
Vol:.(1234567890)

Journal of Soil Science and Plant Nutrition (2024) 24:2898–2909
https://doi.org/10.1007/s42729-024-01716-x

ORIGINAL PAPER

Impact of Changes in Soil Attributes and Composition 
following Anthropization Related to Agricultural Practices 
in the Amazon Region

Rosa de Nazaré Paes da Silva1 · Nikolas de Souza Mateus2 · Cássio Rafael Costa dos Santos3 · Milton Garcia Costa4   · 
Eric Victor de Oliveira Ferreira3 · Ismael de Jesus Matos Viégas5

Received: 6 August 2023 / Accepted: 13 March 2024 / Published online: 22 March 2024 
© The Author(s) under exclusive licence to Sociedad Chilena de la Ciencia del Suelo 2024

Abstract 
In response to the ongoing expansion of agriculture and land use changes in the Amazon region, new studies are necessary 
to understand the impacts of agricultural practices on Amazonian soils. The objective was to assess the changes induced in 
soil horizons by different management practices. The research was conducted in the National Forest of Caxiuanã, located in 
the municipality of Melgaço, Pará State, Brazil. A completely randomized 3 × 4 factorial design was employed, incorporating 
three types of vegetation (20-year-old secondary forest—SoilFS20, 5-year-old secondary forest—SoilFS5, and coivara—cut-
ting and burning of native vegetation—SoilLTM) and four effective soil depths (0–5 cm, 5–10 cm, 10–20 cm, and 20–30 cm), 
with nine replicates for each combination. To enhance accuracy of the required assessment of the modifications induced 
in the physical and chemical attributes of the soil, isotopic composition of δ13C and δ15N was utilized. In areas subjected 
to clearing (SoilFS5 and SoilLTM), significant concentrations of carbon (C) and nitrogen (N) were observed in the 20–30 cm 
depth due to soil disturbance, which incorporated the litter into the deeper horizons. However, no significant differences in 
the C/N ratio were detected among the studied areas at the effective soil depth. Regardless of soil depth, SoilFS20 exhibited 
lower acidity, δ13C, δ15N, sandy and clay content, as well as iron (Fe) content, while displaying higher levels of SOM, zinc 
(Zn), calcium (Ca), manganese (Mn), potassium (K), silt, sodium (Na), copper (Cu), and phosphorus (P) content compared 
to the other sites. The results showed significant variations in the chemical and physical properties of the soil among the 
study sites, with SoilFS20 standing out in several characteristics. The increase in carbon stock in SoilFS20 indicated positive 
responses to specific management practices. Analyses of carbon, nitrogen concentrations, and stable isotopes highlighted 
SoilFS5 as distinctly different from the others. These findings contribute to the understanding of soil dynamics under different 
management practices, providing valuable insights for sustainable natural resource management in the region.
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1  Introduction

Deforestation resulting from the expansion of agricultural 
areas and the practice of clearing land for timber produc-
tion, agriculture, or charcoal represents a global challenge 
with significant implications for the terrestrial carbon cycle 
(Ray et al. 2023; Reichenbach et al. 2023). Land use plays a 
crucial role in climate change, significantly influencing the 
dynamics of soil carbon (C) and nitrogen (N) in terrestrial 
ecosystems (Batlle-Bayer et al. 2010; Cotrufo et al. 2011; 
Lu et al. 2014). Human activities have caused substantial 
environmental damage, resulting in rapid losses of C and N 
from the soil (Dou et al. 2016). Land use changes, includ-
ing deforestation, agricultural crop management, and animal 
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husbandry, directly impact the dynamics of C and N. The 
carbon cycle has drawn the interest of society as a whole due 
to the growing concern regarding ongoing climate changes 
(Mantovani et al. 2024).

In recent years, the expansion of agriculture in the Ama-
zon region has accelerated, leading to deforestation of native 
areas and alterations in land use, thereby causing environ-
mental damage to the dynamics of C and N and disrupting 
biological biodiversity (Almeida et al. 2016; Arvor et al. 
2017). Oxisols and Ultisols, which account for 80% of the 
Brazilian Amazon's territory, are acidic soils with low natu-
ral chemical fertility, deep profiles, and color ranging from 
red to yellow (Souza et al. 2018). Additionally, historical 
agricultural practices, such as itinerant cultivation (burning, 
cultivating, harvesting, and abandoning), have contributed to 
the rapid anthropization of these soils (Montoya et al. 2020). 
Studies have shown that the outcomes of soil modifications 
in early agriculture can range from improvement to degra-
dation, depending on various factors such as agricultural 
methods, cultivation intensity, and environmental sensitivity 
(Araujo et al. 2023; Satdichanh et al. 2023).

Tropical soils play a vital role in biological diversity and 
the global carbon cycle (Wu et al. 2024), representing 13% 
of all carbon storage in the world's soil (Post et al. 1982). In 
addition, Amazon C storage represents 62% of the total C of 
Brazilian soils (Cerri et al. 2008), with approximately half of 
it estimated to be stored in the topsoil (up to 20 cm) (Moraes 
et al. 1995). However, agricultural expansion, driving defor-
estation rates in the Amazon, exacerbates climate change 
and leads to poor soil quality (Christina et al. 2017). Forest-
to-agricultural land conversion has been identified as the pri-
mary cause of organic carbon loss in tropical regions (Don 
et al. 2011). Deforestation and biomass burning accelerate 
the decomposition of soil organic matter (SOM), resulting in 
increased CO2 emissions, amplifying the greenhouse effect 
and contributing to global warming (Batjes 2006). Further-
more, these activities eradicate microbial biomass on the 
soil surface, affecting soil biochemical processes (Cerri et al. 
2008). Consequently, rapid changes in the biogeochemical 
cycle significantly impact carbon storage (Wu et al. 2024), 
underscoring the need for extensive scientific research on 
soil carbon storage in the Brazilian Amazon (Araujo et al. 
2023).

SOM undergoes changes in response to climate and 
land use alterations, as well as soil types, influencing car-
bon input and output rates and soil decomposition rates 
(Falloon et al. 2007). Lower microbial activity in deeper 
soil horizons leads to reduced decomposition of root bio-
mass and, consequently, lower organic carbon levels (Lal 
2008). However, soils with higher clay content exhibit 
higher carbon storage levels at greater depths due to their 
enhanced capacity to translocate and store elements (Zinn 
et al. 2002). Nevertheless, most studies focus primarily 

on surface horizons when analyzing organic carbon, as 
accumulation predominantly occurs in the topsoil (Wies-
meier et al. 2012). Therefore, it remains unclear whether 
carbon sinks also occur at greater depths (Kalbitz and 
Kaiser 2008).

The management practices historically employed by 
farmers in the Caxiuanã National Forest, a Conservation 
Unit, differ from the traditional slash-and-burn practices 
found in the tropics. The practice known as "slash and char" 
involves controlled biomass burning, resulting in the produc-
tion of charcoal instead of ash. This incomplete combustion 
of biomass has given rise to the Amazonian Dark Earths, 
locally known as "Terra Preta de Índio" (SOILFS20), which 
are fertile anthropogenic soils found in the Amazon region. 
These soils are characterized by high levels of macro and 
micronutrients, cation exchange capacity (CEC), pH value, 
base saturation, and up to 70 times more carbon content 
compared to Oxisols (Glaser et al. 2000).

Considering that these sites often exhibit past agricul-
tural activities that contribute to the formation of these 
anthropogenic soils, the use of isotopic techniques for the 
analysis of essential elements such as carbon and nitrogen 
becomes an interesting alternative. Therefore, understanding 
the influence of these soil management practices is of par-
ticular importance, especially in archaeological sites where 
SOILFS20 is present. Such studies are relevant not only for 
comprehending the process of formation of these anthropo-
genic soils but also for providing insights that enable better 
conservation practices through sustainable agriculture.

SOM is considered a valuable indicator of changes in 
land use and soil quality (Zhang et al. 2024). A positive 
correlation in the soil organic pool indicates appropriate and 
sustainable land use (Obalum et al. 2017). Furthermore, the 
isotopic composition of SOM exhibits minimal variation, 
making it possible to use natural abundances of carbon-13 
(δ13C) and nitrogen-15 (δ15N) to identify the source of 
organic matter before deforestation (Vitorello et al. 1989). 
Moreover, δ15N values tend to increase with depth in soils as 
inorganic nitrogen storage becomes relatively greater com-
pared to organic nitrogen.

In this context, it is crucial to investigate whether agri-
cultural practices have the potential to induce significant 
changes in the dynamics of soil organic matter (SOM) 
and nutrients. Our assumptions suggest that a short rest-
ing period (~ 5 years) for ecological regeneration may 
not be sufficient to enhance SOM, necessitating longer 
periods (~ 20 years) to effectively restore SOM formation 
and improve soil fertility. Thus, there is a need for studies 
to understand how the management practices in the Cax-
iuanã National Forest impact the global carbon cycle. By 
examining physical and chemical attributes, stable isotopic 
composition (δ13C and δ15N), carbon content and storage, 
carbon-to-nitrogen (C/N) ratio, this study aims to evaluate 
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the level of anthropization and the origin of organic matter 
in soil horizons of three sites designated for agricultural 
use in the Brazilian Amazon.

2 � Material and Methods

2.1 � Study Area

The study was conducted in the Caxiuanã National Forest, 
a Conservation Unit located in Pará State, Brazil. The study 
site covers an area of 324 hectares, divided proportionally 
among the three study conditions: SOILFS20, SOILFS5, and 
SOILLTM. Each area represents a specific soil type and veg-
etation cover. Additionally, soil samples were collected from 
four different horizons of soil, including 0–5 cm, 5–10 cm, 
10–20 cm, and 20–30 cm depths.

This study focused on analyzing soil sites located within 
the Caxiuanã National Forest, characterized by distinct soil 
types and land use histories. The first site, labeled as SoilFS20 
(01º40′43.5" S and 51º 20′07.1" W), is an anthropogenic 
hypereutrophic yellow Ultisol with a sandy/medium tex-
ture. It was previously utilized for agriculture but has since 
been abandoned for 20 years, allowing for natural regen-
eration under a secondary forest. The second site, SoilFS5 
(01º47′06.5" S e 51º28′36.0"W), shares similar character-
istics with SoilFS20, but has a shorter period of abandon-
ment, with only five years of secondary forest regeneration 
after cassava cultivation. Lastly, the third site, RCSoilLTM 
(01º47′06.5" S and 51º28′36.0" W), represents a typical 
hypereutrophic yellow Ultisol with a clayey/medium texture. 
This soil is subjected to temporary planting of various crops 
such as cassava, pumpkin, gherkin, corn, and watermelon, 
utilizing the "coivara" system, which involves slash and burn 
practices and the use of ashes as fertilizer. In this kind of 
cultivation de coivara, the preparing of area consists of slash 
and burn practice, followed by crops rotation and usage of 
the ashes as a fertilize.

2.2 � Treatments and Soil Sampling

The experimental design followed a completely rand-
omized block design with three plots per site (each measur-
ing 3 × 4 m) and three sampling points per plot, resulting 
in a total of nine replications. The treatments included the 
three soil sites (SOILFS20, SOILFS5, and SOILLTM) and four 
soil horizons (0–5 cm, 5–10 cm, 10–20 cm, and 20–30 cm 
depths). This design yielded a total of 108 soil samples. The 
soil samples were air dried in a forced circulation oven at 
60 °C until a constant mass was achieved and then sieved to 
a particle size of less than 2 mm.

2.3 � Soil Chemical and Physical Analysis

Soil chemical and physical analyses were conducted following 
the methods described by Raij et al. (1997) at the Labora-
tory of Soil and Tissue Analysis in Belem, Pará State. The pH 
of the soil was determined using a 0.01 mol CaCl2 solution 
with a soil-to-solution ratio of 1:2.5 (w/v). Various elements, 
including P, K, Mn, Fe, Zn, Cu, and Na, were extracted using 
the Mehlich 1 method. The extraction of Ca, Mg, and Al was 
performed using 1 M KCl solution. The H + Al extraction 
was carried out using a 0.5 M calcium acetate solution, while 
B extraction utilized hot water and S extraction employed 
monocalcium phosphate in acetic acid. Based on the obtained 
results, the sum of bases (SB), cation exchange capacity (CEC 
at pH 7.0), base saturation (V), and organic matter (C = Org 
C × 1.724) were calculated.

To determine the clay, silt, and sand content in the soils, the 
technique of granulometric analysis was used. Initially, repre-
sentative soil samples were collected at each study site. The 
samples were air-dried to remove moisture and then passed 
through a coarse sieve to remove debris and larger fragments. 
Subsequently, approximately 100 g of each sample were 
weighed and placed in dispersion containers along with an 
appropriate dispersing solution. These containers were vigor-
ously agitated for a specific period to disperse the soil parti-
cles. After dispersion, the containers were filled with water to 
the brim and left undisturbed for a specific time to allow par-
ticle sedimentation. During this period, separation of particles 
occurs based on their size and density. After the settling time, 
aliquots of suspended water from the top of the containers, 
containing the clay, silt, and sand fractions, were extracted. 
These aliquots were transferred to evaporation containers and 
placed in an oven at a controlled temperature for complete 
drying. Once dried, the fractions of clay, silt, and sand were 
weighed, and the percentage content of each fraction was cal-
culated relative to the initial sample mass. Standardized formu-
las based on the relative proportions of the obtained fractions 
were used to calculate the clay, silt, and sand content.

2.4 � Determination of Soil Organic Matter (SOM)

The determination of soil organic matter (SOM) amount was 
based on the principle of measuring the easily oxidizable or 
decomposable SOM in the soil (Walkley and Black 1934). 
With the determination of the soil organic carbon (SOC) 
content, the conversion to SOM was performed by the Van 
Bemmlen factor (1.724), considering that the SOM of the soil 
contains 58% of organic C. The percentage of organic C in the 
soil is given by the Eq. (1).

(1)SOC = 0.06 ∗ V ∗ (40 − Va ∗ f ) ∗ εf ε
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SOC = soil organic carbon (g kg−1); V = volume of potas-
sium bichromate used; Va = volume of ammoniacal ferrous 
sulfate used in sample titration; f = 40/volume of ammonia-
cal ferrous sulfate spent in the blank titration; 0.06 = correc-
tion factor; “f” = correction factor. The amount of SOM 
in the sample is calculated by the expression: SOM (g 
kg−1) = SOC × 1.724.

2.5 � C Stock

The C stock (Mg ha−1) of each area was estimated using the 
SOC (g kg−1), soil density (g m−3) and depth (m), using the 
Eq. (2) in Bernoux et al. (1998):

S = Soil C stock (Mg ha−1); Ds = Soil bulk density (g 
m−3); h = 0.05 (m); C = Soil C content (g kg−1).

The soil density was determined by collecting undis-
turbed soil samples (100 cm3) in volumetric rings with the 
aid of an undisturbed soil sampler. After collecting the soil 
samples, they were dried in an oven (105 °C) to determine 
the dry mass. The soil density was obtained by the ratio of 
dry mass to the collected volume (100 cm3).

2.6 � Isotopic Analysis of C and N

The preparation and analysis of the samples were performed 
by weighing in tin capsules, containing 6 mg of soil from the 
depths 0–5 cm and 10–20 cm and 10 mg of soil from the depths 
5–10 cm and 20–30 cm. These samples were introduced into 
an elemental analyzer (Carlo Erba EA 1110 CHNS, CE Instru-
ments). Determination of the N and C concentrations was per-
formed through the combustion of samples, where the gas from 
the combustion is put in a flow of helium through a chromato-
graphic column and introduced directly into a mass spectrometer 
for isotopic ratios (Delta Plus, Thermo Quest – Finnigan). The 
natural abundance of 15N and 13C is expressed as deviations per 
thousand (‰) using the Eq. 3 (1999) (Martinelli et al. 1999).

The determination of δ15N was achieved through the 
Eq. (3) below.

RSample: sample isotopic ration 15N/14N; Ratm: pattern iso-
topic ration 15N/14N. Pattern is the abundance of 15N in the 
atmosphere.

The determination of δ13C was performed through the 
Eq. (4) below:

(2)S = Ds ∗ h ∗ C

(3)δ15N(‰) =
RSample − Raratm

Ratm

∗ 100

(4)δ13C(‰) =
RSample − RPDB

RPDB

∗ 100

RSample: sample isotopic ration 13C/12C; Rpdb : pattern iso-
topic ration 13C/12C. The pattern is the limestone from the 
Pee Dee Belemite – PDB formation.

2.7 � Data Analysis

The collected data were subjected to analysis of variance 
(ANOVA) using the F test at a significance level of p < 0.05. 
Significant differences among means were determined using 
the Tukey test at a significance level of p < 0.05. Pearson 
correlation analyses were conducted to evaluate the relation-
ships between soil attributes. Additionally, the data were 
analyzed using principal component analysis (PCA) and 
cluster analysis to characterize the variables within each 
site and soil depth and group them based on similarity. The 
statistical analyses were performed using the SAS version 
package, and the graphical representation of the data was 
generated using SigmaPlot 11.0.

3 � Results

3.1 � Soil Organic Matter and Carbon stock

The carbon (C) stock and soil organic matter (SOM) content 
increased in accordance with the lower land use intensity, 
with SoilLTM > SoilFS5 > SoilFS20. Notably, there was a signif-
icant increase in the C stock of SoilFS20 compared to SoilFS5 
and SoilLTM (Fig. 1). Specifically, the C stock in SoilFS20 
showed a 40% and 120% increase relative to SoilFS5 and 
SoilLTM, respectively (Fig. 1a). Moreover, the SOM content 
in the SoilFS20 site exhibited a 25% and 83% increase com-
pared to SoilFS5 and SoilLTM, respectively. The SOM content 
decreased with increasing soil depth, reaching the lowest 
values in the 20–30 cm horizon.

3.2 � Total Content of C and N, Stable Isotopes 
Composition (δ13C and δ15N) and C/N Ratio

A significant increase was observed in the total C content 
(Fig. 2a), N content (Fig. 2b), δ13C (Fig. 2c), and δ15N 
(Fig. 2d) of SoilFS5 compared to SoilFS20 and SoilLTM. How-
ever, there were no significant differences between SoilFS20 
and SoilLTM (p > 0.05). The mean total C and N content of 
SoilFS5 were 5% and 12% higher than SoilFS20 and 10% and 
20% higher than SoilLTM, respectively. Additionally, the δ13C 
values were highest in SoilFS5 (-26.06 ‰). When consid-
ering soil depth (0–30 cm), differences were observed in 
the 20–30 cm horizon, which exhibited the highest total C 
content and δ13C values in the SoilFS5 site (5.03 and -24.42 
‰, respectively).

The N content and δ15N values followed the order 
SoilFS20 > SoilLTM > SoilFS5, with SoilFS5 showing the highest 
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Fig. 1    Carbon storage (A) and soil organic matter at different soil depth (B) in SoilFS20 (CP), SoilFS5 (TPI) and SoilLTM (RC) sites at Caxiuanã 
National Forest—Brazilian Amazon. Lowercase letters differ among agricultural practices (CP, TPI, and RC) by the Tukey test (p < 0.05)

Fig. 2   Carbon (A) and Nitrogen (B) (C and N) content, stable iso-
topes composition of C (C) and N (D) and C/N ratio (E) in soil hori-
zons of SoilFS20 (CP), SoilFS5 (TPI) and SoilLTM (RC) sites at Cax-

iuanã National Forest—Brazilian Amazon. Lowercase letters differ 
among agricultural practices (CP, TPI, and RC) by the Tukey test 
(p < 0.05)
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mean N content (8.43 g kg−1). Concerning soil depth, the 
δ15N values decreased with increasing depth, reaching the 
lowest values in the 20–30 cm horizon. There were no sig-
nificant differences in the C/N ratio between the studied 
areas within the effective soil depth. However, the C/N ratio 
differed between the 0–5 cm horizon of SoilFS5 and SoilLTM, 
as well as the 20–30 cm horizon of SoilFS20 and SoilFS5, with 
a mean value of 15.3.

3.3 � Characterization among Sites and Depths

The specific correlation among micro and macronutrients 
and other variables can be observed in Fig. 1. We found a 
positive Pearson’s correlation between δ13C and N content, 
and δ15N with C content and SOM. Furthermore, the clay 
was negatively correlated to δ15N, C content, SOM and silt. 
The total variance was explained by 73% (Principal compo-
nent 1 + 2), with PC1 being explained by δ13C, silt, K, Na, 
Ca, Cu, Mn and Zn, while PC2 was explained by δ15N, Mg 
and Fe. The parameters N content, C content, C/N ratio, 
SOM, sandy, clay, P and B contributed with average values 
to explain the variance in PC1 and PC2. Under SoilFS20, 
regardless soil depths, the samples were characterized by 
higher values of SOM, Zn, Ca, Mn, K, silt, Na, Cu and P 
and lower values of sandy, clay, Fe, δ13C and δ15N. Soil 
samples under lower SoilFS5 sites showed the opposite of 
SoilFS20, which means higher sandy, clay, Fe, δ13C and δ15N. 
The SoilLTM site showed average values among the SoilFS20 
and SOILFS5.

The cluster analysis indicates the formation of two groups 
among soil sites: the group 1 is formed by SoilFS20 site, and 
group 2 that contains SoilFS5 and SoilLTM sites, regardless 
soil depths.

4 � Discussion

Soil attributes play a crucial role in unraveling the complexi-
ties of nutrient cycling and fertility dynamics. Particularly, 
the values of sum of bases (SB) and carbon (C) in the sur-
face horizon (0–30 cm) are indicative of enhanced nutrient 
cycling, facilitated by root activity and litter decomposition 
(Fig. 1). However, the inherent low chemical fertility of 
tropical soils, attributed to the prevalence of low-reactiv-
ity silicate minerals and limited cation exchange capacity 
(CEC) (Lotse Tedontsah et al. 2023; Nel et al. 2023), poses 
a challenge. Fortunately, the formation of humus in Ama-
zonian soils introduces negative charges within the CEC, 
enhancing the soil's ability to retain base cations (Aprile 
2014; Chertov and Nadporozhskaya 2018). SoilFS20, among 
the investigated soil types, demonstrates the most favorable 
conditions for soil organic matter (SOM) formation, owing 

to the continuous influx of organic residues maintaining a 
balance between humus formation and decomposition.

The increase in SOM content significantly impacts 
other soil chemical attributes, influencing the soil's capac-
ity to retain basic cations and facilitating Al3+ complexa-
tion (Singh et al. 2018). Additionally, the rise in SOM can 
lead to reduced H+ activity through the release of metallic 
cations, organic nitrogen mineralization, denitrification, 
and decarboxylation of organic acids (Angst et al. 2021). 
The extended regeneration period in our study area directly 
influences SOM accumulation, altering SB, Al3+, and base 
saturation (V%).

Accumulation of SOM is contingent upon the rate of 
organic residue deposition and decomposition. The elevated 
carbon content in SoilFS20 is attributed to the presence of 
primary and dense forests in flat terrain (Araújo et al. 2011). 
Despite occasional waterlogging in the fallow SoilFS20 site, 
sedimentation and organic matter decomposition augment 
carbon and phosphorus contents. In contrast, higher alu-
minum (Al) values observed in SoilFSS5 and SoilLTM (Fig. 3) 
may result from forested areas conversion to agricultural 
fields, leading to higher pH values (Araújo et al. 2011). The 
elevated Al and pH values confirm incomplete biomass com-
bustion, resulting in the production of charcoal instead of 
ash.

The high silt content in SoilFS20 is attributed to the sedi-
mentary origin of the parent material (claystone and silt-
stone) and past arid climatic conditions, with contributions 
from gypsum veins and carbonate materials gypsum veins 
and carbonate materials (Araújo et al. 2011). It is important 
to note that soil use does not directly alter soil granulom-
etry, as it primarily depends on the original soil formation 
material. However, these attributes significantly impact 
SOM dynamics, influencing pH, SB, and V%. Soil granu-
lometry directly affects SOM stability due to the role of clay 
in aggregate formation, subsequently impacting microbial 
accessibility, enzymatic activity, and O2 diffusion within the 
micropores (Cotrufo and Lavallee 2022).

Consequently, our results underscore the pivotal role of 
SOM in modulating the dynamics of soil chemical attributes, 
including SB, pH, Al3+, and V%. They emphasize the sig-
nificance of SOM in the regeneration of anthropogenic dark 
earth, even in soils with inherently favorable chemical fer-
tility. However, anthropogenic soil use can jeopardize these 
beneficial attributes. Therefore, it is imperative to implement 
practices that promote SOM formation and simultaneously 
reduce its degradation. Our study highlights that SOM con-
tent increases with the duration of the regeneration cycle, 
leading to significant alterations in both the chemical and 
granulometric attributes of the soil.

These findings emphasize the crucial importance of pri-
oritizing and enhancing SOM in soil management strategies. 
The sustainable regeneration of anthropogenic dark earth 
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relies on practices that promote the formation of SOM while 
minimizing its depletion. By focusing on SOM enrichment, 
soil fertility can be effectively restored and maintained, even 
in soils with initially favorable chemical properties.

Our study provides valuable insights into the complex 
interplay between soil attributes and SOM dynamics. It 
underscores the need for a comprehensive understanding of 
the factors influencing SOM accumulation and its impact on 
soil chemistry. These findings have practical implications for 
land managers, farmers, and policymakers involved in soil 
conservation and sustainable agriculture.

The content of SOM obtained in this study ranged from 
10.38 to 46.44 g kg−1 (Fig. 1b), indicating medium lev-
els of SOM. Similar results were reported by Lima et al. 
(2012) in the same areas, with values ranging from 22.24 
to 25.79 g kg−1in tropical conditions in the Amazon (Lima 
et al. 2012). In contrast, Silva et al. (2012) found different 
SOM contents in anthropic soil in the south of Pará State, 
with values as high as 124.12 g kg−1, and a reduction rang-
ing from 118.95 to 18.96 g kg−1 in the surface and 5 cm deep 
horizons (Silva et al. 2012).

The variations in SOM contents among the different 
areas indicate the significant influence of management 
systems and time on SOM production in the soil (Tyopine 
et al. 2022; Uzoh et al. 2020). Higher levels of SOM con-
tribute to increased stability of soil aggregates, enhanced 
soil water retention and infiltration capacity, as well as 
reduced erosion and leaching (Obalum et al. 2012; Tyopine 

et al. 2020). Therefore, the content of SOM is of utmost 
importance in assessing soil quality and management prac-
tices. In this regard, the SoilFS20 site demonstrated better 
soil quality and management practices compared to SoilFS5 
and SoilLTM.

Despite the highest accumulation of SOM in SoilFS20 
(Fig. 3), this value is considered average due to the soil gran-
ulometry, as the studied soil is characterized by a medium 
sandy texture (Ramalho et al. 2022). The low clay content in 
the soil directly affects the protective mechanism of SOM. 
Soils with higher clay proportions provide more surfaces for 
C retention, resulting in increased soil C stock (Churchman 
et al. 2020).

According to Araujo et al. (2011), forests, such as the 
SoilFS20 site, exhibit higher C stocks in the 0–40 cm hori-
zon compared to annual agriculture crops. This is attributed 
to the higher decomposition of root biomass and microbi-
ome activity, which enhance the biogeochemical cycle and 
organic C levels (Araujo et al. 2011; Boddey et al. 2015). 
The C stock in agriculture crops is directly influenced by 
the time elapsed since the conversion from forest through 
slash and burn processes. Pastures with a history of 10 years 
showed higher C stocks compared to those with only three 
years, reflecting the lower C input during the initial stages 
of crop establishment (Araujo et al. 2011). Thus, the C stock 
serves as an indicator of sustainable land use and soil qual-
ity, as observed in the SoilFS20 site along with its physical 
and chemical soil attributes (Fig. 3).

Fig. 3   Pearson correlation in 
soil horizons of SoilFS20 (CP), 
SoilFS5 (TPI) and SoilLTM (RC) 
sites at Caxiuanã National For-
est—Brazilian Amazon. δ15N: 
stable nitrogen isotopes; δ13C: 
stable carbon isotopes; SOM: 
Soil organic matter. N: nitrogen 
concentration; C: carbon 
concentration; P: phosphorus 
concentration; Na: sodium 
concentration; Ca: calcium 
concentration; Mg: magnesium 
concentration; B: boron concen-
tration; Cu: copper concentra-
tion; Fe: iron concentration; 
Mn; manganese concentration; 
Zn: zinc concentration. A 
correlation index ranging from 
1 to -1, indicating a positive 
relationship at 1 and a negative 
relationship at -1 between the 
variables. *Significant correla-
tion by F-test (p < 0.05)
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The principal component analysis (PCA) revealed a 
positive association between SOM and nutrients in the 
surface soil horizons (0–0.5 m) through component 1 
(Fig. 4). This correlation can be explained by the genera-
tion of negative charges on SOM from the dissociation of 
hydrogen in hydroxyl groups (Cotrufo and Lavallee 2022). 
The Pearson correlation analysis (Fig. 3) further confirmed 
the positive correlation between SOM and nutrients such 
as phosphorus (P), potassium (K), calcium (Ca), manga-
nese (Mn), and zinc (Zn). These results emphasize the 
role of SOM in nutrient cycling, which in turn promotes 
increased biomass production in plants and the entry of 
organic waste through plant senescence at the end of their 
life cycle.

The formation of SOM in anthropogenic dark earth is 
influenced by land use, indicating that agricultural cultiva-
tion practices disrupt the balance between SOM formation 
and destruction. Furthermore, the findings of this study sug-
gest that a period of five years of regeneration can alter SOM 
dynamics, leading to increased accumulation. However, the 
20-year period showed even higher rates of SOM accumu-
lation. These results indicate that the equilibrium of SOM 
in the ecosystem has not yet been reached, highlighting the 
need for further studies with longer observation periods 
to fully understand the long-term impact of agriculture on 
SOM dynamics (Fig. 5).

Moreover, our study underscores the importance of 
regeneration processes in restoring the balance of SOM in 

Fig. 4   Principal component 
analysis in soil horizons of the 
SoilFS20 (CP), SoilFS5 (TPI), 
and SoilLTM (RC) sites at three 
depths (0–5, 5–10, 10–20, and 
20–30 cm) in the Caxiuanã 
National Forest—Brazilian 
Amazon. δ15N: stable nitrogen 
isotopes; δ13C: stable carbon 
isotopes; SOM: Soil organic 
matter. N: nitrogen concentra-
tion; C: carbon concentration; 
P: phosphorus concentration; 
Na: sodium concentration; Ca: 
calcium concentration; Mg: 
magnesium concentration; B: 
boron concentration; Cu: copper 
concentration; Fe: iron concen-
tration; Mn; manganese concen-
tration; Zn: zinc concentration

Fig. 5   Cluster analysis in soil 
horizons of the SoilFS20 (CP), 
SoilFS5 (TPI), and SoilLTM (RC) 
sites at three depths (0–5, 5–10, 
10–20, and 20–30 cm) in the 
Caxiuanã National Forest—
Brazilian Amazon. The red 
line indicates the formation of 
two groups from hierarchical 
clustering analysis
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ecosystems. However, it is important to note that the res-
toration of this balance is a slow and continuous process, 
with direct implications for the sustainability of ecosystems. 
Therefore, careful and sustainable land management prac-
tices are crucial to ensure the preservation and enhancement 
of SOM levels, which in turn support soil health and eco-
system functioning.

The SoilFS5 site exhibited remarkable increases in total C 
content, N content, δ13C, and δ15N. Notably, neither lime-
stone nor fertilizers were applied to the sites, emphasizing 
that management practices employed since the conversion 
of forest to agriculture, such as slash and char techniques, as 
well as the fallow period, directly influenced the soil organic 
matter (SOM) (Raij et al. 2001). The significantly higher 
δ15N observed in the SoilFS20 site suggests intense microbial 
activity and decomposition, as indicated by the elevated total 
C and N contents, thus indicating superior soil quality.

Our findings demonstrate a correlation between δ15N and 
total C and SOM content (Fig. 3), underscoring the signifi-
cance of nitrogen in the microorganisms' process of SOM 
formation. This observation is due to the fact that 95% of the 
nitrogen in the soil is associated with SOM, primarily in pro-
tein materials (40%), heterocyclic compounds (35%), NH4

+ 
(19%), and amino sugars (5 to 6%) (Witzgall et al. 2021).

The total C content and δ13C values align with those 
observed in anthropized soils (Costa Junior et al. 2011). 
The enrichment of 15N in deeper soil horizons occurs due 
to the mineralization process, as decomposition is faster in 
molecules with lower weight (14N), leading to an increase in 
SOM δ15N (Costa Junior et al. 2011). In natural ecosystems 
unaffected by anthropic actions, SOM becomes a decisive 
factor in enhancing soil fertility and subsequently nutrient 
supply for plants. Conversely, plants play a crucial role in the 
introduction of organic residues for SOM formation, estab-
lishing a dependent relationship between SOM and plants. 
Plants facilitate the entry of carbon into the soil through 
photosynthesis products. This entry is linked to the contri-
butions from aboveground and belowground plant biomass, 
root exudates, leaching of soluble plant components by rain-
water, and the transformation of these substances by soil 
organisms (Angst et al. 2021; Cotrufo and Lavallee 2022).

The carbon-to-nitrogen (C/N) ratio indicates the conver-
sion process from organic to inorganic compounds, influ-
enced by climate conditions, microbial activity, land use, 
and management practices (Araujo et al. 2011). Araujo et al. 
(2011) further stated that in pastures, the C/N ratio increases 
with soil depth due to C inputs from root decomposition, 
which intensify over time. However, in forests, the C/N ratio 
tends to be higher in superficial horizons (0–5 cm) (Wies-
meier et al. 2012).

Consistent with our current research, Moreira et  al. 
(2009) (Moreira et al. 2009), examined three SoilFS20 sites 
in the Amazon and found C/N ratio values ranging from 8.73 

to 25.39 at a depth of 0 to 10 cm, while at 10 to 20 cm, the 
variation was from 14.80 to 24.08. This disparity could be 
attributed to the presence of easily decomposable organic 
materials, promoting energy availability for microorganisms. 
However, these microorganisms also require other nutrients, 
implying that if the organic residue has a high C/N ratio, 
nitrogen becomes the limiting factor for microbial popula-
tion growth.

Hence, if the C/N ratio is less than 20/1, the conversion 
from organic to inorganic forms will occur due to micro-
bial decomposition, resulting in short-term nitrogen avail-
ability for plants (Ayalew et al. 2022) Intriguingly, in our 
study, despite all C/N ratio levels being below 20/1, SoilFS5 
still remains the system providing more nitrogen to plants, 
in contrast to the results observed in SoilFS20 and SoilLTM, 
which exhibited lower C/N ratio levels.

Our study highlights the significant influence of manage-
ment practices, such as slash and char techniques, and the 
fallow period on SOM dynamics. The SoilFS5 site demon-
strated higher total C content, N content, δ13C, and δ15N, 
indicating better soil quality compared to SoilFS20. The 
elevated δ15N in SoilFS20 suggests intense microbial activity 
and decomposition, further supported by higher total C and 
N contents. Our findings emphasize the importance of nitro-
gen in the process of SOM formation by microorganisms, 
as a large portion of soil nitrogen is associated with SOM. 
Additionally, the total C content and δ13C values align with 
observations in anthropized soils, while the enrichment of 
δ15N in deeper soil horizons can be attributed to the miner-
alization process.

The study also underscores the mutual dependence 
between SOM and plants. Plants play a crucial role in intro-
ducing organic residues into the soil through photosynthe-
sis products, root biomass decomposition, root exudates, 
and leaching of soluble plant components. In turn, SOM 
enhances soil fertility and nutrient supply for plants. The 
C/N ratio serves as an indicator of the conversion process 
from organic to inorganic compounds, influenced by various 
factors such as climate conditions, microbial activity, and 
land use. The C/N ratio tends to increase with soil depth in 
pastures, but in forests, it is higher in superficial horizons.

Comparisons with previous research by Moreira et al. 
(2009) corroborate our findings, highlighting variations in the 
C/N ratio within different soil depths. Higher C/N ratios in 
the superficial horizons of forests can be attributed to easily 
decomposable organic materials, while nitrogen availability 
becomes a limiting factor for microbial population growth 
in high C/N ratio environments. Overall, understanding the 
dynamics of soil organic matter and its relationship with plants 
and management practices is crucial for optimizing soil fertil-
ity and sustainable agriculture. Further research should delve 
deeper into the specific mechanisms underlying microbial 
activity and decomposition processes, shedding more light on 
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the intricate interactions within soil ecosystems.The findings 
of our study shed light on the fundamental differences in SOM 
dynamics among the three study sites, emphasizing its crucial 
role in shaping soil chemical attributes. However, our results 
indicate that these benefits are predominantly confined to the 
superficial horizons of the soil (0–5 cm), showing a decline in 
magnitude with increasing soil depth. This observation can be 
attributed to the direct influence of plant residues on the soil 
surface, which leads to a decrease in C content throughout the 
soil profile (Fig. 1).

Supporting our findings, Silva et al. (Silva et al. 2014), com-
pared three land use systems and found that secondary forest 
exhibited double the carbon content compared to Brachiaria 
decumben and Mimosa caesalpineafolia. This disparity can 
be attributed to the significant role of forest canopy in mitigat-
ing erosion processes. Additionally, soil texture plays a crucial 
role in determining organic carbon levels and nutrient dynamics 
within the cation exchange capacity (CEC) framework (. Soils 
with higher clay contents tend to facilitate the interaction between 
organic matter and mineral nutrients, thereby promoting greater 
stability of SOM in the soil Lal 2020; Voltr et al. 2021). Conse-
quently, SOM becomes intricately associated with nutrient avail-
ability and retention, including elements such as potassium (K), 
calcium (Ca), boron (B), copper (Cu), and zinc (Zn) (Fig. 3).

In light of these findings, our study underscores the influence 
of SOM content in the surface horizons on the chemical attrib-
utes of anthropogenic dark earth. However, the deeper horizons 
of the soil do not exhibit the optimal characteristics of soil fertil-
ity. Moreover, our results highlight that land use practices have 
the potential to alter soil fertility attributes, necessitating longer 
regeneration periods to restore the initial balance of SOM and, 
subsequently, desirable soil fertility characteristics.

Our study underscores the crucial role of SOM in shaping 
the chemical attributes of anthropogenic dark earth. While 
the surface horizons exhibit favorable characteristics of soil 
fertility, the deeper horizons do not share the same optimal 
attributes. Land use practices and the direct influence of plant 
residues significantly impact the distribution of SOM and its 
associated benefits, including nutrient availability and reten-
tion. Therefore, a thorough understanding of the dynamics of 
SOM and its interactions with soil nutrients is essential for 
sustainable land management and the restoration of desirable 
soil fertility characteristics. Further research and long-term 
monitoring are needed to explore effective strategies for man-
aging SOM content and promoting soil fertility in different 
land use contexts.

5 � Conclusions

This study provides valuable insights into the dynam-
ics of soil attributes, with a specific focus on SOM and 
its impact on soil chemistry. Our study underscores the 

pivotal importance of prioritizing and enhancing SOM 
in soil management strategies. The SoilFS20 site demon-
strated the most favorable conditions for SOM formation, 
emphasizing the significance of fallow periods and organic 
residue deposition in promoting soil fertility. In contrast, 
conversion from forest to agricultural fields in SoilFS5 and 
SoilLTM resulted in potential soil degradation. We have 
emphasized the strong association between SOM and 
nutrients, as well as the influence of soil granulometry 
on SOM dynamics. By prioritizing practices that foster 
SOM formation and reduce its degradation, we can effec-
tively restore and maintain soil fertility, even in soils with 
initially favorable chemical properties. Understanding the 
dynamics of SOM and its interactions with soil nutrients is 
essential for sustainable land management and the restora-
tion of desirable soil fertility characteristics. Our research 
contributes valuable insights for land managers, farmers, 
and policymakers involved in soil conservation and sus-
tainable agriculture in the Amazon region.

Moving forward, further research is necessary to 
explore the long-term impacts of different management 
practices, land use changes, and climate conditions on 
SOM dynamics. Implementation of appropriate manage-
ment strategies that prioritize SOM enrichment while 
minimizing degradation is crucial for the preservation 
and enhancement of soil health and ecosystem function-
ing. These efforts are essential for ensuring the long-term 
sustainability of agricultural systems and environmental 
health, especially in soils of the Amazon region.
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