus and essential plant nutrients. It is important to
mention that despite the long history of development in this region, soils with excessive
moisture still cover a substantial area. This indicates the difficulty of soil drainage on clay
rock materials in terms of low surface water runoff.

Currently, large areas of the Prinevskaya lowland are drained by an open and closed
drainage network (e.g., agrozem ameliorative deep-turbid redoximorphic sandy loam on
fluvioglacial sediments at the agricultural field of the Prikoltushsky part of the Prinevskaya
lowland; number of study plot–9). In this case, a significant part of the soil cover belongs
to soils without or with weak signs of gleization (72%). The water-air soil regime changes
due to drainage: the moisture content of the arable horizon decreases by 1.5–2 times,
aeration increases, and a zone of active aeration drops below the drainage boundary [61–64].
Amelioration causes the rise of redox potential and, therefore, promotes the oxidation
processes in the soil profile: the content of ferrous oxide and mobile manganese decreases,
and the content of ferric iron increases [65–67]. The processes of oxidogenesis (landscape
geochemical processes of accumulation and transformation of iron oxides and hydroxides
in soils and rock materials) are morphologically shown in the pronounced accumulation
of ferruginous-manganese nodules in the upper horizons and heterogeneous color of
aggregates [68–70].

Forest soils are characterized by the presence of litter horizon (AO), insignificant
thickness, and fluffy structure of humus horizon, which consists mainly of coarse hu-
mus and unclear rudiments of podzol horizon—it is dense, whitish, and contains many
ferruginous nodules.

Lands of industrial areas are characterized by the widespread distribution of techno-
genic surface formations—lithostratas.

During field studies measurements of electrophysical soil properties were performed.
The measurements were extended to a depth of up to 3 m (Figure 4).

Figure 4. Electrical resistivity (ER, Ωm) of studied soils. Numbers indicate number of soil plots
described in Figures 2 and 3.
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The primary trend observed was an increase in the value of Ωm with depth, although
there were some fluctuations noted at depths of 20–40 cm (Figure 4). This range was
recognized as the transition zone between the arable horizon and the underlying layer.
The first such fluctuations occur at a depth of 100 cm in non-agricultural soils. These
disturbances are probably caused by changes in the structure and composition of the
parent rock material. The method of VERS allowed the identification of five to seven
heterogeneous layers in studied areas.

Studied soils were characterized by maximum values of temperature in the upper
horizons, which smoothly decreased with depth.

3.2. The Physical and Chemical Soil Properties of Prinevskaya Lowland

The data on basic soil properties of studied soils are given in Table 2.

Table 2. Characteristics of studied soils.

LULC
Number of
Study Plot *

Horizon, Depth,
cm

Soil
Moisture

Content, %
pHH2O pHKCl Ctotal, %

Basal
Respiration,
μgC-CO2/g

Per hour

K2O,
mg/kg

Particle Size
Distribution

Forest 1

AYe 0–10 1.60 6.3 3.9 1.74 1.62 36.9 Sandy loam
AYe 10–15 1.00 5.6 3.9 1.13 2.55 39.1 Sandy loam
BF 15–44 1.13 4.9 4.5 0.48 1.14 29.0 Sandy loam
C 44–80 1.10 6.3 5.8 0.19 - 12.6 Medium-grained sand

Forest 2
AУ 0–18 6.62 5.4 3.5 1.90 2.37 67.1 Coarse sandy loam
BF 18–40 4.62 5.2 3.7 1.20 1.12 25.2 Coarse sandy loam
Cff 40–80 3.33 5.5 3.5 0.24 0.73 22.6 Coarse sandy loam

Agricultural
and fallow 3

P1 0–25 10.98 5.4 - 2.55 1.28 111.8 Light loam
P2 25–42 5.79 5.7 5.4 1.12 0.45 206.8 Medium coarse loam
Cff 42–75 3.03 6.2 5.3 0.05 0.04 177.1 Sandy loam

Industrial 4

0–65 2.50 5.2 - 0.83 1.12 450.1 Medium silty clay
65–75 0.75 5.8 4.3 0.30 1.18 28.5 Light loam
75–80 0.22 5.8 4.4 0.07 0.42 26.3 Fine-grained sand
80–85 0.76 5.4 4.4 0.23 0.87 50.1 Sandy loam
85–110 1.51 5.3 4.4 1.19 1.24 117.8 Fine clay
Rock material
(cambrian clay) 2.78 5.8 - 0.36 - 571.4 Fine clay

Agricultural
and fallow 5

PY1 0–25 4.78 6.2 5.6 2.49 1.37 110.2 Medium coarse loam
PУ 25–40 4.79 5.9 5.1 2.18 0.69 119.4 Medium coarse loam
BEL 40–65 4.05 6.1 5.3 0.67 1.54 15.4 Fine loam
C 65–80 11.15 5.8 4.7 0.12 0.04 46.8 Medium coarse loam
C 80–110 3.26 6.2 5.5 0.18 0.54 33.1 Light clay

Industrial 6
0–5 3.46 6.0 - 0.44 1.36 426.0 Medium coarse loam
5–25 1.01 6.2 - 0.30 0.94 79.9 Sandy loam
25–45 1.04 6.1 - 0.38 1.15 108.6 Sandy loam

Agricultural
and fallow 7

AEL 0–20 13.54 6.0 4.9 4.94 1.46 70.4 Medium coarse loam
EL 20–35 1.79 5.5 3.8 0.57 0.87 79.3 Light clay
BEL 35–75 2.87 5.1 3.9 0.19 0.41 66.2 Medium silty clay

Agricultural
and fallow 8

AYe,pa 0–25 21.68 4.9 3.1 10.61 2.27 112.0 Medium coarse loam
C 25–60 1.12 6.4 4.2 0.12 0.86 9.1 Medium-grained sand
D 60–100 10.49 5.8 4.3 0.15 - 12.5 Medium-grained sand

Agricultural
and fallow 9

P 0–27 6.76 5.5 4.6 8.07 2.89 58.4 Light loam
C 27–50 2.88 6.2 4.9 0.13 0.12 8.9 Sandy loam
D 50–110 0.80 5.8 4.7 0.18 0.04 20.6 Sandy loam

Agricultural
and fallow 10

AYpa 0–25 3.62 6.2 4.1 1.49 2.21 94.6 Medium-grained sand
BF 25–35 0.98 5.9 4.8 0.22 0.08 21.9 Sandy loam
BC 35–53 1.80 5.8 4.3 0.31 0.67 27.4 Light loam
C 53–90 1.25 6.1 4.6 0.24 0.46 24.8 Fine loam

Post hoc test Forest–Agricultural–Industrial 0.20 p <<
0.05 0.14 p <<

0.05 p << 0.05 p << 0.05

Significance of differences Insign. Sign. Insign. Sign. Sign. Sign.

* Numbers indicate No. of soil plots described in Figures 2 and 3.

Soils of forest areas are characterized by acid pH throughout the soil profile, except
for the upper humus horizon, which is close to neutral. The most acidic is the lower part of
the soil profile. Postagrogenic and agricultural soils are characterized by higher pH values
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and have a slightly acidic pH in the lower part of the soil profile, while in the upper part,
due to liming, it is close to neutral (pHH2O 6.2).

Humus content in forest soils ranged from 1.9– to 10.61%. The high content of organic
carbon in the accumulative part of the soil profile is explained by the time gap of litter
decomposition from the intake of plant litter, leading to a significant accumulation of
humified substances. At the same time, the qualitative composition of humus in these
soils is characterized by a wide C/N ratio, a predominance of fulvic acids, and their
mobile fractions [71–73]. The soil profile is divided into two or three parts by humus
content. The upper part, the humus accumulative horizon, is characterized by the highest
organic carbon content. The underlying horizon contains much less humus than the humus
accumulative horizon. The organic matter content in it may either gradually decrease
towards the rock material or have more or less close values in the whole profile. In the
case of illuvial–humus process development, one more zone of soil profile (illuvial–humus
horizon) is distinguished in sandy or sandy loam soils. There, the content of organic carbon
is higher than in the neighboring mineral horizons. The humus profile of podburs (Entic
Podzol) is characterized by a sharply decreasing distribution of humus. A separation of
soil profile into humus-accumulative and mineral parts is very sharply expressed.

Soils of agricultural and fallow areas are characterized by the following features. The
humus content in the upper soil profile is lower (4.4% on average), but the total humus
stock is higher due to the higher density of the upper horizon and penetration of more
significant humus amounts into the depth of the soil profile, i.e., its smoother distribution.
Humus is more firmly connected with the mineral part, which is reflected in the crumby
structure of the arable horizon (in the formation of which it participates along with calcium)
and therefore in the higher content of the corresponding fraction of humic and fulvic acids.
The vertical distribution of humus in agrozems is the smoothest. Humus content of 3–5%
is maintained in the whole arable stratum, up to a depth of 40 cm.

The potassium distribution in the soil profile is influenced by the mineralogical com-
position, mainly of the silty fraction. Potassium is represented in clay soils mainly by forms
that are difficult to access for plants and microorganisms. Mobile potassium compounds
are less than 1% [74,75]. As a result of potassium fertilizer application, potassium accu-
mulation in hard-to-access forms occurs in agrozems. Potassium fixation is also observed
below the arable horizon, which is connected with potassium transport by soil colloids
and the distribution of mica minerals. Forest soils are characterized by low potassium
content (except for one soil at study plot number 8, which was located in a forest, and this
forest, according to morphological description, was previously an agricultural field). The
distribution of mobile potassium along the soil profile has the following peculiarities. The
highest content is observed in the humus-accumulative horizon; the lowest is in the middle
horizons. The content of mobile potassium in the rock material in forest soil is 1.1–1.5, and
in agricultural soil, it is 3–4 times lower than in the upper soil horizon. It is explained by
biogenic accumulation in forest soils, while in arable soils, among other things, it is the
result of fertilizer application.

The rate of carbon dioxide release from soils and basal respiration is primarily in-
fluenced by two factors: the availability of nutrients and the quantity and physiological
condition of the microbial community. The maximum values of basal respiration are char-
acterized for upper humus horizons, where the greatest number of microorganisms and
plant roots inhabit, for both forest soils (1.6–2.5 μgC-CO2/g per hour) and agricultural soils
(0.45–2.89 μgC-CO2/g per hour).

Soils of industrial functional zones showed heterogeneity and the absence of any trend
in the distribution of the main physical and chemical properties along the soil profile.
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Particle size distribution is determined by rock material features. Studied soils repre-
sent all classes of particle size distribution, from sands to clay (Table 2). It could be noted
a silt removal from the upper part of the soil profile in loamy soils and, on the contrary,
an accumulation of fine particles in the arable layer in sandy soils. Silt is more distributed
eluvial–illuvial with a maximum in the middle part of the middle horizon. An absolute
predominance of fine sand fraction is observed in sandy soils throughout the soil profile.
The arable layer in the agrozems is sandy loam or light loamy.

3.3. The Content of Trace Elements in Soils of Prinevskaya Lowland

Soils of St. Petersburg suburbs widespread at the Prinevskaya lowland have a sig-
nificant anthropogenic impact. Trace metals are an essential part of the lithosphere [76].
As a result of anthropogenic and technogenic activities of industry and agriculture, the
geochemical background of heavy metal content in soils can be changed. Due to the con-
stant input of pollutants into the ecosystem, there is a destabilization of soil functioning,
disturbance and change in its basic physical and chemical processes, and, as a consequence,
further transformation with the formation of areas with high contents of heavy metals.

The heavy metals content in studied soils is given in Table 3, Figure 5. The average
concentrations of trace elements varied, with Cu measuring less than 0.10 mg/kg and
MnO reaching up to 591.76 mg/kg. Among all the metals analyzed, Cu exhibited the
lowest concentration, often falling below the detection limit in most instances. The mean
concentrations of heavy metals were distributed as follows: Sr > Cr > V > Zn > Pb > Ni > Co
> As > Cu. Considering significant coefficients of variation in trace element concentrations,
which ranged from 23.1% for As to 65.9–66.2% for Ni and Mn, further analysis of trace
element concentrations was carried out in the soils of three different sampling sites. The
industrial soils are characterized by the maximum heterogeneity, which is confirmed by
the high coefficients of variation: from 17.08% for Sr to 67.34% for Co. The forest soils, on
the contrary, are characterized by the lowest coefficients of variation.

Table 3. Trace elements content in soils of Prinevskaya lowland, mg/kg.

Trace Element Mean Max Min CV SD

Sr 180.0 242.0 16.0 24.8 44.6
Pb 22.5 57.0 1.0 41.8 9.4
As 7.5 13.0 5.0 23.1 1.7
Zn 47.3 132.0 6.0 59.4 28.1
Cu <0.10 <0.10 <0.10 0.0 0.0
Ni 21.1 72.0 4.0 65.4 13.8
Co 10.0 31.0 0.0 59.9 6.0

Fe2O3, % 3.0 6.9 0.9 48.8 1.4
MnO 591.8 1839.0 115.0 66.2 392.0

Cr 65.3 176.0 32.0 46.8 30.6
V 61.1 133.0 6.0 52.9 32.3

TiO2, % 0.6 1.0 0.2 38.4 0.2

The highest indicators for Sr, As, Co, and Cr are observed among the studied soils.
Manganese content is not included in Figure 5 due to high concentrations that did not fit
on the graph with maximum coefficients of variation in the range. The MnO levels in forest
soils range from 363 to 1839 mg/kg, with one sample exceeding the MPC. In industrial soils,
the content varies from 151 to 1319 mg/kg, while agricultural soils show levels between
115 and 1236 mg/kg.

The distribution of heavy metal content is irregular across soil profiles. In industrial
soils, there is generally a trend of decreasing content with depth or a fluctuation between
high and low concentrations. Conversely, in forest soils, the concentration of trace metals

175



Land 2025, 14, 186

tends to increase with soil depth, likely due to the sorption capacity of clay particles [77]
(the increase in clay particles with depth was noted earlier).

(a) (b) (c)

Figure 5. Variation of trace metals concentrations in studied soils s: (a)—forest soils; (b)—industrial
soils; (c)—agricultural and fallow soils.

The primary factor influencing the concentration of trace elements in soils is their
presence in the soil-forming rock materials. The literature indicates that banded clays have
the highest concentration of trace elements among all soil-forming materials, with a total of
937 mg/kg for ten elements. In contrast, fluvioglacial and lake–glacial sands exhibit the
lowest concentrations, measuring 626.7 mg/kg and 691.7 mg/kg, respectively. Sands have
an increased concentration of strontium in contrast to the low content of other elements.
The banded clays have higher concentrations of Cr, Pb, Mn, Zn, Ni, and Co compared to
the other rock materials examined.

When comparing the rock materials from the study area to those of the northwest
region overall [78], it is evident that clay rocks in this area contain more Ni, while sands
have higher levels of Cr. Conversely, the rock materials in the Prinevskaya lowland exhibit
lower concentrations of Mn, Zn, and Cu than those found across the northwest region as
a whole.

The heavy metals content data were compared with the current standards for the
content of trace elements in soil [46], as well as with geochemical background concentrations
typical for the northwest of Russia, in particular, the Leningrad region (Figures 6 and 7).

The ecological soil state was assessed by calculating the concentration coefficients of
trace elements, or PI (Figure 6). This indicator reflects the accumulation degree of heavy
metals relative to their background content in the environment. Excess concentrations over
the background content were recorded almost for studied elements, especially for Ni, Co,
and Cr. The maximum accumulation was revealed for Ni; its content in all samples exceeds
the background content on average from 2 to 7 times.

In general, the contents of trace elements in the analyzed samples were characterized
as moderately dangerous (Figure 7) (up to 2 MPC) (for Sr, and separately for Pb, Zn, and
Ni) and dangerous (from 2 to 5 MPC) (for As and Co (in case of industrial soils)) levels
of soil contamination. An extremely dangerous level of soil contamination with Cr (over
5 MPC) was detected in all investigated soils with an excess of more than 1000 times.

The most polluted soils are found at the base of the quarry complex. This is primarily
because the bottom of the quarry serves as a collection point for pollutants carried by
rainwater. Elevated levels of these substances may also be linked to the operation of
mining equipment, as transport activities were observed in the quarry complex during the
material sampling.
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Figure 6. Single pollution index (PI) in studied soils according to LULC: blue color—forest soils; red
color—agricultural and fallow soils; green color—industrial soils.

Figure 7. Heavy metal content relative to MPC in studied soils according to LULC: blue color—forest
soils; red color—agricultural and fallow soils; green color—industrial soils.

The content of trace elements in arable soil horizon depends on a complex of factors:
their content in the rock material, processes occurring in the soil, as well as on anthropogenic
impacts. The accumulation of a trace element in the humus horizon relative to its content
in the rock material can be explained by both biogenic accumulation and anthropogenic
pollution from the surface. At the same time, there are data that biogenic accumulation
cannot increase the trace element content more than 1.3–1.5 times in comparison with the
rock material [79,80].

Sources of soil contamination by trace metals are as follows. Firstly, heavy metals
can penetrate into soils from the atmosphere with emissions from industrial enterprises,
transport, and thermal power plants. Secondly, it can be a by-effect of farming intensifica-
tion. Heavy metals could be in the form of admixtures to chemical fertilizers, ameliorants,
and as part of pesticides. Finally, heavy metals can enter the studied soils from solid and
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liquid urban wastes and through transfer from landfills [accidental or systematic (rubbish
as fertilizer)].

Moreover, soil contamination with heavy metals (Pb, Co, Cd, Sr, and Hg) during
fertilizer application has been noted by many researchers [81–83]. High doses of manure
also contribute to the positive balance of Zn, Pb, Cd, Cu, and Fe [84].

To qualitatively assess the level of contamination of the studied soils with trace metals,
the values of several individual and complex indexes were calculated. Its values are
presented in Table 4.

Table 4. Qualitative assessment of contamination in studied soils. No. of study plots indicate number
of soil plots described in Figures 2 and 3 and correspond to Table 2.

LULC
No. of
Study
Plot

Zc Igeo PLI RI

Value
Pollution

Status
Value

Pollution
Status

Value
Pollution

Status
Value

Potential
Ecologi-

cal
Risk

Forest 1 4.49 Permissible 0 Absence 0.99 Absence 36.44 Low

Forest 2 8.41 Permissible 0–1
Unpolluted to

moderately
polluted

1.63 Low 45.64 Low

Agricultural
and fallow 3 8.47 Permissible 0–1

Unpolluted to
moderately

polluted
1.78 Low 56.80 Low

Industrial 4 16.33 Moderately
dangerous 1–2 Moderately

polluted 2.00 Moderate 75.59 Low

Agricultural
and fallow 5 12.40 Permissible 0–1

Unpolluted to
moderately

polluted
1.56 Low 63.21 Low

Industrial 6 20.74 Moderately
dangerous 1–2 Moderately

polluted 2.85 Moderate 90.51 Moderate

Agricultural
and fallow 7 7.47 Permissible 0–1

Unpolluted to
moderately

polluted
1.56 Low 46.53 Low

Agricultural
and fallow 8 3.77 Permissible 0 Absence 0.84 Absence 51.09 Low

Agricultural
and fallow 9 4.93 Permissible 0 Absence 1.40 Low 39.11 Low

Agricultural
and fallow 10 5.09 Permissible 0 Absence 1.43 Low 42.66 Low

In order to assess the sanitary and ecological situation, the total soil pollution index
Zc was calculated. Its values are presented in Table 4. All investigated samples, except
for soil samples from industrial areas (moderately hazardous), are characterized by the
permissible category of total soil pollution by trace elements.

The contamination degree was also determined using a geoaccumulation index Igeo.
The Igeo pollution degree for soils in industrial areas is characterized by rate No. 2 (mod-
erately polluted); for some agricultural soils-rate No. 1 (from unpolluted to moderately
polluted). At the same time, the Igeo pollution degree for forests and some agricultural soils
was characterized by the rate No. 0 (absence of pollution).

Pollution load index PLI index was used to assess the degree of multiple contamination
by toxic elements in studied soils (Table 4). PLI values in soils of three studied LULC ranged
from 0.84 (absence of pollution) to 2.85 (moderate pollution).
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The RI index provides an estimate of the potential ecological risk of pollution in the
studied soils. The RI values ranged from 36.44 to 75.59, indicating a low potential ecological
risk overall, except for one soil sample in the industrial zone, which had an RI index of
90.51, reflecting a moderate potential ecological risk.

Calculations of the PLI index reveal that nearly half of the investigated soils are
experiencing a decline in soil quality. Despite this deterioration, the RI index remains low
for all examined soils, with the exception of the one sample from the industrial area, which
is classified as having a moderate environmental risk.

It can be anticipated that over the next decade, there will be a significant increase
in anthropogenic pressures on the soils of the Prinevskaya lowland, largely due to the
extensive urban area occupied by St. Petersburg. The forest and agricultural zones are the
most susceptible LULC types, as they can actively accumulate priority toxicants of human
origin. Currently, agricultural lands in St. Petersburg are utilized for crop cultivation
and residential purposes, which may have potential implications for the health of the
local population. These soils are likely to gather priority toxicants, polycyclic aromatic
hydrocarbons, and petroleum products, which can persist in the environment for extended
periods due to their low biological activity [85].

4. Conclusions

The Prinevskaya lowland features a complex and varied composition of soil cover com-
ponents that have developed under various lithological, hydrological, and anthropogenic
conditions. The prevailing soil combinations are variations of soddy podzols of different
degrees of podzolization and a series of soddy podbur and agrozems. Automorphic soils
have limited distribution, and their development is connected with human activity. The
variety of soil-forming rock materials in several lowland regions with flat terrain results
in complex combinations and mosaics of soddy podzols, exhibiting varying degrees of
podzolization and the manifestation of alfehumus processes.

The primary factors driving the diversity of soil cover across different lowland areas
differ. In regions dominated by clay, the variation in soil cover is influenced by the
redistribution of water in microrelief features, while in areas with fluvio-glacial sandy
deposits, it is determined by the level of soil moisture. Additionally, the lithological factor
significantly impacts soil structure in regions characterized by a mosaic of soil-forming
rock materials.

In comparison to other similar territories in the North-West, the geochemical char-
acteristics of the Prinevskaya lowland are marked by a deficiency of Mn, Cu, and Zn in
soil-forming rock materials, alongside an accumulation of Sr and Pb in arable horizons.

The geochemical soil characteristics of agricultural areas are primarily influenced
by the underlying rock material from which they originate rather than by the extent
of cultivation.

The analyzed soils show minimal contamination with trace elements, as confirmed
by various individual and complex soil ecotoxicological indicators. Overall, the potential
ecological risk across all areas is considered low, suggesting that the soils are in a good
toxicological soil state and are currently suitable for agricultural use. An assessment of
pollution status indexes (PI, PLI, RI) indicated that the quarry complex poses the highest
level of threat. As anthropogenic impacts on the urban environment grow, industrial and
agricultural zones are likely to become the most vulnerable areas of the city, primarily due
to the low resilience of these soils to external influences.

According to our view, urban development planning in St. Petersburg should prioritize
the principles of maximizing biodiversity conservation and protecting soil resources.
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Abstract: Urban gardening plays diverse social, cultural and economic roles; its further
development appears to be worthwhile, provided that soil contamination does not com-
promise ecosystem services. This study was conducted at a complex of urban gardens
in Wroclaw (Poland) where topsoil screening indicated significant spatial differentiation
of trace elements content, presumably related to the history of the site. Urbic Technosols
cover the reclaimed section of the gardens, where industrial and urban waste materials,
such as ash, slag, construction and demolition, and household waste, were used to fill
former clay and sand mines. Although the topsoil layers, comprised of transported external
soil, exhibited beneficial physicochemical properties and high fertility, they were seriously
contaminated with trace elements (up to 1700, 920, 740, 5.1, 7.4, and 5.1 mg kg−1 zinc,
lead, copper, cadmium, mercury, and arsenic, respectively). The trace elements were likely
transferred from technogenic materials used for mine infilling, which now underlie the
thin humus layers of the garden soils. The results suggest that the quality of soils in urban
gardens located at reclaimed post-mining sites, while seemingly beneficial for horticulture
based on physicochemical soil properties and fertility indices, can be seriously and per-
manently compromised by soil contamination from inappropriate materials used for site
reclamation, thereby affecting soil quality and posing potential health and ecological risks.

Keywords: soil contamination; trace elements; soil health; garden soils; Technosols;
reclaimed lands

1. Introduction

Although gardening has long existed in various forms in urban areas, it has recently
received special attention in many countries [1,2]. Urban gardens, along with urban parks
and forests, contribute to the urban systems of green areas, which influence the microclimate
and mitigate various effects [3]; affect the water cycle by disrupting surface sealing [4];
sequester carbon dioxide and improve air quality [5]; and improve the biodiversity of urban
ecosystems [6]. Community or allotment gardens provide an alternative to public parks
for family recreation, cultivation-oriented physical activity, and local community-building
interactions [7–9]. The most commonly noted function of gardens is the cultivation of fruits
and vegetables, considered as local, safe, and healthy products [10,11].

However, numerous studies have reported on the contamination of soils and veg-
etables in urban gardens, particularly those located in large cities and urban–industrial
agglomerations [12–17]. Xenobiotics in garden soils pose a general environmental risk [18],
including direct and indirect risks to human health [19,20]. Urban traffic and transport,
along with local or regional industrial emissions, are among the most frequently identified
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sources of trace metal contamination of urban soils [21,22]. Kabala et al. [23] reported on
the relationship between soil pH and heavy metal content in garden soils and the long-term
application of contaminated lime (of industrial/smelting origin), identified as the source
of soil pollution. Some types of household or industrial waste, including composts and
sludges, although considered beneficial and cheap fertilizers, even if aligned with the
principles of the circular economy, can deliver excessive amounts of trace elements and
other xenobiotics [24,25]. Furthermore, urban garden soils can contain an admixture of
construction and demolition debris, particularly if the city experienced war damage [26–28].
Although crushed bricks and concrete can increase the availability of water for plants and
improve the physicochemical properties of sandy soils [29], other construction materials or
additions, such as paints, painted wood (including joinery), glazed pottery, crystals, stained
glass, and metal products, can release Cd, Cu, Zn, Hg, Ni, and other toxic substances into
the soil [30,31].

Most urban gardens are located on ‘natural’ soils, which often contain admixtures
of anthropogenic materials [30,32,33]. However, little is known about gardens located
on artificially constructed soils at reclaimed post-mining sites such as former sand and
clay pits [32,34]. Many cities in Europe and around the world consumed large volumes
of construction materials excavated locally. Such rapid growth in the nineteenth century
contributed to the creation of numerous suburban sand and clay pits, the latter often
accompanied by brickyards. As cities continued to grow, they absorbed previous suburbs,
increasing the need to reclaim depleted and abandoned mines [35]. Depending on the type
of mine, topography, hydrological conditions, and local needs, the pits were converted into
water bodies or, after being filled with construction and other urban debris, transformed
into parks, sports fields, or residential areas [36,37]. Some reclaimed sites were converted
into urban gardens, as the demand for gardens in urban spaces could not be met with
‘natural soils’, already consumed by residential or industrial projects [13,35].

Urban gardens in Wroclaw, Poland were first established in the mid-19th century
and were rented to poor people and factory workers [38,39]. Since the beginning of the
20th century, many school gardens and the so-called Schreber gardens (education plus
health promotion) have been established, with these gardens becoming an important source
of food for urban populations during the First World War (1914–1918) [38]. During the
economic crisis of the 1920s and 1930s, urban gardens served not only for food production,
but even as provisional homes for unemployed and homeless people [39]. Many of the
gardens established in Wroclaw (then called Breslau) in the 1920s–1930s now exist as
‘allotment gardens’, with many of them situated in reclaimed sand and clay pits (Figure 1).

Although many other cities in Poland and Germany share a similar scenario, little
is known about the properties of constructed garden soils at reclaimed sites or about the
impact of the materials used for reclamation on soil quality. The objective of this study
was to analyze the physicochemical properties of constructed technogenic soils, including
the content of selected trace elements, as a possible source of risk to human health, in
a complex of allotment urban gardens situated in a reclaimed post-mining area in Wroclaw.
Understanding the scale of contamination and its sources is essential for sustainable urban
gardening on reclaimed lands.
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Figure 1. Location of the study site in Poland (A); study site in Wroclaw city (B); (C) historical map
(1886 [40]) of the north-east forelands with marked sand and clay pits (pink areas). Present-day urban
(allotment) gardens are bordered with blue dashed lines; and (D) the urban garden complex under
study with marked reclaimed sand/clay pits (pink areas), topsoil (0–25 cm) sampling sites (small
white dots, numbers 1–40), and soil profiles (large white dots, numbers P1–P3).

186



Land 2025, 14, 1613

2. Materials and Methods

2.1. Study Area

The study was conducted at the ‘Wytchnienie’ (‘Relaxation’) complex of allotment
gardens, located in the north-east of Wroclaw, south-west Poland (Figure 1), where urban
gardens (allotments) occur throughout the city and are particularly popular among retired
people and families with small children [39].

Typical natural soils in the floodplains of the Odra River and its tributaries are Brunic
Fluvisols and Fluvic Cambisols developed from stratified loamy and sandy alluvial sedi-
ments [41]. Beyond the Odra Valley, Luvisols and Brunic Arenosols developed from glacial
tills dominate in the northern part of the city, while Phaeozems and Chernozems developed
from thin loess covers on glacial sediments dominate in the southern part of the city [23,41].
The northern outskirts of the city have been extensively exploited for the mining of sand
and clay/loam, and for brick processing, as illustrated on the 1886 map [40] (Figure 1C).
Many other small sand and loam excavation sites are believed to have existed in the 19th
century; however, these were not mapped due to their early reclamation [39]. Some of these
sites have been converted into urban gardens, particularly in the north-east of Wroclaw
(Figure 1C). The area of the current ‘Wytchnienie’ complex was reclaimed in the 1920s [42];
in the 1930s, it was converted into urban gardens [39].

2.2. Field and Laboratory Methods

The original project involved only topsoil (0–25 cm) sampling at 40 plots of the
garden complex (Figure 1D) before the planned sampling of vegetable and fruit. However,
an initial analysis of the concentration of five trace elements expressed a large difference in
soil contamination between the northern and southern sections of the gardens, which could
not be explained by the impact of flooding (the entire area experienced a ‘millennial flood’
in 1997 [43]) or by different management practices [23]. It was assumed that the higher soil
contamination in the southern section was related to the reclamation of clay mines that
existed in this area at the end of the nineteenth century and the beginning of the twentieth
century. Therefore, three soil pits (P1–P3) were excavated and sampled in the southern part
of the complex (Figure 1D). The extent of the clay mines (a pink polygon in Figure 1D) was
approximated based on the historical topographical map [40].

Soil profiles were characterized (Figure 2) and classified according to the international
soil classification system, the World Reference Base for Soil Resources (WRB) [44]. All
collected soil samples were air-dried, crushed, and sieved (mesh: 2 mm). The particle size
distribution was determined using a hydrometer and sieving methods, after organic matter
removal, where necessary, and sample dispersion with Na-hexametaphosphate. Soil tex-
ture classes were distinguished according to the WRB system [44]. The soil pH in distilled
water (1:2.5 suspension, v/v) and the electrical conductivity (EC) in a saturated paste were
analyzed potentiometrically [45]. Soil organic carbon (SOC) and total nitrogen (Nt) were
determined by high-temperature catalytic combustion (Vario MACROcube, Elementar
Analysensysteme GmbH, Langenselbold, Germany) after carbonate removal. Calcium
carbonate, expressed as CaCO3 equivalent, was analyzed by volumetric methods using
10% HCl. The exchangeable base cations (Caex, Mgex, Kex, and Naex) and cation exchange
capacity (CEC) were extracted using 1 M ammonium acetate buffered at pH = 7 [45]. Ele-
ment concentrations in the extracts, including Na as an indicator of CEC, were determined
by microwave plasma atomic emission spectroscopy (MP-AES 4200, Agilent Technologies,
Santa Clara, CA, USA).
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Figure 2. Technogenic soil profiles P1, P2, P3 (A–C) situated in the reclaimed part of the allotment
gardens; and (D) artefacts from the horizons 2BCu and 5ACu of the profile P1.
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The plant-available forms of Pav, Kav, and Mgav were extracted following the Mehlich-
3 procedure [46] and determined by inductively coupled plasma spectrometry (ICP-OES,
Thermo Scientific iCAP 7400, Waltham, MA, USA). Total concentrations of Zn, Cu, Pb, Cd,
and Hg in topsoil samples from the reclaimed and unreclaimed sections of the gardens,
as well as samples collected from soil profiles P1–P3, were determined by ICP-OES after
sample digestion with aqua regia (ISO standard 54321:2020) [47]. Furthermore, total
concentrations of Fe, Mn, Cr, Ni, and As were measured in dry, finely ground samples from
soil profiles using portable X-ray fluorescence (pXRF; EDX Explorer 7000). The certified
reference materials ISE 836, ISE 838, ISE 851, ISE 853, ISE 856, ISE 869, RTH 912, and
RTH 953 (WEPAL, Wageningen, the Netherlands) were used for the validation of the
ICP-OES analysis after aqua regia digestion and for the calibration and validation of the
pXRF technique.

The geo-accumulation index (Igeo) was calculated for a comprehensive evaluation of
soil pollution [48], following the formula: Igeo = log2(Ci/1.5*GB), where: Ci is a concentra-
tion of an individual element, and GB is the geochemical background value.

Median concentrations of trace elements in the plough layers, based on a long-term
monitoring of arable soils in Poland (Table 1 [49]), were adopted as an ambient geochemical
background (GB) for the Igeo calculations.

Table 1. Total concentrations of Zn, Pb, Cu, Cd, and Hg in the topsoil layers of arable soils in Poland
as an ambient geochemical background and the legal thresholds (permissible levels) of trace elements
in arable soils in Poland.

Area
Total Concentration, mg kg−1

Zn Pb Cu As Cd Hg Cr Ni Mn

Geochemical background
for arable soils in Poland [49] 32.0 11.8 6.2 2.7 0.15 0.02 10.2 6.4 325

Legal permissible levels
in medium-textured soils in Poland [50] 500 250 150 20 3 4 300 150 -

The legal concentration thresholds, the so-called ‘permissible levels’ of trace el-
ements in the medium-textured arable soils of Poland [50], are given in Table 1 for
further interpretation.

2.3. Statistical Analysis

Basic statistical calculations, including mean, median, and standard deviations were
performed using the Statistica 13 software package (TIBCO Statistica, Santa Clara, CA,
USA). The statistical significance of the differences between the mean values was verified
using post hoc Tukey’s test.

3. Results

3.1. Trace Element Concentrations in the Topsoil Layer

The concentrations of trace elements in the topsoil layer (0–25 cm) of the allotment
gardens varied widely (Table S1—Supplementary Materials). However, even the lowest
concentrations of Zn, Pb, Cu, Cd, and Hg—measured as 186, 47.6, 26.7, 0.78 and 1.11 mg
kg−1, respectively (Table 2)—were 4 to 5 times higher than their median values in arable
soils of Poland (Table 1). Minimum, maximum, and mean concentrations of these elements
were noticeably higher in the sites located in the reclaimed southern section (formerly
clay pit) than in the unreclaimed northern section of the complex (Table 2). The 2.5–4-fold
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differences, statistically significant (at p < 0.05) for each element, were reported between
the reclaimed and unreclaimed garden sections.

Table 2. Total concentrations (aqua-regia extractable) of Zn, Pb, Cu, Cd, and Hg and geo-accumulation
index for the topsoil layers (0–25 cm) in the unreclaimed and reclaimed sections of the allotment
gardens complex. Detailed results are presented in Table S1 (Supplementary Materials).

Site History Parameter

Total Concentration Igeo

Zn Pb Cu Cd Hg
Zn Pb Cu Cd Hg

mg kg−1

unreclaimed
area

n = 20

minimum 186 47.4 26.7 0.78 1.11 2.0 1.4 1.5 1.8 5.2
maximum 764 245 145 2.38 1.66 4.0 3.8 4.0 3.4 5.6

mean 378 a 109 a 64.6 a 1.34 a 1.35 a 2.8 a 2.3 a 2.4 a 2.5 a 5.4 a
SD 180 73.2 42.4 0.53 0.25 0.6 0.8 0.8 0.5 0.2

reclaimed
mine
n = 20

minimum 386 73.8 42.3 1.48 1.61 3.2 2.6 3.0 2.3 5.7
maximum 2340 922 736 5.13 5.06 5.6 5.7 6.3 4.5 7.4

mean 1120 b 474 b 276 b 3.28 b 3.30 b 4.5 b 4.6 b 4.7 b 3.8 b 6.5 b
SD 420 209 145 0.89 1.53 0.5 0.7 0.7 0.5 0.7

Explanation: Igeo—geo-accumulation index; SD—standard deviation; a, b—indication of statistical difference
between mean values for unreclaimed and reclaimed sites, checked by Tukey’s post hoc test at p < 0.05.

Significantly (at p < 0.05) higher mean geoaccumulation indexes (Igeo) for all trace
elements (Table 2) confirmed greater contamination in reclaimed sections than in the
unreclaimed sections and allowed for a relative assessment of the pollution level. If Igeo
values in an unreclaimed part indicated ‘moderate to high soil pollution’, the values
for the reclaimed part indicated ‘high to extremely high soil pollution’ [48]. However,
an assessment based solely on Hg suggested ‘high pollution’ and ‘extremely high pollution’,
in the unreclaimed and reclaimed sections, respectively.

3.2. Morphological Characterization of Soil Profiles on Reclaimed Clay Pit

All three soil profiles, situated in the marginal part of the former clay pit, were artifi-
cially constructed above the stratified alluvial sediments (horizons 4Cl) starting at a depth
of 80–150 cm (Figure 2). As evidenced by the recently introduced symbol ‘τ’ (tau) for
transported materials [44], the topsoil layers constructed during the pit reclamation consist
of local translocated materials, free of technogenic artefacts. The underlying layers consist
of, or are affected by, the waste materials used to fill the pit and shape the land surface.
These technogenic materials consist of ash, slag, charred wood, and coarse fragments of
bricks, concrete, stones, pottery, ceramic tiles, glass, metals (rods, cables, tools), roofing felt,
animal bones, fabrics (Figure 2D) and other unidentified substances, mixed with quarzitic
sand. The addition of artefacts is reflected by the symbol ‘u’ [44] in the horizon designations
(Figure 2A). Infilling materials of variable origins were deposited in subsequent layers,
as reflected in their current stratification. The layers containing larger admixtures of ash
are partly cemented, while the strata consisting mainly of construction debris mixed with
household waste are loose.

The topsoil horizons are 21–40 cm thick, black or very dark brown (Munsell colours
10YR 2/1-3, moist), rich in humified organic matter (SOC content of 5–11%, Table 3) and
biologically active, as evidenced by numerous plant roots, earthworm channels/casts, and
a well-developed, fine-to-medium granular structure. The transitional ABu horizons are
still rich in humus but also rich in artefacts. The colors of the ABu and BCu horizons are
grey-brown or strong brown due to the weathering of the artefacts and the release of iron
oxides [27,28]. The structure of these subsoil horizons is blocky subangular; however, the
abundance, size, and durability of structural aggregates is affected by the content and
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kind of artefacts, and is, thus, it can be poorly developed in case of predominance of
coarse fragments.

Table 3. Particle size distribution and selected physicochemical properties of soils in the reclaimed
part the allotment gardens.

Soil
Profile

Soil
Horizon

Depth
Sand

2–0.05 mm
Silt

0.05–0.002
Clay

<0.002 Texture
Class

CaCO3
pH

EC SOC Nt

cm % % dS m−1 %

P1

Apτ1 0–25 73 25 2 LS 3.6 7.4 1.1 5.9 0.368
Apτ2 25–40 81 17 2 LS 3.2 7.6 1.4 5.0 0.281
ABu 40–50 88 11 1 LS 2.4 7.9 1.8 4.6 0.279
2BCu 50–65 80 19 1 LS 5.8 7.8 2.9 7.8 0.428
3BCτ 65–90 84 10 6 LS 0 7.9 1.9 1.5 0.118
4Cl 90–150 98 1 1 S 0 8.0 2.1 0.2 0.014

5ACu 60–110 77 22 1 LS 7.5 7.8 2.6 11.6 0.393

P2

Apτ 0–21 73 26 1 LS 4.1 7.7 0.9 11.5 0.336
BCu 21–47 81 18 1 LS 9.5 7.9 1.3 11.0 0.329
2BCu 47–55 55 30 15 SL 0.7 8.0 1.1 5.5 0.256
3BCτg 55–70 36 41 23 L 0 7.9 1.2 2.1 0.171

4Cl 70–120 98 1 1 S 0 7.9 1.4 0.3 0.024

P3

Apτ1 0–20 70 29 1 SL 5.0 7.4 0.5 9.9 0.484
Apτ2 20–27 67 32 1 SL 4.9 7.5 1.0 9.7 0.436
ABu 27–35 76 23 1 LS 7.1 7.8 1.5 7.7 0.318
2BCu 35–60 75 24 1 LS 9.2 7.8 2.3 9.3 0.302
3ABu 60–100 74 24 2 LS 9.5 8.1 2.7 9.8 0.312

Explanation: EC—electrical conductivity, SOC—soil organic carbon, Nt—total nitrogen; soil texture classes
according to WRB classification [44]: S—sand, LS—loamy sand, SL—sandy loam.

3.3. Physicochemical Soil Properties in the Profiles P1–P3

The texture of the technogenic soils varied between loamy sand and sandy loam, with
a very low clay content (Table 3). A coarser texture (sand class) was found only in the
natural alluvial bedrock (horizons 4Cl), while fine-textured loam was only identified as
the horizon 3BC in the P2 profile and most probably represents the loam residues of loam
exploited in the former clay mine.

All horizons of the constructed soils, excluding the natural bedrock layers, were rich
in organic matter (4.6–11.5% SOC) and nitrogen (0.25–0.48% N). In soils relatively poor in
artefacts, the SOC and N contents were highest in the topsoil Ap horizons and decreased
with depth. In soils rich in artefacts, particularly charred wood particles (such as the 5ACu
layer in the P1 profile), the SOC content was even higher than in the topsoil horizons
(Table 3). The high Nt content in these layers suggests the impact of household debris.

Although noticeably higher than in the arable soils of Poland [49], EC did not reach
thresholds for natural or human-affected saline soils [44]. EC increased from 0.5–1.4 dS
m−1 in the topsoil layers to 2.7–2.9 dS m−1 in the subsoil layers rich in artefacts (Table 3).
The bedrock layers in the P1 and P2 profiles were characterized by elevated CE values of
1.4 to 2.1 dS m−1, probably affected by the overlying anthropogenic materials.

Calcium carbonate was present in the fine-earth fractions of all topsoil layers and in
all layers containing artefacts. The highest CaCO3 contents, up to 9.5%, occurred in layers
containing ash and slag. The presence of carbonates and other alkaline waste affected
the soil pH, which was slightly alkaline (7.4–8.1) throughout the profiles, including the
carbonate-free bottom layers (Table 3). The sum of base cations (BC) reached very high
values, of up to 63 cmolc kg−1 (Table 4), clearly affected by calcium carbonate and other
substances dissolved in buffered ammonium acetate. Therefore, BC values should be
analyzed with caution, as they reflect ‘extractable’ rather than purely ‘exchangeable’ forms
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of Ca, Mg, K, and Na. However, the high CEC values, of up to 45.4 cmolc kg−1 (Table 4),
suggest the high sorption capacity of the constructed soils, likely due to their high organic
matter content and porous mineral particles in the silt fraction [30,33]. The lowest BC and
CEC values, while still indicating high base saturation, were found in the alluvial sandy
bedrock layers (Table 4).

Table 4. Cation exchange capacity and plant-available macronutrients in soils of the reclaimed part
of the allotment gardens. n.d.—not determined.

Soil
Profile

Soil
Horizon

Depth
Exchangeable Cations

BC CEC BS
Plant-Available Nutrients

Caex Mgex Kex Naex Pav Kav Mgav

cm cmolc kg−1 % mg kg−1

P1

Apτ1 0–25 20.7 1.35 0.36 0.07 22.4 21.0 100 318 242 416
Apτ2 25–40 21.2 1.41 0.29 0.09 23.0 13.2 100 145 170 222
ABu 40–50 17.8 1.29 0.21 0.12 19.4 11.7 100 50 111 159
2BCu 50–65 27.6 2.29 0.35 0.23 30.5 11.5 100 n.d. n.d. n.d.
3BCτ 65–90 14.1 0.84 0.13 0.10 15.10 7.80 100 n.d. n.d. n.d.
4Cl 90–150 1.60 0.17 0.10 0.10 2.00 2.13 95 n.d. n.d. n.d.

5ACu 60–110 42.3 4.61 1.03 0.38 48.3 29.1 100 n.d. n.d. n.d.

P2

Apτ 0–21 39.2 3.42 0.27 0.19 43.1 26.2 100 175 162 523
BCu 21–47 44.7 4.58 0.20 0.31 49.8 25.0 100 19 178 1030

2BCu 47–55 22.2 6.29 0.49 0.21 29.2 28.4 100 18 217 880
3BCτg 55–70 10.0 5.89 0.47 0.18 16.5 16.6 99 n.d. n.d. n.d.

4Cl 70–120 1.60 0.28 0.10 0.10 2.10 2.55 85 n.d. n.d. n.d.

P3

Apτ1 0–20 33.9 3.02 0.66 0.14 37.7 36.8 100 396 266 612
Apτ2 20–27 34.1 2.89 0.53 0.15 37.6 36.2 100 373 249 542
ABu 27–35 50.7 3.63 0.66 0.32 55.3 33.1 100 48 260 569
2BCu 35–60 55.9 5.95 0.71 0.53 63.1 45.4 100 n.d. n.d. n.d.
3ABu 60–100 52.9 6.31 0.98 0.53 60.8 30.8 100 n.d. n.d. n.d.

Explanation: Caex, Mgex, Kex, and Naex—exchangeable Ca, Mg, K and Na, BC—sum of exchangeable base cations,
CEC—cation exchange capacity, BS—base saturation.

Taking into account the thresholds for arable soils in Poland [46], the topsoil layers
in the constructed soils were very rich in plant-available phosphorus, magnesium and
potassium, with concentrations reaching 396, 612 and 266 mg kg−1, respectively (Table 4).

3.4. Trace Element Concentrations in the Profiles of Constructed Soils

Total concentrations (aqua regia-extractable) of Zn, Pb, Cu, and Cd in the natural allu-
vial 4Cl horizons did not exceed 50, 19, 16 and 0.4 mg kg−1, respectively (Table 5). In con-
trast, the topsoil layers contained 1000–1700, 300–500, 200–360, 2.5–3.9 and 1.2–3.1 mg kg−1

of Zn, Pb, Cu, Cd, and Hg, respectively. The concentrations of elements in the subsoil layers
rich in ash and slag were at a similar level or higher than in the topsoil layers, reaching, as
follows: 1500–2000 mg kg−1 Zn; over 500 mg kg−1 of Pb and Cu; and over 4 mg kg−1 of
Cd. The highest concentrations of elements were found in the layers containing mixtures of
ash, construction debris and household waste with up to 3500 mg kg−1 Zn; 1500 mg kg−1

Pb; 690 mg kg−1 Cu; 8 mg kg−1 Cd; and 4.7 mg kg−1 Hg (Table 5).
Furthermore, the total concentrations of Fe, Mn, Cr, Ni, and As, measured by pXRF

(Table 5) were several times higher in layers containing artefacts than in the natural alluvial
bedrock (horizons 4Cl). The Cr, Ni, and As concentrations in topsoil layers varied in the
ranges of 60–90, 50–90, and 50–120 mg kg−1, respectively. Although these values were
lower than those in the technogenic subsoil layers, they were markedly higher than the
median values for arable soils in Poland (Table 1).

The classification of soil pollution levels based on the geo-accumulation index (Igeo)
(Table 6) indicated ‘high to extremely high pollution’ of the topsoil horizons, and ‘extremely
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high pollution’ for the subsoil horizons containing anthropogenic artefacts, due to Hg, Zn,
Pb, Cu, and As (Igeo of 4–5 and ≥5, respectively). The assessment indicated ‘moderate to
high pollution’ based on Igeo for Cr and Ni (Igeo of 2–4) and ‘no pollution’ based on Mn
(Igeo of 0–2).

Table 5. Total concentrations of trace elements and iron in soil profiles of the reclaimed part of
allotment gardens. n.d.—not determined.

Soil
Profile

Soil
Horizon

Depth
Total Concentration (Aqua Regia-Extractable)

Total Concentration (XRF
Technique)

Zn Cu Pb Cd Hg Mn Crxrf Nixrf Asxrf Fexrf

cm mg kg−1 %

P1

Apτ1 0–25 1080 207 311 2.50 1.20 486 60 50 61 1.94
Apτ2 25–40 1240 203 300 2.46 n.d. 459 73 52 54 2.11
ABu 40–50 1530 341 535 3.55 n.d. 510 76 57 50 2.23
2BCu 50–65 2460 541 1070 5.46 n.d. 1090 246 120 196 4.80
3BCτ 65–90 295 62 115 1.46 1.61 394 46 15 23 1.66
4Cl 90–150 18 6 5 0.25 n.d. 94 37 11 3 0.52

5ACu 60–110 3580 689 1520 8.25 4.67 1050 125 83 189 4.87

P2

Apτ 0–21 1410 336 485 3.60 3.13 946 85 66 107 3.66
BCu 21–47 1660 627 671 4.07 5.05 1270 146 143 153 5.2

2BCu 47–55 380 116 129 2.10 n.d. 916 91 60 41 3.07
3BCτg 55–70 103 33 92 1.32 n.d. 475 74 24 28 2.82

4Cl 70–120 50 16 19 0.37 n.d. 137 39 9 3 0.57

P3

Apτ1 0–20 1640 335 506 3.81 1.66 913 93 96 108 3.30
Apτ2 20–27 1700 363 499 3.89 2.06 917 96 90 120 3.38
ABu 27–35 2000 545 1220 4.39 n.d. 1170 121 128 292 4.81
2BCu 35–60 1700 386 673 4.87 n.d. 1810 216 447 199 6.92
3ABu 60–100 1560 408 649 4.98 n.d. 1470 137 178 145 5.45

Table 6. Mean geo-accumulation index (Igeo) for trace elements in the topsoil and subsoils layers of
soil profiles in the reclaimed part of the allotment gardens.

Soil Horizons Zn Cu Pb Cd Hg Mn Cr Ni As

topsoil Ap horizons 4.9 4.9 4.5 3.8 6.0 0.5 2.4 2.8 4.4
subsoil with artefacts 5.3 5.7 5.5 4.5 7.3 1.2 3.1 3.7 5.0

4. Discussion

4.1. Classification of the Constructed Soils in Urban Gardens

The complete soil name in the WRB classification reflects the soil origin, its present
functions and its health, as it is constructed based on soil morphology, physicochemical
properties and contamination [44]. The WRB classification distinguishes two taxa at the
highest classification level: Anthrosols for human-affected soils and Technosols for human-
created soils. The name of the reference soil group is accompanied by principal and
supplementary qualifiers that allow for a precise identification of their unique properties.

The soils studied have a well-developed structural, dark, rich in humus and nutrient
Ap horizons, which meet the requirements for diagnostic hortic horizons. However, these
hortic horizons are less than 50 cm thick, which is the minimum for Anthrosols [33,44].
The soils in profiles P1–P3 contained mineral waste materials, such as coal-ignition debris,
construction and demolition debris, and household waste, which were used to fill the
former clay pit. The content of these materials (artefacts) exceeded the required 20%
(by volume) averaged over the upper 100 cm of soil profiles P1 and P3, or formed a
layer ≥10 cm thick starting within 50 cm of the soil surface, with ≥80% artefacts (profile
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P2). This allowed for the soils to be classified as Technosols [44]. The complete soil
classification included the following qualifiers:

• Profile P1 (left side, Figure 2A): Urbic Technosol (Arenic, Calcaric, Hortic, Humic,
Pyric, Endoskeletic, Transportic);

• Profile P1 (right side, Figure 2A): Urbic Technosol (Arenic, Calcaric, Hortic, Humic,
Mahic, Endoraptic, Transportic);

• Profile P3: Urbic Technosol (Arenic, Calcaric, Hortic, Humic, Pyric, Skeletic, Transportic).

The principal qualifier Urbic reflects the prevalence of mineral artefacts of urban origin.
Therefore, the garden soils represent the Urbic Technosols, the taxon commonly reported
from urbanized areas in Europe [26,27,30,32,34]. Among the alphabetically listed supple-
mentary qualifiers, Arenic indicates the prevailing sandy texture; Calcaric, the presence
of calcium carbonate; Humic, the high SOC content (≥1%) to a depth of 50 cm; Pyric, the
high (≥5%) black carbon (charcoal) content in a layer ≥ 10 cm thick; Skeletic, the high
content (≥40%) of coarse fragments. The important qualifier Hortic reflects the presence
of a dark, base-saturated (≥50%), biologically active topsoil layer rich in humus (≥1%)
and plant-available phosphorus (≥120 mg kg−1) [30,33]. The Transportic qualifier refers
to the external origin of the subsoil and topsoil layers that are not enriched with artefacts.
Additionally, Endoraptic refers to the lithological discontinuity observed in profiles P1 and
P2, where technogenic and transported materials overlie natural alluvial sediments.

Despite the high content of trace elements, the Toxic qualifier [32,44] was omitted from
the soil names due to the high biological activity observed in the topsoil layers and the lack
of evidence of toxic impacts on vegetation.

4.2. Quality of Reclaimed Garden Soils in Terms of Their Physicochemical Properties and Fertility

Although the soils in the reclaimed part of the gardens are characterized by predomi-
nantly loamy sandy and sandy loamy textures (Table 3), the high organic matter content
and the well-developed granular structure in the thick A horizons may compensate for the
low clay content, support water retention, and improve water availability to plants [51].
The presence of calcium carbonate, accompanied by a slightly alkaline pH, ensures a high
calcium ion concentration and effective cation exchange and also stabilizes organic matter
and soil structure [52]. Both the relatively high pH and the humus content can reduce the
solubility and availability of toxic elements for plants and soil fauna [53]. Furthermore,
high or very high concentrations of plant-available P, K, and Mg indicate high fertility and
the overall high quality of reclaimed garden soils in terms of their suitability for fruit and
vegetable production [54]. This high horticultural quality is similar to that reported for
other garden soils in Wroclaw and elsewhere [23,27], regardless of the initial status of soils
and terrains converted into gardens [32,33].

4.3. Quality of Reclaimed Garden Soils in Terms of Contamination with Trace Elements

The total concentrations of trace elements in the unreclaimed part of the garden
complex under study were similar to the mean concentrations recorded in the gardens
of Wroclaw [23]. On the contrary, the concentrations in the reclaimed part were signifi-
cantly higher—up to four times higher for copper and lead—than the mean values for
Wroclaw [23]. Furthermore, the element concentrations in the reclaimed section were no-
ticeably higher than those reported for most gardens in both smaller towns [12,16,24,55–58]
and large urban agglomerations [13,59–61], and were comparable to the concentrations in
highly contaminated garden and arable soils in industrial regions of Australia, northern
Germany, and southern Poland [15,62,63]. The potential risk was also confirmed by the
geo-accumulation index (Igeo), which indicated the ‘high to extreme’ pollution level, rarely
reported in urban gardens in Poland [16,48].
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The mean concentrations of Zn, Pb, Cu, Hg, and As in the reclaimed garden soils
studied exceeded the legal threshold limits (‘permissible levels’) for medium-textured culti-
vated soils in Poland by 2–6 times [50]. According to formal interpretations, concentrations
exceeding these limits are considered to pose a potential risk to human health and require
respective action [50,64]. In this case, a detailed risk assessment, followed by a respective
soil remediation or a change in land use, is required to minimize the impact on human
health [64].

4.4. Maintaining Urban Gardening in Reclaimed Mining Sites

Waste materials rich in trace elements—such as ash, slag, construction and demolition
debris, and household waste—used for pit infilling and reclamation, then covered with
only a thin layer of non-contaminated soil, pose a potential but persistent risk of topsoil
contamination. This risk arises from the continuous transfer of elements from the sub-
soil, driven by: (a) mechanical mixing during earthworks or construction in the gardens;
(b) zooturbation—deep soil mixing by earthworms, moles and other burrowing animals;
and (c) bioaccumulation—the extraction of elements by roots, followed by their transfer to
above-ground plant parts and their eventual return to the topsoil via leaf litter, post-harvest
remains or garden-made compost [65].

The continuous transfer of contaminants from the shallow subsoil can render ineffec-
tive the remediation techniques intended to remove metals from the topsoil layer [17,24,26].
Decreasing the mobility and plant-availability of metals by liming and organic fertilization
is considered one of the simplest methods to reduce the risk of metal transfer from con-
taminated soil to cultivated plants [12,21]. However, these practices may also reduce the
availability of macronutrients, particularly phosphorus [46,53].

Covering the present surface with an additional layer of uncontaminated soil to
a thickness of at least 30–50 cm to create a new rooting layer can be considered an alternative
method of reducing metal transfer from the subsoil to the rooting zone [32]. However,
raising the surface level involves reconstruction of the entire garden infrastructure (roads,
fencing, buildings, etc.) and can threaten existing trees. Applying this remediation method
would effectively mean re-establishing the gardens. This approach appears to be generally
unrealistic owing to its financial and social costs [32].

Thus, the present study highlights the urgent need for assessing the quality of fruits
and vegetables and the risk to human health in reclaimed gardens created on urban post-
mining sites. Confirmation of this risk may justify revising the functions (services) of urban
gardens and limiting fruit and vegetable production in favor of recreation in many urban
gardens on reclaimed sites in Poland and Central Europe.

5. Conclusions

Intentionally constructed anthropogenic soils, Urbic Technosols, predominate in
a reclaimed section of urban gardens in north-eastern Wroclaw, where industrial and urban
waste materials, such as ash, slag, construction and demolition debris, and household
waste, were used to fill former clay and sand pits (open-cast mines). Although the topsoil
layers, formed from transported soil, were characterized by beneficial physicochemical
properties and a high abundance of humus and plant-available macronutrients, soils were
found to be severely contaminated with zinc, lead, copper, arsenic, and mercury, along
with elevated concentrations of other metals (including cadmium, nickel and chromium),
transferred from the technogenic materials used for mine infilling. These materials form the
subsoil layers directly beneath the humus-rich topsoil. The concentrations of trace elements
were found to exceed legally permissible levels and pose a potential risk to human health,
questioning the main function of the gardens. The results highlight the urgent need for a
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risk assessment of similarly reclaimed urban gardens in Poland and elsewhere, followed
by soil remediation or changes in garden services in the case of a confirmed health or
ecological risk.
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www.mdpi.com/article/10.3390/land14081613/s1, Table S1: Pseudo-total concentrations of Zn, Pb,
Cu, Cd and Hg and the geoaccumulation index (Igeo) for a topsoil layer (0–25 cm) of the allotment
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stwa i Ochrony Środowiska) is acknowledged for extensive field and laboratory assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Delshad, A.B. Community gardens: An investment in social cohesion, public health, economic sustainability, and the urban
environment. Urban For. Urban Green. 2022, 70, 127549. [CrossRef]

2. Kwartnik-Pruc, A.; Droj, G. The role of allotments and community gardens and the challenges facing their development in urban
environments—A literature review. Land 2023, 12, 325. [CrossRef]

3. Silveira, C.; Dias, A.T.C.; Amaral, F.G.; de Gois, G.; Pistón, N. The importance of private gardens and their spatial composition
and configuration to urban heat island mitigation. Sustain. Cities Soc. 2024, 112, 105589. [CrossRef]

4. Setiawan, W.; Gawryszewska, B. Urban garden as a water reservoir in an urban area–a literature review. Sci. Rev. Eng. Environ.
Sci. 2023, 32, 221–237. [CrossRef]

5. Dobson, M.C.; Crispo, M.; Blevins, R.S.; Warren, P.H.; Edmondson, J.L. An assessment of urban horticultural soil quality in the
United Kingdom and its contribution to carbon storage. Sci. Total Environ. 2021, 777, 146199. [CrossRef]

6. Royer, H.; Yengue, J.L.; Bech, N. Urban agriculture and its biodiversity: What is it and what lives in it? Agric. Ecosyst. Environ.
2023, 346, 108342. [CrossRef]

7. Milligan, C.; Gatrell, A.; Bingley, A. ‘Cultivating health’: Therapeutic landscapes and older people in northern England. Soc. Sci.
Med. 2004, 58, 1781–1793. [CrossRef]

8. Armstrong, D. A survey of community gardens in upstate New York: Implications for health promotion and community
development. Health Place 2000, 6, 319–327. [CrossRef]

9. Wakefield, S.; Yeudall, F.; Taron, C.; Reynolds, J.; Skinner, A. Growing urban health: Community gardening in South-East Toronto.
Health Promot. Int. 2007, 22, 92–101. [CrossRef]

10. O’Riordan, R.; Davies, J.; Stevens, C.; Quinton, J.N.; Boyko, C. The ecosystem services of urban soils: A review. Geoderma 2021,
395, 115076. [CrossRef]

11. Corrigan, M.P. Growing what you eat: Developing community gardens in Baltimore, Maryland. Appl. Geogr. 2011, 31, 1232–1241.
[CrossRef]

12. Sanchez-Camazano, M.; Sanchez-Martin, M.J.; Lorenzo, L.F. Lead and cadmium in soils and vegetables from urban gardens of
Salamanca (Spain). Sci. Total Environ. 1994, 146, 163–168. [CrossRef] [PubMed]

13. Heymann, H. Schwermetall und Arsen in Hamburger Kleingaerten-Bodenbelastung und Pflanzenverfuegbarkeit. Hambg.
Bodenkd. Arb. 1994, 23, 1–77.

14. Finster, M.E.; Gray, K.A.; Binns, H.J. Lead levels of edibles grown in contaminated residential soils: A field survey. Sci. Total
Environ. 2004, 320, 245–257. [CrossRef]

196



Land 2025, 14, 1613

15. Kachenko, A.G.; Singh, B. Heavy metals contamination in vegetables grown in urban and metal smelter contaminated sites in
Australia. Water Air Soil Pollut. 2006, 169, 101–123. [CrossRef]

16. Walczak, B.; Kostecki, J.; Wasylewicz, R.; Lassota, T.; Greinert, A.; Drab, M. The content of lead in soils of allotment gardens in
Zielona Góra, Poland. Pol. J. Soil Sci. 2016, 48, 41. [CrossRef]

17. Paltseva, A.A.; Cheng, Z.; Egendorf, S.P.; Groffman, P.M. Remediation of an urban garden with elevated levels of soil contamina-
tion. Sci. Total Environ. 2020, 722, 137965. [CrossRef]

18. Gruszka, D.; Gruss, I.; Szopka, K. Assessing environmental risks of local contamination of garden urban soils with heavy metals
using ecotoxicological tests. Toxics 2024, 12, 873. [CrossRef]

19. Kubicz, J. Health risk assessment for allotment gardens in Wrocław. Ekon. Sr. 2014, 1, 154–163.
20. Taylor, M.P.; Isley, C.F.; Fry, K.L.; Liu, X.; Gillings, M.M.; Rouillon, M.; Filippelli, G.M. A citizen science approach to identifying

trace metal contamination risks in urban gardens. Environ. Int. 2021, 155, 106582. [CrossRef]
21. Clark, H.F.; Brabander, D.J.; Erdil, R.M. Sources, sinks, and exposure pathways of lead in urban garden soil. J. Environ. Qual. 2006,

35, 2066–2074. [CrossRef]
22. Gmochowska, W.; Pietranik, A.; Tyszka, R.; Ettler, V.; Mihaljevič, M.; Długosz, M.; Walenczak, K. Sources of pollution and
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