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Abstract

This study aimed to evaluate the effects of crop succession, under both conventional cultivation and fallow management,
on soil organic carbon (SOC) compartments, enzyme activity, and chemical properties of a sandy-textured soil in the
Brazilian semi-arid region. The sequence of cultivation, crop succession, and fallows was as follows: 2014-Crotalaria
(Crotalaria juncea L.); 2015-Corn (Zea mays L.); 2016-Cowpea (Vigna unguiculata L.); 2017-First fallow; 2018-Melon
(Cucumis melo L.); 2018-Sorghum (Sorghum bicolor [L.] Moench); 2019-Second fallow; 2020-Sorghum; 2020-2022-
Third fallow (COVID-19 pandemic); 2023-Melon; 2024-Corn; 2024-Cowpea. Soil samples were collected at depths of
0-10 and 10-20 cm and analyzed for total SOC, labile carbon (LC), microbial biomass carbon (MBC), particulate organic
carbon (POC), humic fractions (fulvic acid, humic acid, humin), B-glucosidase activity, and chemical attributes. Multivari-
ate statistical analyses were conducted to integrate and distinguish the responses. Results indicated that systems cultivated
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with corn and sorghum significantly increased SOC stocks (over 40%) and boosted LC, MBC, POC, and enzyme activ-
ity, compared to systems with melon and fallow, which experienced SOC losses exceeding 70% and suppressed enzyme
activity. The Carbon Management Index (CMI) confirmed the superiority of grass-based systems in terms of sustainability.
These findings emphasize the potential of diversified, residue-rich cropping systems to restore biological functionality and

improve organic matter quality in degraded sandy soils under semi-arid conditions.
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1 Introduction

Agricultural sustainability in arid and semi-arid regions
depends strongly on soil quality, particularly on sandy soils,
which occupy approximately 900 million hectares world-
wide (Yost and Hartemink 2019; Huang and Hartemink
2020; Rebonatti et al. 2023). The functionality and resil-
ience of these soils are closely linked to soil organic carbon
(SOC) (Alencar et al. 2024), yet arid and semi-arid regions
hold low to moderate SOC stocks (3542 t C ha™ '), repre-
senting about 10% of the global soil carbon pool (Moharana
et al. 2021). Under such climates, high temperatures, lim-
ited rainfall, low vegetation cover, and low plant biomass
inputs restrict carbon accumulation and accelerate organic
matter mineralization, resulting in persistent SOC deficits in
sandy soils (Rey et al. 2017; Khairallah et al. 2025).
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In Brazil, arid and semi-arid zones cover approximately
974,752 km?, of which about 844,000 km? correspond to the
semi-arid region (Corréa et al. 2019; Brasil 2020), encom-
passing nearly 33 million hectares of agricultural land, with
around 20% consisting of sandy soils dominated by Neo-
sols and Latosols (Santos et al. 2025). These soils exhibit
low organic matter contents, high hydraulic conductivity,
and limited nutrient retention capacity (Giongo et al. 2018;
Huang and Hartemink 2020; Medeiros et al. 2020), increas-
ing system fragility under climate change scenarios that
project intensified aridity (Marengo et al. 2018) and associ-
ated declines in soil organic carbon (SOC) (Hu et al. 2022;
Lietal. 2023a, b; Ren et al. 2024). While SOC is a key indi-
cator of soil quality and climate mitigation, the fractionation
of soil organic matter into pools with distinct turnover times
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provides a more sensitive assessment of soil responses to
management and degradation processes (Dash et al. 2019).

Labile carbon represents the most responsive component
of soil organic carbon (SOC), closely linked to particulate
organic matter, microbial biomass, and enzymatic activity,
and is therefore widely used to detect short-term changes in
soil functioning under different land-use and management
systems (Li et al. 2018; Wang et al. 2020). This sensitiv-
ity underlies the Carbon Management Index (CMI), which
integrates the quantity and quality of soil organic matter and
has been broadly applied to assess management impacts in
semi-arid regions (Blair et al. 1995; Marinho et al. 2016;
Monroe et al. 2021; Ameer et al. 2023; Vasconcelos et al.
2025). In contrast, more recalcitrant fractions, mainly humic
substances, exhibit slower turnover and longer residence
times, contributing to carbon stabilization, soil structure,
nutrient retention, and water-holding capacity, and serving
as reliable indicators of long-term soil responses to land use
and management in semi-arid environments (Kotz¢é et al.
2016; Rakesh et al. 2020; Raiesi 2021; Maia et al. 2025).
Beyond carbon storage, these stable fractions play a key
role in nutrient availability and overall soil fertility, with
direct implications for microbial dynamics, plant health,
and agricultural productivity (Zavarzina et al. 2021; Gerke
2022; Vikram et al. 2022).

Crop succession regulates soil organic carbon (SOC)
dynamics by modifying biomass inputs, residue quality,
root turnover, and crop diversity, which together control
organic matter decomposition and carbon stabilization over
time (Tiemann et al. 2015; Kumar et al. 2019; Ardenti et al.
2023; Oliveira et al. 2024). Although the effects of crop rota-
tion on soil organic matter in semi-arid regions have been
widely documented (Liu et al. 2020, 2022; Wei et al. 2020;
Man et al. 2021; Jaziri et al. 2022; Luz et al. 2023; Thapa
et al. 2023), long-term evidence on how crop diversifica-
tion affects organic carbon fractions in sandy soils remains
scarce, despite the decisive role of the balance between
labile and recalcitrant pools in determining carbon stability
and agroecosystem resilience (Li et al. 2023a, b).

Crop succession involving grasses and legumes has
consistently demonstrated potential to improve soil chem-
ical properties and enhance soil organic carbon (SOC)
accumulation in tropical sandy soils (Silva et al. 2020;
Cordeiro et al. 2021; Li et al. 2023a, b). Likewise, fal-
low systems are widely adopted to conserve soil moisture
and promote soil fertility and SOC recovery (Tiessen et
al. 1992; Nyamadzawo et al. 2008; Mechri et al. 2016;
Ghimire et al. 2018). Despite these recognized benefits,
the influence of fallow on the distribution and stability
of SOC fractions in semi-arid sandy soils remains poorly
understood, underscoring a critical knowledge gap for the

development of sustainable soil management strategies in
these fragile agroecosystems.

The selection of indicators in this study addressed SOC,
labile, and recalcitrant fractions of SOM and soil fertility,
based on parameters such as practicality, simplicity, low
cost, and efficiency of response, always to use crops in suc-
cession that represented the reality of rural producers in
the semi-arid region of northeastern Brazil. Based on the
hypothesis that grasses and fallow are essential for increas-
ing SOC, organic fractions, and improving soil chemistry,
this article aimed to evaluate the organic carbon compart-
ments and chemical attributes of a sandy soil in response
to crop succession under conventional planting and fallow
over 10 years of cultivation in a semi-arid environment.

2 Materials and Methods
2.1 Description of the Site

The study was conducted at the Experimental Station of
the Federal Rural University of the Semi-Arid (UFERSA),
located at Rafael Fernandes Farm, in the district of Alago-
inha, municipality of Mossord, Rio Grande do Norte State,
Brazil. The geographical coordinates are 5°03'44” S and
37°24'08" W, at an altitude of 72 m above sea level (Fig. 1).
The local climate is classified as semi-arid (BSh), according
to the K&ppen classification, with the rainy season extend-
ing from January to June. The native vegetation corresponds
to the hyperxerophilous Caatinga Biome (Alvares et al.
2013). Annual temperature and rainfall data for the study
period (2014-2024) are presented in Fig. 2.

The soil was classified as Ferralsols according to the
World Reference Base for Soil Resources (IUSS, 2022)
and Latossolo Vermelho-Amarelo according to the Brazil-
ian Soil Classification System (Santos et al. 2025), with a
sandy texture, which was classified by Régo et al. (2016).
The chemical attributes and granulometry of the soil before
the study are shown in Supplementary Table 1.

2.2 Crop Succession (Treatments)

When selecting crops for succession, species adapted to
semi-arid conditions and representative of the farming
practices of rural producers in Rio Grande do Norte were
chosen. Soil was collected over 10 years (2014-2024),
alternating between crops and fallow phases. The sequence
of cultivation, succession crops, and fallows was as follows:
2014-Crotalaria (Crotalaria juncea L.); 2015-Corn (Zea
mays L.); 2016-Cowpea (Vigna unguiculata L.); 2017-First
fallow; 2018-Melon (Cucumis melo L.); 2018-Sorghum

@ Springer
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Fig. 1 Map of the location of the experimental area at Rafael Fer-
nandes Farm, in the district of Alagoinha, in the municipality of Mos-
sord, Rio Grande do Norte State, Brazil. Highlighted is the point of the

(Sorghum bicolor [L.] Moench); 2019-Second fallow;
2020-Sorghum; 2020-2022-Third fallow (COVID-19 pan-
demic); 2023-Melon; 2024-Corn; 2024-Cowpea. The native
forest (hyperxerophilous Caatinga) was used as a reference
in the analyses. Supplementary Table 2 provides a summary
of the crop succession history, fertilization practices, and
soil sampling periods.

2.3 Soil Sampling, Irrigation and Experimental
Design

Soil sampling was performed with an aluminum mug due to
the sandy texture of the soil at 0—10 and 10-20 cm depths,
packed in plastic bags, identified, and taken to the UFERSA
Soil, Water, and Plant Analysis Laboratory (LASAP), with
the periods described in Supplementary Table 1. Each soil
sample collected from the plot represents a repetition of five
sub-samples. Drip irrigation was used for the main crops,
with a medium flow rate and drippers spaced according to
the needs of each crop, using one drip line per row of plants.
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study where the experimental plots were set up, as well as the area of
native forest (Caatinga)

The cultivated area was 2700 m? (45 m wide x 60 m long).
All the crops were planted in a randomized block design
with four replications.

2.4 Soil Analysis
2.4.1 Chemical Analyses

For chemical analysis, the soil samples were air-dried and
passed through 2 mm sieves to obtain the fine air-dried soil
(FADS). For the analysis of total organic carbon and some
carbon fractions, subsamples of FADS were crushed and
passed through a 0.210 mm sieve (60 mesh). The chemi-
cal attributes of the soil quantified were hydrogen poten-
tial (pH) in water and electrical conductivity (EC) in the
water-saturated extract, measured using a pH meter and
a bench conductivity meter, respectively. Exchangeable
calcium (Ca*"), magnesium (Mg®"), and aluminum (AI*")
were extracted with KCI and quantified by atomic absorp-
tion (Ca*"and Mg?") and AI** by titration. Phosphorus (P),
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Fig. 2 Temporal variation of (A)
annual accumulated maxi- 361
mum (purple), mean (red), and

minimum (blue) temperatures (A)

and rainfall (B) in the Alagoinha 321
district, municipality of Mossoro-
RN, Brazil, from 2014 to 2024
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sodium (Na’), and potassium (K*) were extracted with  14pility (L) = ———— (1)
Mehlich-1 and quantified by colorimetry in the case of P, (S0C - LC)
and Na“ and K" by flame photometry. Potential acidity
Lsoil use

(H+Al) was extracted with calcium acetate (C,H,CaO,) for
soil analysis and quantified by titration. For total nitrogen,
the soil samples were digested, distilled, and quantified by
titration using the Kjedahl method. All the analyses were
carried out by Teixeira et al. (2017).

2.4.2 Soil Organic Carbon, Organic Fractions and Carbon
Management Index

Organic carbon soil was quantified in soil samples
(0.210 mm) using the wet oxidation method with sulfuric
acid and potassium dichromate, with external heating (Yeo-
mans and Bremner 1988). Labile carbon oxidized by KMnO,
was quantified in sub-samples of 1.0 g of soil (0.210 mm),
placed in a 50 mL centrifuge tube, together with 25 mL of
0.033 mol L™! potassium permanganate solution (KMnO,)
and quantified in a spectrophotometer at 565 nm, according
to the methodology of Shang and Tiessen (1997). Accord-
ing to the modifications in SOC and LC, carbon lability (L),
carbon lability index (LI), carbon reserve index (CPI) and
carbon management index were calculated using Egs. (1),
(2), (3) and (4) (Blair et al. 1995), respectively:

Lability Index (LI) = )

Lnative forest
SOCsoi use
Carbon Pool Index (CPI) = —SOC’mm;v: p— (3)

Carbon Management Index (CMI) = CPI x LI x 100 4)

The carbon of microbial biomass was determined using the
irradiation-extraction method, in which each repetition, car-
ried out in triplicate, required 20 g of soil passed through
a 2.0 mm sieve. Potassium sulphate (K,SO, 0,5 mol L)
extractant solution was used and titrated with ammoniacal
ferrous sulphate at 0.03 mol L™ !, according to the methodol-
ogy of Islam and Weil (1998). The analysis of the enzymatic
activity of B-Glucosidase in the soil was carried out by colo-
rimetry, in which p-nitrophenol was released by the enzyme
from the incubation of the soil with its specific substrate
(p-nitrophenyl-p-D-glucoside) according to the methodol-
ogy of Eivazi and Tabatabai (1988).

Particulate organic carbon of the soil was measured in
FADS using the sodium hexametaphosphate extraction
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method and wet sieving (Gao et al. 2024; Cambardella
and Elliott 1992). The mineral-associated organic carbon
(MAOC) was obtained from the difference between SOC
and POC. The recalcitrant fractions represented by humic
substances were determined in soil samples (0.210 mm) and
subjected to chemical fractionation according to the Inter-
national Humic Substances Society (IHSS) method (Swift
2001). By differential solubility in acid and alkaline solu-
tions, fulvic acid (CFA), humic acid (CHA), and humin
(CHUM) were obtained, and the sum of these fractions
yielded to the humic substances. The carbon content of these
fractions was obtained using the methodology described by
Yeomans and Bremner (1988).

2.5 Statistical Analysis

Data were expressed as mean=standard error of the mean.
Reductions in SOC and organic carbon fractions, with neg-
ative values indicating carbon loss, were calculated using

Eq. (5):

Reductions SOC — 100 x <Csumssmn or fallow land — Cnative forest) (5)

Chative forest

Principal Component Analysis (PCA) was used to orga-
nize the data structure, detect patterns, relationships and

0-10 cm

groupings between variables and observations. In addi-
tion, Hierarchical Cluster Analysis (HCA) was used to
analyze the homogeneous subsets (clusters) with a view
to similarities and dissimilarities between the crop succes-
sions. Finally, the ANOVA Ranking Transform-Bonferroni
analysis was combined. The ANOVA Ranking Transform
(ANOVA-RT) was used to check for significant differences
between the means of two or more groups, while the Bon-
ferroni test controlled for the type I error rate (false positiv-
ity) that can occur when performing multiple comparison
tests. PCA and Cluster were performed using the R software
(Core Team 2021), and ANOVA RT-Bonferroni using the
Python programming language (Van Rossum 2023).

3 Results
3.1 Principal Component Analysis

The principal component analysis (PCA) applied to the
chemical, biological, and organic attributes of the soil in
the 0-10 cm layer explained 75% of the total variance,
54.3% by the first component (PC1) and 20.7% by the sec-
ond (PC2) (Fig. 3-A). The soil under native forest (NF)
was in the upper right quadrant, being associated with both

10-20 cm

+1(A)

PC2(20.7%)

+{(B)

.
FL3

PC1 (54.3%)

Fig. 3 Principal component analysis (PCA) of soil organic carbon and
fractions, and chemical attributes, under different crop successions
and fallow, in sandy soil in the semi-arid region at depths of 0—-10
(A) and 10-20 cm (B). CRO1=Crotalaria, 2014; COR1=Corn, 2015;
COWI1=Cowpea, 2016; FL1=First fallow, 2017; MEL1=Melon,
2018; SOR1=Sorghum, 2018; FL2=Second fallow, 2019; SOR2 =Sor-
ghum, 2020; FL3=Third fallow, 2020-2022; MEL2=Melon, 2023;
COR2=Corn, 2024; COW2=Cowpea, 2024; NF=Native forest,
pH=Hydrogen Potential, EC=Electrical Conductivity, P=Phos-
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4
PC1 (52.9%)

phorus, K* = Potassium, Na* = Sodium, Ca?* = Calcium, Mg** =
Magnesium, AI** = Aluminum, H+Al=Potential Acidity and V% =
Base Saturation, SOC=Soil Organic Carbon; LC=Labile Carbon;
CHUM=Humin Carbon; CHA=Humic Acid Carbon; CFA=Fulvic
Acid Carbon; HS=Humic Substances; MBC = Carbon from Microbial
Biomass; POC=Particulate Organic Carbon; Bglu=f-glucosidase;
TN=Total Nitrogen; C/N=Carbon/Nitrogen Ratio; MAOC=Mineral-
associated organic carbon; CMI=Carbon Management Index
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the humified fractions and the mineral-associated organic
carbon, as well as the labile fractions, C of the microbial
biomass and the activity of the B-glucosidase enzyme,
reflecting the organic stability and ecological quality of the
soil (Fig. 3-A).

The initial years of agricultural succession (e.g. CRO1,
CORI1 and COWI1 - years with crotalaria, corn and cowpea
between 2014 and 2016) were grouped together in the posi-
tive portion of the axis, indicating an association with vari-
ables indicative of soil edaphic quality, such as total organic
carbon (SOC), microbial biomass carbon (MBC), labile
carbon (LC), particulate organic carbon (POC), mineral-
associated organic carbon (MAOC), carbon management
index (CMI), as well as B-glucosidase enzymes (Bglu). On
the other hand, the fallow years (FL1, FL2, FL3) and melon
crops (MEL1-2018 and MEL2-2023) were distributed in the
opposite quadrants, correlating with attributes such as elec-
trical conductivity (EC) and lower carbon content.

Principal component analysis for soil attributes in the
10-20 cm layer explained 73.1% of the total variance, with
52.9% attributed to the first component (PC1) and 20.2% to
the second (PC2) (Fig. 3-B). Although the clustering pat-
tern was less pronounced than in the surface layer, relevant
trends were observed in the distribution of land uses along
the axes. The soil under native forest (NF) maintained its
prominent position in the biplot, associated with variables
related to carbon stability, such as humin (CHUM), humic
substances (HS) and total organic carbon. The systems of
the first agricultural successions, CRO1, COR1 and COW1,
showed a positive correlation with attributes such as LC,
MBC, MAOC and enzymatic activities, demonstrating that
the beneficial effect of diversified management extends par-
tially to the subsurface, albeit to a lesser extent than in the
0—-10 cm layer. In contrast, the fallow years (FL1, FL2, FL3)
and melon crops remained in the same position in the plot.

3.2 Cluster Analysis

O dendrograma segregou as sucessoes de culturas em cinco
grupos principais, mostrando padrdes de similaridade fun-
cional ao longo da cronossequéncia agricola (0—10 cm)
(Fig. 4-A). Cluster 1 was formed exclusively by the native
forest, which stood out due to its higher levels of SOC,
humic substances carbon and its fractions (humin, humic
and fulvic acids), microbial biomass carbon and carbon
cycle enzyme (Pglu), reflecting the state of ecological bal-
ance and high functionality of the soil under preserved
Caatinga vegetation. Cluster 2 grouped together the initial
years of agricultural succession, CRO1 (Crotalaria), COR1
(Corn) and COW1 (Cowpea), which showed an association
with attributes indicative of the accumulation of LC, MBC,

POC and higher enzyme activity, because of the agricultural
practices adopted in the first years.

Cluster 3 focused on sorghum cultivation, which showed
intermediate attributes, reflecting the potential for recover-
ing soil organic matter. Cluster 4 refers to the years of fal-
low (FL1, FL2, FL3), with lower organic matter content, but
with better performance than the soil under melon. Cluster
5 shows the soil under the melon crops grouped together
based on reduced SOC levels and degradation of the organic
fractions, as well as correlation with higher sodium levels
(Na") and low pH.

In the 10-20 cm layer, cluster analysis enabled the for-
mation of four main groupings, although with a less pro-
nounced separation pattern compared to the surface layer,
indicating that the effects of crop succession and fallow
were attenuated with increasing depth (Fig. 4-B). Even so,
the native forest remained isolated from the other systems,
demonstrating the vertical stability of soil quality attributes
in preserved environments in cluster 1. In cluster 2, CRO1,
COR1 and COWI1 remained the same, demonstrating the
benefits of the first years of rotation.

Sorghum crops and fallow periods (FL2, FL3), on the
other hand, formed their own clusters, but were intercon-
nected in cluster 3 with relative closeness to each other,
indicating that the impact of conventional management,
combined with the absence of consistent organic cover,
compromised soil quality even in the deepest layers, but
with indications of recovery of the organic fractions. In
cluster 4, the repeated presence of melons (MEL 1 and 2)
and fallow (FL1) indicate losses of soil carbon and labile
and recalcitrant fractions in the lower layers, and despite
the improvement in quality of more labile fractions in the
soil under corn and cowpea cultivation (COR2 and COW2),
these remained in the same cluster.

3.3 ANOVA RT with Bonferroni

An analysis of variance was carried out using the Treatment
Ranking (ANOVA-RT) and then the Bonforreni correc-
tion was used to make the multiple treatment comparisons
more rigorous. The data showed that crop succession (S)
significantly affected all the chemical attributes of the soil
(»<0.001), while depth (P) influenced most of the variables,
except EC, AI*" and H+AL The S x P interaction was not
significant for any soil chemical attribute (Supplementary
Table 3).Bonferroni comparisons showed that the soil under
native forest had the lowest pH, EC, basic cations (Ca2+,
Mg**, K*) and base saturation (V%) values, and the highest
potential acidity (H+Al) and exchangeable aluminum (AI*")
values, confirming its naturally acidic character and lower
soil fertility (Table 1). In contrast, the first years of rotation
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Fig. 4 Hierarchical Cluster Dendrogram based on Euclidean distance
and Ward’s linkage method for different crop successions and fal-
low in a sandy soil in the semi-arid region, at a depth of 0—10 cm
(A) and 10-20 cm (B). CRO1 =crotalaria, 2014; COR1=corn, 2015;

with the CRO1, COR1 and COW1 successions showed sig-
nificantly higher pH, Ca®*, Mg?" and V% values, reflecting
an increase in chemical fertility due to initial liming before
the crotalaria was planted and fertilization according to
the respective crop. The lowest levels of chemical fertility
were observed in more recent and intensive systems such as
the second and third fallow (FL2 and FL3) and the melon
(MEL2), which showed low concentrations of P and K*, a
reduction in V% and an increase in Na* and CE (Table 1),
suggesting nutrient depletion and low organic input.

The ANOVA-RT results for organic fractions and biologi-
cal activity indicated highly significant effects (p<0.001) of
both crop succession and depth on practically all soil organic
fractions and the Carbon Management Index. Regarding the
variables microbial biomass carbon, total nitrogen (TN) and
mineral-associated organic carbon, there was no interaction
between succession and depth, both being analyzed indi-
vidually. For the C/N ratio, there was statistical significance
only for depth (Supplementary Table 4).

@ Springer
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FL2
FL3
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COR2
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MEL2
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Soil Samples

COWIl=cowpea, 2016; FL1=first fallow, 2017, MELI1=melon,
2018; SOR1=sorghum, 2018; FL2=second fallow, 2019; SOR2 =sor-
ghum, 2020; FL3=third fallow, 2020-2022; MEL2=melon, 2023;
COR2=corn, 2024; COW2=cowpea, 2024; and NF =native forest

SOC contents under different crop successions, fol-
low and native forest varied between 3.17 and 14.5 g kg !
(0-10 cm) and 2.75 and 9.97 g kg ! (1020 cm), with the
highest values associated with native forest (Tables 2 and
3). Bonferroni analysis confirmed that the native forest also
maintained the highest HS, POC and Bglucosidase levels
at the 0—10 and 10-20 cm depths, respectively (Tables 2
and 3). Analyzing only the successions, the native forest
stood out with the highest average values for MBC, NT and
MAOC, respectively, acting as a functional reference for
ecological stability and edaphic resilience (Table 4).

On the other hand, the soil under fallow (FL1, FL2 and
FL3) and melon crops (MEL1 and MEL2) showed the great-
est reductions in SOC, HS and its fractions, and POC. The
soil under fallow also showed lower biological activities,
microbial biomass carbon and carbon management index,
showing a loss of ecological functionality and degradation
of organic matter. Compared to the native forest (refer-
ence), SOC losses were —72%, -71% and —68% (0—10 cm)
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Table 2 Organic carbon and organic fractions in sandy soil in the semi-arid region under different crop successions, fallow and native forest, at a
depth of 0-10 cm

Succession SOC LC C HUM CAH CAF HS POC B glu
(gkg ™ (gkg™H (gkg™H (gkg™h (gkg™ (ekg™ (gkeg™" mg pNP g soil ™!

CROI 599+1,08c  1.94+0.09de 524+136cd 0,54+0,09b 0,31+0,18c 6,09+1,43c  3.38+1.02bc 49,82+16,02¢
COR1 7,89+41,02b  2.1140.23cd 7,07+0,73b  0.36+0.05cd 0.33+£0.02bc 7,76+0,77b  3.58+0.5lab 47.72+6.73 cd
COW1  5.19+047cd 1.97+0.13de 4.77+0.33de  0,45+£0,07c  041+0,07b 5.63=0.34cd 3.45+0.60bc 45.97+4.97 cd
FLI 401+0.71de  1.724030de 6.54+0.82bc  036+0,07cd 0,34+0,05bc 4,30+40,7le  1,97+038d  34.99+5.02de
MELI1 3,17£0,37f  134+034f  4.77+£033de  027+0,05¢  021+0,06d 3,48+030f  1,68+034e  66,68=10,26b
SOR1 6.9240.75bc  2,94+0,15b  6.54+0.82bc  0.40+0.05cd 0.36+0.14bc 7.30£0.96bc  3.68+0.36ab 49,38+4,40c
FL2 426+1.11de  1.73£030de 3,72+1,00c  034+0,07d  0.32+0.09bc 4,38+1,05¢  196+020d 32,75+4,52¢
SOR2 6.47+0.58bc  2,87+0,26b  5.85+0.50bc  0,28+0,0de  0.3240.03bc 6.53+0.49bc 3.32+0.28bc 46.69+3.79 cd
FL3 4.56+0.87de  1.85+0.10de 4.50+0.94de 0,39+0,05cd 0.36+0.05bc 524+0,98d  2,07+0,19d  2,25+0,52f
MEL2 3.77+40.53¢f  1,61+0,13¢  3,54+04le  028+0,04c  0.32+0.07bc 4,13+0,39¢  1.72+0.28de 68,25+6,81b
COR2 6.56£0.81bc  2,38+0,52c  6.17+0.83bc 3,65+049%  0,29+0,05c 6.83+0.88bc 3.52+0.53bc 44.74+4.99 cd
COW2  574+1.15c¢d 1.92+0.16de 5.26+124cd 035+0,03d 030+0,05c 5.91+124cd 3.45+038bc 44.81+7.68 cd
NF 14,5742,63a  3,38+0,35a  12,07£2,40a 3,65£0,49a 3,08+0,15a 18,802,532 4,14+0,52a 236,61 +46,49

CROIl =crotalaria, 2014; COR1=corn, 2015; COW1=cowpea, 2016; FL1=first fallow, 2017; MEL1=melon, 2018; SOR1=sorghum, 2018;
FL2=second fallow, 2019; SOR2=sorghum, 2020; FL3 =third fallow, 2020-2022; MEL2 =melon, 2023; COR2=corn, 2024; COW2=cowpea,
2024, NF =native forest, SOC=soil organic carbon, LC=1abile carbon, CHUM=humin carbon, CHA =humic acid carbon, CAF=fulvic acid
carbon, HS=humic substances, POC=particulate organic carbon, Bglu=-glucosidase. For depth, fallow and native forest, different lowercase
letters indicate significant differences (p<0.001 and p<0.01) based on paired F-tests with Bonferroni correction + standard error of the mean.

Table 3 Organic carbon and organic fractions in sandy soil in the semi-arid region under different crop successions, fallow and native forest, at a
depth of 10 to 20 cm

Succession SOC LC C HUM CAH CAF HS POC B glu
(gkeg™") (ekg™ (ekg™ (ekg™ (ekg™ (ekg™ (gkg™h (mg pNP g™! soil h™")

CROI 324+0.56de 1.50+0.10de 2.86+£0.71de 044+0,07b 041£0,04b  3.71£0.70de 2.14=0.48ab 42,85+4,54b
CORI1 5,74+0,40b 1.85+0.10cd 526+0,32b 0.34+0.06cd 0.32+0.07bc 592+043b 2.08=0.28ab 24.89+3.84 cd
COW1  3,62+098d 1.60+0.30cde 3,30+1,05d 036+0,03c 0.35£0.06bc 4,01£1,02d 1,95+0,58abc 25.03%5.61 cd
FL1 320+0.56de 1,33+037f  2.97+0.58de 0,34+0,08cd 034+0,07bc 3.65+0.52de 1.73£0.19bc  19,31+3,77¢
MELl  2,75+042f 1.34+0.19¢f 2.59+038¢f 025+0,08¢ 0.29+0.07cd 3.1320.46ef 1.49+£027cd 41,64%599b
SORI1 474£0.96bc 1,92+0,11c  2.97+0.58de 0,36+0,02c  0.38+0.05bc 5.22+0.80bc 2.05+0.32ab 25.74+4.80 cd
FL2 3,34+0,52d  1.35+025¢f 3.17+£0.48de 031£0,04cd 030+0,05cd 3,7840,50de 1,80+0,08abc 21.09+3.66de
SOR2 498+031bc 2,18£020b  2,48+043f 0,36£0,07c  0.36+0.07bc 5.30+0.27bc 1.87+0.31abc 24.88+3.70 cd
FL3 3,46£029d  1.69+0.11cde 3,29+£024d 2,59+036a  0.33+0.04bc 3,94+0,19d 1.71£0.16bc  1,78+0,12f
MEL2  297+0.59f 1.58+0.04cde 2,48+0,43f 026+0.05de 025+0,07d 2,98+0,51f 1,37£024d  41,39+3,45b
COR2  452+030c 2,64+03la  4,19+04lc 031+0.06cd 0.3240.05bc 4,81£0,40c 2.04+£0.28ab 25.69+3.04 cd
COW2  5.07+0.34bc 1.66+0.20cde 4.75+0.54bc 0.27+0.05de 0.26%0.04 cd 5.28+0.47bc 2.01+£0.45ab 26,38+5,86¢
NF 9,97£0,98a 1.75£0.07cd 7,80%1,12a 2,59+0,36a 2,32+034a 12,71+1,00a 2,31+037a  14343+23,75a

CROIl =crotalaria, 2014; COR1=corn, 2015; COW1=cowpea, 2016; FL1=first fallow, 2017, MEL1=melon, 2018; SOR1=sorghum, 2018;
FL2=second fallow, 2019; SOR2 =sorghum, 2020; FL3 =third fallow, 2020-2022; MEL2=melon, 2023; COR2=corn, 2024; COW2=cowpea,
2024, NF =native forest, SOC=soil organic carbon, LC=1abile carbon, CHUM=humin carbon, CHA =humic acid carbon, CAF=fulvic acid
carbon, HS=humic substances, POC =particulate organic carbon, Bglu=-glucosidase. For depth, fallow and native forest, different lowercase
letters indicate significant differences (p<0.001 and p<0.01) based on paired F-tests with Bonferroni correction + standard error of the mean.

and crop fertilization represented one of the most effective
strategies for improving soil fertility, especially in the first
years of the study (2014-2016). The application of acidity
correctives with dolomitic limestone, before planting the
crotalaria, raised the pH of the soil, reduced the toxicity of
exchangeable aluminum (A1*"), and favored the availability
of essential macronutrients such as phosphorus, calcium and
magnesium, corroborating the results observed by Lipiec
and Usowicz (2021), Souza et al. (2022) and Naorem et al.
(2023) in sandy soils.

@ Springer

The inclusion of grasses, particularly corn and sorghum,
in agricultural successions promoted significant gains in
SOC and labile fractions, especially labile carbon (LC)
and particulate organic carbon (POC), as well as improve-
ments in microbial biomass carbon (MBC) indices and
B-glucosidase enzyme activity. This corroborates stud-
ies highlighting the effectiveness of crops with high resi-
due inputs and an intermediate C/N ratio in stimulating
microbial processes and organic stabilization (Xie et al.
2022; Pingthaisong et al. 2024). The increase in the Carbon
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Table 4 Bonferroni analysis for Succession MBC TN MAOC CMI

géfgirl(jrcl Z(r)lillyanalysis for crop suc- (ngg D (gkg ) (gkg ) (%)
CRO1 62,00+8,43b 0,87+0,18b 1.85+1.68de 74,55+18,68¢
COR1 52.20+10.33bc 0.71+0.15bc 3,99+1,12b 71,99+16,48¢
COWl1 54.17+12.36bc 0.75+0.30bc 1,71+£0,96¢ 78.20+16.13bc
FL1 36,86+6,74c 0.49+0.16de 1,76+0,79%¢ 68,69+24,85¢
MEL1 55.18+13.79bc 0,29+0,14f 1,37+0,42¢ 68,60+38,55¢
SOR1 48.91+13.34bc 0,43+0,10¢ 2.97+0.79bc 106.06£26.59ab
FL2 48.78+15.17bc 0.49+0.19de 1.92+0.93de 73,21+36,14¢
SOR2 50.76+11.60bc 0.54+0.15de 3.13+£0.46bc 115,80+30,60*
FL3 59.06+11.31bc 0.53+0.14de 2.12+0.83de 83.94+19.85bc
MEL2 56.38+20.83bc 0,29+0,13f 1.83+0.70de 82.93+£24.27bc
COR2 53.02+£17.77bc 0.52+0.17de 2.76+0.81 cd 87.18+31.63bc
COW2 64,47+21,13b 0.59+0.24 cd 2.67+0.93 cd 67,96+10,20¢
NF 224,33+63,88a 1,08+0,41a 9,04+2,27a 100.00+0.00ab

CROI1 =crotalaria, 2014; COR1=Corn,2015; COW1=cowpea,2016; FL1 =first fallow, 2017, MEL1 =melon,
2018; SOR1=sorghum, 2018; FL2 =second fallow, 2019; SOR2=sorghum, 2020; FL3 =third fallow, 2020—
2022; MEL2=melon, 2023; COR2=Corn, 2024; COW2=cowpea, 2024, NF =native forest. MBC=micro-
bial biomass carbon; NT=total nitrogen; MAOC=mineral-associated organic carbon; CMI=carbon
management index. For crop succession, fallow and native forest, different lowercase letters indicate sig-
nificant differences (p<0.001 and p<0.01) based on paired F-tests with Bonferroni correction + standard

error of the mean.

Management Index (CMI) in the grass treatments confirms
the potential of corn and sorghum species as restorers of
edaphic quality in degraded sandy soils (Blair et al. 1995).
These parameters, widely used as early indicators of soil
quality, have shown sensitivity to management practices,
indicating that crops with a higher return of plant residues
under the soil surface favor biological activity and carbon
sequestration, even in soils with low retention capacity, such
as sandy soils (Xu et al. 2021; Silva et al. 2022; Pradhan et
al. 2023; Yang et al. 2024).

The multivariate analysis confirmed the clear distinc-
tion between systems with greater accumulation of stable
carbon (NF, CRO1, CORI, COW1), indicating improve-
ments in soil edaphic quality also with the introduction of
legumes in the succession system (Nath et al. 2019; Hu et
al. 2023). However, he pointed out signs of degradation
related to melon cultivation and fallow systems, especially
in the surface layers. Short-cycle crops such as melons,
with low inputs of root and aerial biomass, combined with
intensive management and the absence of permanent cover,
result in reduced fresh carbon input and accelerated min-
eralization of organic matter, intensifying losses of C and
N (Nath et al. 2019; Qin et al. 2023). Fallow, on the other
hand, in semi-arid conditions, presents sparse and seasonal
vegetation cover, with low addition of labile carbon and
absence of active nutrient replenishment, allowing continu-
ous mineralization of organic matter. Although the effects
of management are attenuated at a depth of 10-20 cm, they
persist, showing that structural changes in soil quality are
not restricted to the surface. The vertical stability of carbon

under native forest confirms its importance in soil protec-
tion and ecosystem functionality (Tesfaye et al. 2016; Liu
etal. 2023).

On the other hand, prolonged fallow and intensive crop-
ping systems, such as melon cultivation, have shown a
drastic reduction in carbon levels and indicators of soil bio-
logical and chemical functionality. Losses of up to 78% in
SOC and 90% in MBC in these conditions, even when com-
pared to native vegetation, are indicative of functional deg-
radation, reflecting low soil cover, the absence of balanced
fertilization that keeps nutrients in the soil, and a reduction
in the input of organic residues. Intensive melon cultivation,
especially on sandy soils in the semi-arid region, has been
associated with a reduction in soil organic carbon (SOC)
levels and its labile fractions, such as labile carbon (LC),
microbial biomass carbon (MBC) and particulate organic
carbon (POC), due to the low input of plant residues, high
nutrient removal and the frequent use of mechanized prac-
tices and intensive irrigation (Ryan et al. 2009; Basilio et
al. 2023; Marcos-Pérez et al. 2023). This trend reinforces
previous studies that unbalanced agricultural systems can
accelerate the mineralization of organic matter, compromis-
ing soil resilience (Lehman et al. 2015).

In soils under fallow, Lintemani et al. (2020) reported that
fallow for periods of more than 15 years has the potential to
recover the soil’s chemical and physical properties, bringing
them closer to the levels seen in areas of native forest and in
systems that have never been managed with slash-and-burn
agriculture. In the case of this study, the short fallow peri-
ods between crop successions were probably not enough to
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bring about significant improvements in the soil’s chemical
properties and organic fractions. On the other hand, reduc-
ing the length and duration of fallow periods through the use
of cover crops, double cropping systems, or conversion to
pasture can promote rapid improvements in the functional-
ity indicators of soil in agricultural systems, so it depends on
the choice of crops in rotation (Blanco-Canqui et al. 2013;
Williams et al. 2022; Gorooei et al. 2023; Thapa et al. 2023,
Gazoulis et al. 2025).

The data also indicated that the accumulation of recalci-
trant fractions such as humin, humic and fulvic acids was
significantly higher in the treatments with native vegetation
and grasses, while melon and fallow had the lowest levels
of these fractions. This pattern is associated with the chemi-
cal nature of plant residues and their decomposition, humic
substances being fundamental for the stability of organic
matter and the retention of nutrients in sandy soils (Raiesi
2021).

The differentiation between land use systems was
unequivocally proven by multivariate cluster analysis (Car-
valho et al. 2018), which revealed a clear and consistent
segregation between systems under conservation manage-
ment (NF, COR1, COW1) and those associated with prac-
tices with lower soil carbon input (FL3, MEL1). The results
show that the effects of management are not limited to the
surface layer but extend significantly to the subsurface
layers (10-20 cm). Although the changes in physical and
chemical attributes are more evident in the 0—10 cm layer,
the data indicate a cumulative and vertically persistent
impact, resulting from the continuous dynamics of addi-
tion, decomposition, and translocation of organic matter
and nutrients.

These findings reinforce the importance of incorporating
depth-stratified approaches into soil quality and function-
ality assessments to adequately capture the medium and
long-term effects of different management strategies. This
evidence corroborates Lal’s (2016) perspective, accord-
ing to which the stability, functionality, and cycling of soil
organic carbon are fundamental to maintaining soil health,
directly influencing its structure, efficiency in the use of
water and nutrients, biogeochemical processes and the regu-
lation of climate impacts. In summary, crop succession with
grasses and legumes, associated with appropriate manage-
ment practices, has shown promise in recovering the quality
of sandy soils in the semi-arid region, while intensive use,
without the contribution of residues such as melon or unat-
tended short-term fallow, can severely compromise carbon
stocks and edaphic functionality. This study reaffirms the
importance of crop diversification as a strategy for climate
resilience, soil conservation, and carbon sequestration in
vulnerable agroecosystems.
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5 Conclusions

This long-term field experiment demonstrates that the trajec-
tory of soil organic carbon in sandy soils of semi-arid regions
is primarily controlled by management-driven mechanisms
that regulate organic residue inputs, biological activity, and
carbon stabilization processes. Crop succession systems
dominated by grasses promoted more favorable pathways
of soil functioning by sustaining continuous organic inputs,
stimulating microbial processes, and preserving carbon
pools, thereby enhancing soil resilience under conditions
of water limitation and low buffering capacity. In contrast,
intensive horticultural systems and short-term fallow dis-
rupted these mechanisms, accelerating organic matter min-
eralization and leading to severe depletion of soil carbon
and fertility. These findings confirm the study hypothesis by
showing that management strategies capable of maintain-
ing organic inputs and biological activity are essential for
preserving soil quality and carbon stocks in sandy semi-arid
environments. Beyond advancing mechanistic understand-
ing, this study provides robust evidence to support grass-
based crop succession as a practical and scalable strategy
for sustainable land management, climate change mitigation
through carbon sequestration, and the formulation of pub-
lic policies aimed at conserving fragile soils and improving
agricultural resilience in semi-arid regions.

SupplementaryInformation The online version contains supplementary
material available at https://doi.org/10.1007/s42729-026-03175-y.

Acknowledgements We thank Pro Rectory Research and Graduate
Studies (PROPPG), the Graduate Program in Soil and Water Manage-
ment (PPGMSA), the Teaching, Research and Extension Group on
Soil and Water Quality (GEPQAS) of the Federal Rural University of
the Semi-Arid (UFERSA), and Low Carbon Economy Research Cen-
ter (NPCO,) of UFERSA.

Funding The Article Processing Charge (APC) for the publication
of this research was funded by the Coordenacdo de Aperfeicoamen-
to de Pessoal de Nivel Superior - Brasil (CAPES) (ROR identifier:
00x0ma614). This work was carried out with the support of the Coor-
denagdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES),
Brazil.

Data Availability All data generated or analyzed during this study are
included in this published article.

Declarations
Ethical Approval Not applicable.

Consent to Participate All authors consented to participate.

Consent to Publish All authors read and approved of the final manu-
script.


https://doi.org/10.1007/s42729-026-03175-y

Journal of Soil Science and Plant Nutrition (2026) 26:5071-5086

5083

Competing interests The authors declare that they have no conflict
of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Alencar GV, Gomes LC, Barros VMDS, Ortiz Escobar ME, De
Oliveira TS, Mendonga EDS (2024) Organic farming improves
soil carbon pools and aggregation of sandy soils in the Brazilian
semi-arid region. Soil Use Manag 40:e13097. https://doi.org/10.
1111/sum.13097

Alvares CA, Stape JL, Sentelhas PC, De Moraes Gongalves JL,
Sparovek G (2013) Koppen’s climate classification map for Bra-
zil. Meteorol Z 22:711-728. https://doi.org/10.1127/0941-2948/
2013/0507

Ameer I, Kubar KA, Ali Q, Ali S, Khan T, Shahzad K, Riaz M, Shah Z,
Rajpar I, Ahmed M, Talpur KH (2023) Land degradation resistance
potential of a dry, semiarid region in relation to soil organic car-
bon stocks, carbon management index, and soil aggregate stability.
Land Degrad Dev 34:624—636. https://doi.org/10.1002/1dr.4480

Ardenti F, Capra F, Lommi M, Fiorini A, Tabaglio V (2023) Long-term
C and N sequestration under no-till is governed by biomass pro-
duction of cover crops rather than differences in grass vs. legume
biomass quality. Soil Tillage Res 228:105630. https://doi.org/10.
1016/5.stil1.2022.105630

Basilio FDO, Gurgel MT, Travassos KD, Miranda NDO, Costa LRD,
Dumas PJ (2023) Alterations of physical-chemical attributes of a
vertisol in a melon production area. Rev Caatinga 36:823-832. h
ttps://doi.org/10.1590/1983-21252023v36n410rc

Blair G, Lefroy R, Lisle L (1995) Soil carbon fractions based on their
degree of oxidation, and the development of a carbon manage-
ment index for agricultural systems. Aust J Agric Res 46:1459. h
ttps://doi.org/10.1071/AR9951459

Blanco-Canqui H, Holman JD, Schlegel AJ, Tatarko J, Shaver TM
(2013) Replacing Fallow with Cover Crops in a Semiarid Soil:
Effects on Soil Properties. Soil Sci Soc Am J 77:1026-1034. http
s://doi.org/10.2136/sss2j2013.01.0006

Brasil (2020) Fourth national communication of Brazil to the United
Nations framework convention on climate change, Ministério da
Ciéncia, Tecnologia e Inovagdes, Brasilia, DF

Cambardella CA, Elliott ET (1992) Particulate Soil Organic-Matter
Changes across a Grassland Cultivation Sequence. Soil Sci Soc
Am J 56:777-783. https://doi.org/10.2136/ss52j1992.036159950
05600030017x

Carvalho MAC, Panosso AR, Ribeiro Teixeira EE, Aratijo EG, Bran-
caglioni VA, Dallacort R (2018) Multivariate approach of soil
attributes on the characterization of land use in the southern Bra-
zilian Amazon. Soil Tillage Res 184:207-215. https://doi.org/10.
1016/5.still.2018.08.004

Cordeiro CFS, Echer FR, Araujo FF (2021) Cover Crops Impact Crops
Yields by Improving Microbiological Activity and Fertility in

Sandy Soil. J Soil Sci Plant Nutr 21:1968-1977. https://doi.org/1
0.1007/s42729-021-00494-0

Core Team R (2021) R: The R Project for Statistical Computing

Corréa ACB, Tavares BAC, Lira DR, Mutzenberg DS, Cavalcanti LCS
(2019) The Semi-arid Domain of the Northeast of Brazil. In: Sal-
gado AAR, Santos LJC, Paisani JC (eds) The Physical Geogra-
phy of Brazil, Geography of the Physical Environment. Springer
International Publishing, Cham, pp 119-150. https://doi.org/10.1
007/978-3-030-04333-9 7

Eivazi F, Tabatabai MA (1988) Glucosidases and galactosidases in
soils. Soil Biol Biochem 20:601-606. https://doi.org/10.1016/00
38-0717(88)90141-1

Gao Y, Wang S, Chen L, Wu F, Yu G (2024) Achieving accurate
regional carbon-sink accounting and its significance for missing
carbon sinks. Innovation 5:100552. https://doi.org/10.1016/j.xin
n.2023.100552

Gava CAT, Giongo V, Signor D, Fernandes-Jinior PI (2022) Land-
use change alters the stocks of carbon, nitrogen, and phosphorus
in a Haplic Cambisol in the Brazilian semi-arid region. Soil Use
Manag 38:953-963. https://doi.org/10.1111/sum.12716

Gazoulis I, Kanatas P, Petraki D, Antonopoulos N, Kokkini M, Dan-
askos M, Travlos I (2025) Enhancing Agroecosystem Sustain-
ability by Means of Cover Crops in the Era of Climate Change.
Agronomy 15:1051. https://doi.org/10.3390/agronomy 15051051

Gerke J (2022) The Central Role of Soil Organic Matter in Soil Fertil-
ity and Carbon Storage. Soil Syst 6:33. https://doi.org/10.3390/s
oilsystems6020033

Ghimire R, Ghimire B, Mesbah AO, Idowu OJ, O’Neill MK, Angadi
SV, Shukla MK (2018) Current status, opportunities, and chal-
lenges of cover cropping for sustainable dryland farming in the
Southern Great Plains. J Crop Improv 32:579-598. https://doi.org
/10.1080/15427528.2018.1471432

Giongo V, Salviano AM, Angelotti F, Taura T, Leite LFC, Cunha TJF
(2018) Low Carbon Technologies for Agriculture in Dryland:
Brazilian Experience, in: Rao, C.S., Shanker, A.K., Shanker, C.
(Eds.), Climate Resilient Agriculture - Strategies and Perspec-
tives. InTech. https://doi.org/10.5772/intechopen.72363

Gorooei A, Aynehband A, Rahnama A, Gaiser T, Kamali B (2023)
Cropping systems and agricultural management strategies affect
soil organic carbon dynamics in semi-arid regions. Front Sustain
Food Syst 6:1016000. https://doi.org/10.3389/fsufs.2022.101600
0

Huang J, Hartemink AE (2020) Soil and environmental issues in sandy
soils. Earth Sci Rev 208:103295. https://doi.org/10.1016/j.earsci
rev.2020.103295

Hu Q, Jiang T, Thomas BW, Chen J, Xie J, Hu Y, Kong F, Yang Y,
Chen X, Zhang Y, Shi X (2023) Legume cover crops enhance soil
organic carbon via microbial necromass in orchard alleyways.
Soil Tillage Res 234:105858. https://doi.org/10.1016/j.sti11.2023
105858

Hu Z, Song X, Wang M, Ma J, Zhang Y, Xu H-J, Hu, Zhongmin, Zhu
X, Liu H, Ma, Jun, Yu Q, Ostle NJ, Li Y, Yue C (2022) Aridity
influences root versus shoot contributions to steppe grassland soil
carbon stock and its stability. Geoderma 413:115744. https://doi.
org/10.1016/j.geoderma.2022.115744

Islam KR, Weil RR (1998) Microwave irradiation of soil for routine
measurement of microbial biomass carbon. Biol Fertil Soils
27:408-416. https://doi.org/10.1007/s003740050451

IUSS (2022) World reference base for soil resources 2022: Interna-
tional soil classification system for naming soils and creating
legends for soil maps, 4.edition. ed. International Union of Soil
Sciences, Vienna, Austria

Jaziri S, M’hamed HC, Rezgui, Mohsen, Labidi S, Souissi A, Rezgui,
Mounir, Barbouchi M, Annabi M, Bahri H (2022) Long Term
Effects of Tillage—Crop Rotation Interaction on Soil Organic
Carbon Pools and Microbial Activity on Wheat-Based System in

@ Springer


https://doi.org/10.1007/s42729-021-00494-0
https://doi.org/10.1007/s42729-021-00494-0
https://doi.org/10.1007/978-3-030-04333-9_7
https://doi.org/10.1007/978-3-030-04333-9_7
https://doi.org/10.1016/0038-0717(88)90141-1
https://doi.org/10.1016/0038-0717(88)90141-1
https://doi.org/10.1016/j.xinn.2023.100552
https://doi.org/10.1016/j.xinn.2023.100552
https://doi.org/10.1111/sum.12716
https://doi.org/10.3390/agronomy15051051
https://doi.org/10.3390/soilsystems6020033
https://doi.org/10.3390/soilsystems6020033
https://doi.org/10.1080/15427528.2018.1471432
https://doi.org/10.1080/15427528.2018.1471432
https://doi.org/10.5772/intechopen.72363
https://doi.org/10.3389/fsufs.2022.1016000
https://doi.org/10.3389/fsufs.2022.1016000
https://doi.org/10.1016/j.earscirev.2020.103295
https://doi.org/10.1016/j.earscirev.2020.103295
https://doi.org/10.1016/j.still.2023.105858
https://doi.org/10.1016/j.still.2023.105858
https://doi.org/10.1016/j.geoderma.2022.115744
https://doi.org/10.1016/j.geoderma.2022.115744
https://doi.org/10.1007/s003740050451
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/sum.13097
https://doi.org/10.1111/sum.13097
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1002/ldr.4480
https://doi.org/10.1016/j.still.2022.105630
https://doi.org/10.1016/j.still.2022.105630
https://doi.org/10.1590/1983-21252023v36n410rc
https://doi.org/10.1590/1983-21252023v36n410rc
https://doi.org/10.1071/AR9951459
https://doi.org/10.1071/AR9951459
https://doi.org/10.2136/sssaj2013.01.0006
https://doi.org/10.2136/sssaj2013.01.0006
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.1016/j.still.2018.08.004
https://doi.org/10.1016/j.still.2018.08.004

5084

Journal of Soil Science and Plant Nutrition (2026) 26:5071-5086

Mediterranean Semi-Arid Region. Agronomy 12:953. https://doi.
org/10.3390/agronomy 12040953

Khairallah W, Raclot D, Annabi M, Coulouma G, Guenet B, Rumpel
C, Bahri H (2025) Evidence of high carbon biodegradability in
the subsoil of Mediterranean croplands. Geoderma 455:117212.
https://doi.org/10.1016/j.geoderma.2025.117212

Kotzé E, Loke PF, Akhosi-Setaka MC, Du Preez CC (2016) Land use
change affecting soil humic substances in three semi-arid agro-
ecosystems in South Africa. Agric Ecosyst Environ 216:194-202.
https://doi.org/10.1016/j.agee.2015.10.007

Kumar N, Nath CP, Hazra KK, Das K, Venkatesh MS, Singh MK,
Singh SS, Praharaj CS, Singh NP (2019) Impact of zero-till resi-
due management and crop diversification with legumes on soil
aggregation and carbon sequestration. Soil Tillage Res 189:158—
167. https://doi.org/10.1016/j.stil1.2019.02.001

Lal R (2016) Soil health and carbon management. Food Energy Secur
5:212-222. https://doi.org/10.1002/fes3.96

Lehman RM, Acosta-Martinez V, Buyer JS, Cambardella CA, Collins
HP, Ducey TF, Halvorson 1], Jin VL, Johnson JMF, Kremer RJ,
Lundgren JG, Manter DK, Maul JE, Smith JL, Stott DE (2015)
Soil biology for resilient, healthy soil. J Soil Water Conserv 70:3.
https://doi.org/10.2489/jswc.70.1.12A

Li C, Fu B, Wang S, Stringer LC, Zhou W, Ren Z, Hu M, Zhang Y,
Rodriguez-Caballero E, Weber B, Maestre FT (2023a) Climate-
driven ecological thresholds in China’s drylands modulated by
grazing. Nat Sustain 6:1363—1372. https://doi.org/10.1038/s418
93-023-01187-5

Li G, Tang X, Hou Q, Li T, Xie H, Lu Z, Zhang T, Liao Y, Wen X
(2023b) Response of soil organic carbon fractions to legume
incorporation into cropping system and the factors affecting it: A
global meta-analysis. Agric Ecosyst Environ 342:108231. https://
doi.org/10.1016/j.agee.2022.108231

LiJ, WenY, Li X, Li Y, Yang X, Lin Z, Song Z, Cooper JM, Zhao B
(2018) Soil labile organic carbon fractions and soil organic carbon
stocks as affected by long-term organic and mineral fertilization
regimes in the North China Plain. Soil Tillage Res 175:281-290.
https://doi.org/10.1016/j.stil1.2017.08.008

Lintemani MG, Loss A, Mendes CS, Fantini AC (2020) Long fallows
allow soil regeneration in slash-and-burn agriculture. J Sci Food
Agric 100:1142—-1154. https://doi.org/10.1002/jsfa.10123

Lipiec J, Usowicz B (2021) Quantifying Cereal Productivity on Sandy
Soil in Response to Some Soil-Improving Cropping Systems.
Land 10:1199. https://doi.org/10.3390/1and10111199

LiuD, Li S, Zhu W, Wang Y, Zhang S, Fang Y (2023) Storage and sta-
bility of soil organic carbon in two temperate forests in Northeast-
ern China. Land 12:1-14. https://doi.org/10.3390/1and 12051019

Liu K, Bandara M, Hamel C, Knight JD, Gan Y (2020) Intensifying
crop rotations with pulse crops enhances system productivity and
soil organic carbon in semi-arid environments. Field Crops Res
248:107657. https://doi.org/10.1016/j.fcr.2019.107657

Liu X, Tan S, Song X, Wu X, Zhao G, Li S, Liang G (2022) Response
of soil organic carbon content to crop rotation and its controls: A
global synthesis. Agric Ecosyst Environ 335:108017. https://doi.
org/10.1016/j.agee.2022.108017

Luz JHSD, Silva MBD, Barbosa LDNS, Souza JWGD, Farias MRDS,
Santos JKD, Gois MGJLD, Paulino SS, Silva RB, Silva DMR,
Soares DDA, Pavinato PS, Santos VRD (2023) Short-Term Agro-
nomic and Economic Responses to the Adoption of Cover Crops
for Corn Rotation in the Brazilian Semiarid Region. Sustainabil-
ity 15:15091. https://doi.org/10.3390/sul52015091

Maia SMF, Medeiros ADS, Xavier FADS (2025) Deforestation and
conventional agriculture’s impact on soil quality in five Brazilian
semi-arid soils. Exp Agric 61:e6. https://doi.org/10.1017/S00144
79725000055

@ Springer

Man M, Wagner-Riddle C, Dunfield KE, Deen B, Simpson MJ (2021)
Long-term crop rotation and different tillage practices alter soil
organic matter composition and degradation. Soil Tillage Res
209:104960. https://doi.org/10.1016/j.still.2021.104960

Marcos-Pérez M, Sanchez-Navarro V, Martinez-Martinez S, Mar-
tinez-Mena M, Garcia E, Zornoza R (2023) Intercropping
organic melon and cowpea combined with return of crop residues
increases yields and soil fertility. Agron Sustain Dev 43:53. https
://doi.org/10.1007/s13593-023-00902-y

Marengo JA, Alves LM, Alvala RCS, Cunha AP, Brito S, Moraes OLL
(2018) Climatic characteristics of the 2010-2016 drought in the
semiarid Northeast Brazil region. Acad Bras Ciénc 90:1973—
1985. https://doi.org/10.1590/0001-376520172017020

Marinho ACCS, Portela JC, da Silva EF, da Silva Dias N, de Sousa
FS, da Silva AC, da Silva JF (2016) Organic matter and physico-
chemical attributes of a cambisol under different agricultural uses
in a semi-arid region of Brazil. Aust J Crop Sci 10:32-41

Mechri M, Patil SB, Saidi W, Hajri R, Jarrahi T (2016) Soil organic car-
bon and nitrogen status under fallow and cereal-legume species
in a tunisian semi-arid conditions. Eur J Earth Environ 3(1):1-13

Medeiros AS, Malta Ferreira Maia S, Dos Santos TC, De Aratijo Gomes
TC (2020) Soil carbon losses in conventional farming systems due
to land-use change in the Brazilian semi-arid region. Agric Ecosyst
Environ 287:106690. https://doi.org/10.1016/j.agee.2019.106690

Menezes RSC, Sales AT, Primo DC, Albuquerque ERGMD, Jesus
KND, Pareyn FGC, Santana MDS, Santos UJD, Martins JCR,
Althoff TD, Nascimento DMD, Gouveia RF, Fernandes MM,
Loureiro DC, Aratijo Filho JCD, Giongo V, Duda GP, Alves BJR,
Ivo WMPDM, Andrade EMD, Pinto ADS, Sampaio EVDSB
(2021) Soil and vegetation carbon stocks after land-use changes
in a seasonally dry tropical forest. Geoderma 390:114943. https:/
/doi.org/10.1016/j.geoderma.2021.114943

Moharana PC, Jena RK, Kumar N, Singh RS, Rao SS (2021) Assess-
ment of soil organic and inorganic carbon stock at different soil
depths after conversion of desert into arable land in the hot arid
regions of India. Carbon Manag 12:153—165. https://doi.org/10.1
080/17583004.2021.1893128

Monroe PHM, Barreto-Garcia B, Barros PA, De Oliveira WTRB,
Pereira FG, M.G (2021) Physical protection of soil organic car-
bon through aggregates in different land use systems in the semi-
arid region of Brazil. J Arid Environ 186:104427. https://doi.org/
10.1016/j.jaridenv.2020.104427

Naorem A, Jayaraman S, Dang YP, Dalal RC, Sinha NK, Rao CS,
Patra AK (2023) Soil Constraints in an Arid Environment—Chal-
lenges, Prospects, and Implications. Agronomy 13:220. https://do
i.org/10.3390/agronomy13010220

Nath CP, Hazra KK, Kumar N, Praharaj CS, Singh SS, Singh U, Singh
NP (2019) Including grain legume in rice—wheat cropping system
improves soil organic carbon pools over time. Ecol Eng 129:144—
153. https://doi.org/10.1016/j.ecoleng.2019.02.004

Nyamadzawo G, Chikowo R, Nyamugafata P, Nyamangara J, Giller
KE (2008) Soil organic carbon dynamics of improved fallow-
maize rotation systems under conventional and no-tillage in Cen-
tral Zimbabwe. Nutr Cycl Agroecosyst 81:85-93. https://doi.org/
10.1007/s10705-007-9154-y

Oliveira FCC, Ferreira GWD, Assuncao SJR, Pedrotti A (2024) Long-
term Impacts of Tillage and Cover Cropping on Soil Organic Car-
bon and Carbon Oxidizable Fractions in a Tropical Sandy Soil. J
Soil Sci Plant Nutr 24:7640-7650. https://doi.org/10.1007/s4272
9-024-02064-6

Pingthaisong W, Blagodatsky S, Vityakon P, Cadisch G (2024) Mixing
plant residues of different quality reduces priming effect and con-
tributes to soil carbon retention. Soil Biol Biochem 188:109242.
https://doi.org/10.1016/j.s0ilbio.2023.109242


https://doi.org/10.1016/j.still.2021.104960
https://doi.org/10.1007/s13593-023-00902-y
https://doi.org/10.1007/s13593-023-00902-y
https://doi.org/10.1590/0001-376520172017020
https://doi.org/10.1016/j.agee.2019.106690
https://doi.org/10.1016/j.geoderma.2021.114943
https://doi.org/10.1016/j.geoderma.2021.114943
https://doi.org/10.1080/17583004.2021.1893128
https://doi.org/10.1080/17583004.2021.1893128
https://doi.org/10.1016/j.jaridenv.2020.104427
https://doi.org/10.1016/j.jaridenv.2020.104427
https://doi.org/10.3390/agronomy13010220
https://doi.org/10.3390/agronomy13010220
https://doi.org/10.1016/j.ecoleng.2019.02.004
https://doi.org/10.1007/s10705-007-9154-y
https://doi.org/10.1007/s10705-007-9154-y
https://doi.org/10.1007/s42729-024-02064-6
https://doi.org/10.1007/s42729-024-02064-6
https://doi.org/10.1016/j.soilbio.2023.109242
https://doi.org/10.1016/j.soilbio.2023.109242
https://doi.org/10.3390/agronomy12040953
https://doi.org/10.3390/agronomy12040953
https://doi.org/10.1016/j.geoderma.2025.117212
https://doi.org/10.1016/j.agee.2015.10.007
https://doi.org/10.1016/j.agee.2015.10.007
https://doi.org/10.1016/j.still.2019.02.001
https://doi.org/10.1002/fes3.96
https://doi.org/10.2489/jswc.70.1.12A
https://doi.org/10.2489/jswc.70.1.12A
https://doi.org/10.1038/s41893-023-01187-5
https://doi.org/10.1038/s41893-023-01187-5
https://doi.org/10.1016/j.agee.2022.108231
https://doi.org/10.1016/j.agee.2022.108231
https://doi.org/10.1016/j.still.2017.08.008
https://doi.org/10.1016/j.still.2017.08.008
https://doi.org/10.1002/jsfa.10123
https://doi.org/10.3390/land10111199
https://doi.org/10.3390/land12051019
https://doi.org/10.1016/j.fcr.2019.107657
https://doi.org/10.1016/j.agee.2022.108017
https://doi.org/10.1016/j.agee.2022.108017
https://doi.org/10.3390/su152015091
https://doi.org/10.1017/S0014479725000055
https://doi.org/10.1017/S0014479725000055

Journal of Soil Science and Plant Nutrition (2026) 26:5071-5086

5085

Pradhan A, Wakchaure GC, Shid D, Minhas PS, Biswas AK, Reddy
KS (2023) Impact of residue retention and nutrient management
on carbon sequestration, soil biological properties, and yield in
multi-ratoon sugarcane. Front Sustain Food Syst 7:1288569. http
s://doi.org/10.3389/fsufs.2023.1288569

Qin Z, Guan K, Zhou W, Peng B, Tang J, Jin Z, Grant R, Hu T, Villamil
MB, DeLucia E, Margenot AJ, Umakant M, Chen Z, Coppess
J (2023) Assessing long-term impacts of cover crops on soil
organic carbon in the central US Midwestern agroecosystems.
Glob Change Biol 29:2572-2590. https://doi.org/10.1111/gcb.1
6632

Raiesi F (2021) The quantity and quality of soil organic matter and
humic substances following dry-farming and subsequent restora-
tion in an upland pasture. CATENA 202:105249. https://doi.org/1
0.1016/j.catena.2021.105249

Rakesh S, Sinha AK, Mukhopadhyay P (2020) Vertical Distribution of
TOC, TN and Other Important Soil Attributes and Their Relation-
ship in Alfisol and Entisol of West Bengal. IIECC 62-73. https://
doi.org/10.9734/ijecc/2020/v10i1130176

Rebonatti MD, Cordeiro CFDS, Volf MR, Gomes Da Silva PC, Tiri-
tan CS (2023) Effects of silage crops between crop seasons on
soybean grain yield and soil fertility in tropical sandy soils. Eur
J Agron 143:126685. https://doi.org/10.1016/j.eja.2022.126685

Ren Z, Li C, Fu B, Wang S, Stringer LC (2024) Effects of aridification
on soil total carbon pools in China’s drylands. Glob Change Biol
30:e17091. https://doi.org/10.1111/gcb.17091

Rey A, Oyonarte C, Moran-Lopez T, Raimundo J, Pegoraro E (2017)
Changes in soil moisture predict soil carbon losses upon rewet-
ting in a perennial semiarid steppe in SE Spain. Geoderma
287:135-146. https://doi.org/10.1016/j.geoderma.2016.06.025

Régo LGDS, Martins CM, Silva EFD, Silva JJAD, Lima RNDS (2016)
Pedogenesis and Soil Classification of an Experimental Farm
in Mossoro, State of Rio Grande do Norte. Brazil Rev Caatinga
29:1036-1042. https://doi.org/10.1590/1983-21252016v29n430rc

Ryan J, Masri S, Singh M (2009) Seasonal Changes in Soil Organic
Matter and Biomass and Labile Forms of Carbon as Influenced
by Crop Rotations. Commun Soil Sci Plant Anal 40:188—199. htt
ps://doi.org/10.1080/00103620802625617

Santana MDS, Sampaio EVDSB, Giongo V, Menezes RSC, Jesus
KND, Albuquerque ERGMD, Nascimento DMD, Pareyn FGC,
Cunha TJF, Sampaio RMB, Primo DC (2019) Carbon and nitro-
gen stocks of soils under different land uses in Pernambuco state,
Brazil. Geoderma Reg 16:¢00205. https://doi.org/10.1016/j.geod
1s.2019.€00205

Santos HG, Jacomine PKT, Anjos LHC, Oliveira VA, Lumbreras JF,
Coelho MR, Almeida JA, Aragjo Filho JC, Lima HN, Marques
FA, Oliveira JB, Cunha TJF (2025) Sistema brasileiro de classi-
ficacdo de solos, 6th edn. Embrapa, Brasilia, DF. (in Portuguese)

Shang C, Tiessen H (1997) Organic matter lability in a tropical oxisol:
evidence from shifting cultivation, chemical oxidation, particle
size, density, and magnetic fractionations. Soil Sci 162:795

Silva LS, Laroca JVDS, Coelho AP, Gongalves EC, Gomes RP,
Pacheco LP, Carvalho PCDF, Pires GC, Oliveira RL, Souza
JMAD, Freitas CM, Cabral CEA, Wruck FJ, Souza EDD (2022)
Does grass-legume intercropping change soil quality and grain
yield in integrated crop-livestock systems? Appl Soil Ecol
170:104257. https://doi.org/10.1016/j.apso0il.2021.104257

Silva MDO, Veloso CL, Nascimento DLD, Oliveira JD, Pereira DDF,
Costa KDDS (2020) Indicadores quimicos ¢ fisicos de qualidade do
solo. BJD 6:47838-47855. https://doi.org/10.34117/bjdv6n7-431

Souza CG, Sales Rodrigues M, Silva KAD, Ferreira Lira AL, Ramos
Moreira FB, Lima N, A.M (2022) Precision agriculture tools for
liming management in mango orchards in the Brazilian semiarid
region. Com Sci 13:€3630. https://doi.org/10.14295/cs.v13.3630

Souza PADS, Fracetto FJC, De Oliveira AS, Ferreira JDS, Ferrdo
NGDM, Menezes RSC, Sampaio EVDSB, Fernandes Junior PI,
Freitas ADSD (2025) Microbial biomass, carbon and nitrogen
stocks across land uses and soil types in the Brazilian tropical dry
forest region. J Arid Environ 229:105401. https://doi.org/10.1016
/j.jaridenv.2025.105401

Swift RS (2001) Sequestration of carbon by soil. Soil Sci 166:858—
871. https://doi.org/10.1097/00010694-200111000-00010

Teixeira PC, Donagemma GK, Fontana A, Teixeira WG (2017) Man-
ual de métodos de analise de solos, 3a edi¢do revista e ampliada.
ed. Embrapa. (in Portuguese)

Tesfaye MA, Bravo F, Ruiz-Peinado R, Pando V, Bravo-Oviedo A
(2016) Impact of changes in land use, species and elevation on
soil organic carbon and total nitrogen in Ethiopian Central High-
lands. Geoderma 261:70-79. https://doi.org/10.1016/j.geoderma.
2015.06.022

Thapa VR, Ghimire R, Adhikari KP, Lamichhane S (2023) Soil organic
carbon sequestration potential of conservation agriculture in arid
and semi-arid regions: A review. J Arid Environ 217:105028. http
s://doi.org/10.1016/j.jaridenv.2023.105028

Tiemann LK, Grandy AS, Atkinson EE, Marin-Spiotta E, McDaniel
MD (2015) Crop rotational diversity enhances belowground com-
munities and functions in an agroecosystem. Ecol Lett 18:761—
771. https://doi.org/10.1111/ele.12453

Tiessen H, Salcedo IH, Sampaio EVSB (1992) Nutrient and soil
organic matter dynamics under shifting cultivation in semi-arid
northeastern Brazil. Agric Ecosyst Environ 38:139—-151. https://d
0i.0rg/10.1016/0167-8809(92)90139-3

Van Rossum G (2023) Python: A Programming Language

Vasconcelos GXDM, Portela JC, Gondim JEF, Xavier ALVDS, Ban-
deira DIDC, Gomes DVDO (2025) Organic fractions, microbial
biomass carbon, and their interrelationships with structural attri-
butes in different land uses. Eng Agric 45:€20240189. https://d
0i1.org/10.1590/1809-4430-eng.agric.v45nespe120240189/2025

Vikram N, Sagar A, Gangwar C, Husain R, Narayan Kewat R (2022)
Properties of Humic Acid Substances and Their Effect in Soil
Quality and Plant Health, in: Makan, A. (Ed.), Humus and Humic
Substances - Recent Advances. IntechOpen. https://doi.org/10.57
72/intechopen. 105803

Wang X, Bai X, Ma L, He C, Jiang H, Sheng L, Luo W (2020) Snow
depths’ impact on soil microbial activities and carbon dioxide
fluxes from a temperate wetland in Northeast China. Sci Rep
10:8709. https://doi.org/10.1038/s41598-020-65569-x

Wei C, Adamowski JF, Liu Y, Zhang Y, Liu C, Zhou J, Wang X, Zhang
X, Cao J (2020) A Comparative Study of Rotation Patterns on
Soil Organic Carbon in China’s Arid and Semi-Arid Regions.
Agronomy 10:160. https://doi.org/10.3390/agronomy 10020160

Williams A, Kay P, Stirling G, Weng X, Bell L (2022) Impacts of
reducing fallow periods on indicators of soil function in subtropi-
cal dryland farming systems. Agric Ecosyst Environ 324:107727.
https://doi.org/10.1016/j.agee.2021.107727

Xie Z,YuZ, LiY, Wang G, Liu X, Tang C, Lian T, Adams J, Liu, Jun-
jie, Liu, Judong, Herbert SJ, Jin J (2022) Soil microbial metabo-
lism on carbon and nitrogen transformation links the crop-residue
contribution to soil organic carbon. npj Biofilms Microbiomes
8:14. https://doi.org/10.1038/s41522-022-00277-0

Xu Q, Xiong K, Chi Y, Song S (2021) Effects of Crop and Grass Inter-
cropping on the Soil Environment in the Karst Area. Sustainabil-
ity 13:5484. https://doi.org/10.3390/su13105484

Yang S, Sun J, Wang C, Li S, Li Z, Luo W, Wei G, Chen W (2024)
Residue quality drives SOC sequestration by altering microbial
taxonomic composition and ecophysiological function in desert
ecosystem. Environ Res 250:118518. https://doi.org/10.1016/j.e
nvres.2024.118518

@ Springer


https://doi.org/10.1016/j.jaridenv.2025.105401
https://doi.org/10.1016/j.jaridenv.2025.105401
https://doi.org/10.1097/00010694-200111000-00010
https://doi.org/10.1016/j.geoderma.2015.06.022
https://doi.org/10.1016/j.geoderma.2015.06.022
https://doi.org/10.1016/j.jaridenv.2023.105028
https://doi.org/10.1016/j.jaridenv.2023.105028
https://doi.org/10.1111/ele.12453
https://doi.org/10.1016/0167-8809(92)90139-3
https://doi.org/10.1016/0167-8809(92)90139-3
https://doi.org/10.1590/1809-4430-eng.agric.v45nespe120240189/2025
https://doi.org/10.1590/1809-4430-eng.agric.v45nespe120240189/2025
https://doi.org/10.5772/intechopen.105803
https://doi.org/10.5772/intechopen.105803
https://doi.org/10.1038/s41598-020-65569-x
https://doi.org/10.3390/agronomy10020160
https://doi.org/10.1016/j.agee.2021.107727
https://doi.org/10.1016/j.agee.2021.107727
https://doi.org/10.1038/s41522-022-00277-0
https://doi.org/10.3390/su13105484
https://doi.org/10.1016/j.envres.2024.118518
https://doi.org/10.1016/j.envres.2024.118518
https://doi.org/10.3389/fsufs.2023.1288569
https://doi.org/10.3389/fsufs.2023.1288569
https://doi.org/10.1111/gcb.16632
https://doi.org/10.1111/gcb.16632
https://doi.org/10.1016/j.catena.2021.105249
https://doi.org/10.1016/j.catena.2021.105249
https://doi.org/10.9734/ijecc/2020/v10i130176
https://doi.org/10.9734/ijecc/2020/v10i130176
https://doi.org/10.1016/j.eja.2022.126685
https://doi.org/10.1111/gcb.17091
https://doi.org/10.1016/j.geoderma.2016.06.025
https://doi.org/10.1590/1983-21252016v29n430rc
https://doi.org/10.1080/00103620802625617
https://doi.org/10.1080/00103620802625617
https://doi.org/10.1016/j.geodrs.2019.e00205
https://doi.org/10.1016/j.geodrs.2019.e00205
https://doi.org/10.1016/j.apsoil.2021.104257
https://doi.org/10.34117/bjdv6n7-431
https://doi.org/10.14295/cs.v13.3630

5086

Journal of Soil Science and Plant Nutrition (2026) 26:5071-5086

Yeomans JC, Bremner JM (1988) A rapid and precise method for rou-
tine determination of organic carbon in soil. Commun Soil Sci

Plant Anal 19:1467-1476. https://doi.org/10.1080/00103628809
368027

Yost JL, Hartemink AE (2019) Soil organic carbon in sandy soils: A

review. Adv. Agron. Elsevier, pp 217-310. https://doi.org/10.101
6/bs.agron.2019.07.004

@ Springer

Zavarzina AG, Danchenko NN, Demin VV, Artemyeva ZS, Kogut BM
(2021) Humic Substances: Hypotheses and Reality (a Review).

Eurasian Soil Sci 54:1826—-1854. https://doi.org/10.1134/S10642
29321120164

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1134/S1064229321120164
https://doi.org/10.1134/S1064229321120164
https://doi.org/10.1080/00103628809368027
https://doi.org/10.1080/00103628809368027
https://doi.org/10.1016/bs.agron.2019.07.004
https://doi.org/10.1016/bs.agron.2019.07.004

	﻿Organic Carbon Compartments and Chemical Attributes of Sandy Soil in Response to Crop Succession Under Conventional Management and Fallow Long-term in the Semi-arid Region
	﻿Abstract
	﻿Highlights
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and Methods
	﻿2.1﻿ ﻿Description of the Site
	﻿2.2﻿ ﻿Crop Succession (Treatments)
	﻿2.3﻿ ﻿Soil Sampling, Irrigation and Experimental Design
	﻿2.4﻿ ﻿Soil Analysis
	﻿2.4.1﻿ ﻿Chemical Analyses
	﻿2.4.2﻿ ﻿Soil Organic Carbon, Organic Fractions and Carbon Management Index


	﻿2.5﻿ ﻿Statistical Analysis
	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Principal Component Analysis
	﻿3.2﻿ ﻿Cluster Analysis
	﻿3.3﻿ ﻿ANOVA RT with Bonferroni

	﻿4﻿ ﻿Discussion
	﻿5﻿ ﻿Conclusions
	﻿References


