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Organic matter: a critical soil
health indicator in agrosystems
within the Cerrado of Bahia,
Brazil and South Florida, USA
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Manoel Ricardo de Albuquerque Filho2,
Johnny Rodrigues Soares3, Tanjila Jesmin1, Noel Manirakiza1,
Márcia Cristina Teixeira da Silveira2, Ieda de Carvalho Mendes4,
Maria Ines Lopes de Oliveira4, Suraj Melkani1,
Antonio Carlos Reis de Freitas5, Juaci Vitoria Malaquias4

and Jehangir H. Bhadha1*

1Soil, Water & Ecosystem Sciences Department, University of Florida, Belle Glade, FL, United States,
2Water, Soil and Environmental Sustainability Department, Embrapa Maize and Sorghum, Sete Lagoas,
Minas Gerais, Brazil, 3Soil and Plant Nutrition Department, Embrapa Rice and Beans, Santo Antonio de
Goias, Goias, Brazil, 4Natural Resources Department, Embrapa Cerrados, Planaltina, Distrito
Federal, Brazil, 5Agroecology Studies Department, Embrapa Cocais, Sao Luis, Maranhao, Brazil
Soil health (SH) indicators, such as organic matter (OM) content and enzymatic

activity (EA), are critical for assessing the sustainability of mineral soils in integrated

and cover cropping systems. Taking into account the following objectives: (i) to

assess the relationship between OM and other SH indicators, (ii) to evaluate the

evolution of SH using two models (SH indicators (SHI) scoring approach and A

Modified Comprehensive Assessment of Soil Health scoring system developed for

Florida soils (AmodifiedCASHmethod)), and (iii) present their effectiveness in Brazil

and the USA, a medium-term study (2019–2023) in Brazil and a short-term

seasonal study (2022–2023) in the USA were conducted in diverse

agroecosystems. In Brazil, four agricultural systems were analyzed: Cerrado

(Cer), Conventional (Conv), Integrated Crop-Livestock (ICL), and Integrated

Crop-Livestock-Forestry (ICLF). In the USA, two cover cropping systems in South

Florida were assessed: double cover cropping system (DCCS) and multiple cover

cropping system (MCCS). Soil samples were collected for analysis of key soil

properties. Results in Brazil showed higher OM in the Cer (1.08 dag kg-1) and ICL

(1.12 dag kg-1) systems, and increased enzymatic activity in 2023, particularly in ICL

(AS = 33.85mg de p-nitrofenol kg-1 soil h-1 and BG= 54.65mg de p-nitrofenol kg-1

soil h-1) and ICLF (AS = 21.07mg de p-nitrofenol kg-1 soil h-1 and BG= 48.90mg de

p-nitrofenol kg-1 soil h-1). Enzyme activity was more responsive to management

practices than OM. Principal Component Analysis revealed stronger correlations

between OM, EA, and macronutrients in more sustainable systems like ICL and

ICLF. The SHI scoring approach better captured changes in Brazil. In the USA

short-term cover cropping systems showed no significant changes in OM or EA,

but CASH method suggested slight improvements in MCCS. This study highlights
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the importance of OM and EA as key indicators for assessing and improving SH and

suggests that while integrated and cover cropping systems offer potential benefits,

longer-term management and organic amendments are necessary to achieve

sustained improvements in soil health.
KEYWORDS

integrated systems, cover crops, low carbon agriculture, sandy soil, enzymatic activity,
soil physical-chemical indicators
1 Introduction

Global agriculture faces growing pressure to adopt sustainable

practices that address climate change while maintaining

productivity and resilience. Integrated agricultural systems, such

as crop-livestock and crop-livestock-forestry combinations, and

cover cropping are two effective strategies for meeting this

demand (1, 2). Integrated systems optimize resource use, enhance

ecosystem services, and improve soil health (SH) through better

soil, plant, and animal management, increased plant diversity, and

enhanced soil cover. Similarly, cover crops contribute by protecting

soil, improving nutrient cycling, and supporting beneficial

microbial activity. Individually, these approaches maintain

continuous soil cover, minimize erosion, and improve the

physical, chemical, and biological properties of soils, making

them vital for enhancing resilience and advancing sustainable

agriculture amid climate challenges.

By definition, SH is “the continued capacity of soil to function

as a vital living ecosystem that sustains plants, animals, and

humans” (3), and often used interchangeably with soil quality (4).

While traditional assessments of soil quality focused primarily on

crop production (5), contemporary perspectives emphasize its

broader role in water quality, climate change mitigation, and

human health. In natural systems, soil quality is influenced by

landscape factors such as climate, topography, soil type, vegetation,

and land use, whereas in managed systems, it is closely tied to soil

carbon stocks, fertility, and crop productivity. Developing tools to

quantify and map the variability of these factors is critical for

monitoring soil health and documenting the benefits of sustainable

agricultural practices, including their contributions to ecosystem

services (6).

Numerous studies have sought to identify soil properties that

are key SH indicators (4, 7–16). Soil chemical and soil fertility

indicators are already relatively well defined for each element and

type of soil, while microbiological indicators or bioindicators

require studies that establish reference areas (comparative

assessment) which can be monitored to verify changes over time

(dynamic assessment). Therefore, further research on soil quality

assessment is require in making scientific advances for a complete

conception of integrating chemical, physical and biological

indicators (17).
02
Among these characteristics, soil organic matter (SOM),

specifically soil organic carbon (SOC) is the main component that

stands out as a key indicator of SH and as a fundamental

component and regulator of soil chemical, physical and biological

functions. Soil OM is involved in all three functions that make up

the soil quality index (SQIFertbio): cycling (F1), storage (F2) and

supply (F3) of nutrients (18). The ability to retain and exchange

ions in the soil and to buffer acidity, as well as the concentration of

nutrients in the solution and in the soil are strongly influenced by

the content, chemical nature and bioactivity of SOM (4, 19, 20).

Furthermore, the water dynamic (21) and the structuring microbial

communities in the soil is intrinsically linked to the quantity and

quality of available SOM (22).

Biological indicators, particularly enzymatic activities, have

emerged as effective tools for assessing SH and guiding

sustainable management practices. Stott et al. (7) highlighted b-
glucosidase (BG) activity as a key indicator of SH, linking its activity

to SOC levels. They established relationships between BG activity

and soil carbon, identifying whether “more is better,” “less is better,”

or “local optimum” models apply. Field experiments across soil

orders, textures, and climates validated the model, emphasizing the

importance of considering annual fluctuations in temperature and

precipitation, which affect microbial biomass and plant growth,

while seasonal effects were deemed less critical.

Building on this foundation, researchers at Embrapa, Brazil,

have developed bioindicators to enhance routine soil analyses. Their

efforts led to the identification of two critical enzymes—

arylsulfatase (AS) and b-glucosidase (BG)—as sensitive indicators

of SH due to their roles in the sulfur and carbon cycles. These

studies culminated in the creation of SoilBio, a practical tool for

monitoring SH at the farm scale (15). Research has consistently

shown enzymatic activity to be more sensitive than organic matter

in evaluating SH (23, 24). Furthermore, the positive correlation

between enzymatic activity, crop productivity, and the adoption of

best management practices underscores its value as a reliable

indicator of soil quality (18, 25–30).

Furthermore, Mendes et al. (18) proposed a soil health indicator

(SHI) scoring system that integrates three soil functions: nutrient

cycling (F1), nutrient storage (F2), and nutrient supply (F3).

Function 1 evaluates biological activity and processes like SOM

formation and decomposition, using b-glucosidase and
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arylsulfatase as indicators (25, 31, 32). Function 2 quantifies the

soil’s nutrient reservoir, assessed through SOC and cation exchange

capacity (CEC), while F3 measures the quality of nutrient

availability and acidity, using pH, base cations, and acidity

indicators. The SHI model visually represents soil health in four

quadrants: Q1 (healthy soil, high cycling and storage), Q2

(deteriorating, declining enzyme activity but stable SOC), Q3

(unhealthy soil, low cycling and storage), and Q4 (recovering soil,

improving cycling but stable SOC), and an intermediate condition.

This framework highlights the dynamic nature of soil health and the

impact of management practices (18, 29).

This study investigates SH dynamics under two distinct

sustainable management practices through a comparative analysis

of medium-term integrated practices in Brazil and a short-term

seasonal cover cropping system in the United States. Both regions,

characterized by sandy soils and tropical climatic conditions, play a

crucial role in shaping nutrient cycling, microbial activity, and

organic matter dynamics, particularly in the context of climate

change. The medium-term studies in Brazil provide insights into

the long-term impacts of sustainable practices, while the short-term

studies in the United States offer a view of initial responses to these

interventions. By focusing on the Medium-term agrosystems of the

Cerrado in Bahia, Brazil, and the Short-term seasonal cover

cropping systems in South Florida, we aim to improve soil

fertility and health as well as enhance crop production. However,

information regarding how these agrosystems contribute to soil

fertility and health in each region is limited. To address this gap, we

conducted two separate studies—one in Brazil and the other one in

South Florida—to understand the impact of these individual

agrosystems on SOM, SH indicators, and overall SH. This

comparative analysis highlights both shared patterns and region-

specific trends, advancing the understanding of SH improvement in

tropical sandy soils.

Therefore the study focuses on evaluating SH across various

agroecosystems through two different approaches that attempt to

demonstrate the importance of organic matter as a critical indicator

of soil health and the objectives were to: (i) evaluate the relationship

between SOM and other SH indicators, such as EA, and soil

nutrient content; (ii) analyze the evolution in SH in four different

agrosystems in Brazil and two separate commercial farming systems

within South Florida, USA, using two different models: SHI scoring

approach and a modified CASH method; (iii) present the two SH

models evaluation for the results from Brazilian and the

U.S. studies.
2 Materials and methods

This field study was conducted in two separate agricultural

systems situated in different geographical locations: Medium-term

agrosystems–Cerrado of Bahia, Brazil and Short-term agrosystems–

Seasonal cover cropping systems of South Florida, United States.

Brazilian agrosystems are characterized by mineral soils–Arenosols

(33, 34), with low OM content (< 1.0%), poor water and nutrient

holding capacity (< 4.0 cmolc dm-3) (35). The regions’ weather
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condition is hot and dry during summer spells, with an average

temperature of 24°C, and average annual rainfall ranging from 700

to 1,400 mm (36). The native vegetation in the area is Cerrado

(Savannah). On the other hand, South Florida Agrosystems are

characterized by sandy soils with poor OM ranging between 1-4%,

nutrient deficiencies, poor soil structure, and low water holding

capacity (37), and subsequently limit crop growth and yields (38).

This region is in a sub-tropical climate where average annual

t empera tu r e i s 20 . 8 °C and ra in f a l l a r e 1 , 242 mm

(WorldClimateData: http://www.worldclimate.com/climate/us/

florida). While the two EA (BG and AS) were analyzed following

the same protocol (39) for both Brazilian and the U.S. studies, other

soil indicators were analyzed following the standard protocol of

each Lab’s study site. The information regarding experimental

design, field soil sampling, soil processing and analysis, as well as

statistical analysis adopted for Brazil, and South Florida agrosystem

are separately provided in detail under the following sections.
2.1 Medium-term agrosystems: Cerrado of
Bahia, Brazil

2.1.1 Study site
In Brazil, a four-year medium-term study (2019 and 2023) was

conducted at Trijunção Farm, located in Jaborandi, Bahia (14°

51’13”S, 45°56’11”W). The farm comprises of beef cattle production

under the Brazilian Good Agricultural Practices (40), holding

structured and sequential data of the entire production system.

Four different agrosystems that are being adopted within the farm

including (i) Cerrado (Cer) (baseline); (ii) Conventional system

(Conv) as a control, (low-input pasture management); (iii)

integrated crop-livestock (ICL); (iv) integrated crop-livestock-

forestry (ICLF) were evaluated in this study. The basic criteria for

choosing the different agrosystems/plots in this study, except Cer,

was similarity in soil types and OM content, as well as the same

species of forage used in the pastures, with the only difference being

the cultivar.

The agrosystems of Brazil have the following history of land use

since 2010 (year from which there is information): the Cer is a

baseline and corresponds to the native vegetation of the farm, i.e. it

has not been cultivated, and this area was monitored, over time, to

improve the comparative analysis of the other farms’ systems. The

Conv system, known as the control, had Urochloa brizantha cv.

Marandu pasture since 2010 and only had sorghum planted in the

2012/2013 crop season. Afterward, the introduction of Marandu

pasture was reimplemented, and it remains current in the system.

The ICL agrosystem previously had the pasture that was replaced by

crops since 2010 until 2017 (soybean - Glycine max (L.)Merrill) and

corn - Zea mays L.). After this Urochloa brizantha cv. Piata was

planted and still does today. The ICLF agrosystem had pasture of

Urochloa brizantha cv.Marandu from 2010 to 2018, and eucalyptus

(Eucalyptus grandis) and crops (soybean - Glycine max (L.)Merrill),

sorghum – Sorghum bicolor and millet – Pennisetum glaucum, for

two seasons) in 2021 pasture of Urochloa brizantha cv. Piata was

sown and still does today. It is important to note that since the year
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of 2019, Embrapa has begun work on sustainable agricultural

intensification in the Trijuncao Farm with the establishment of

low- and carbon-neutral livestock protocols (41, 42) in the

integrated agrosystems (ICL and ICLF).

The management of the Conv system, that comprises an area of

115 ha divided into 4 paddocks, is made by applying fertilizers over

the grass every 3 years This periodicity was defined by the

monitoring of soil fertility in the area, where it took three years

after fertilization for the soil to return to its initial status of fertility.

In 2020, 100 kg ha-¹ of monoammonium phosphate (MAP) was

broadcast over the entire area, and in 2021, 1.5 Mg ha-¹ of limestone

was applied. The cattle were managed using a rotational grazing

system, although at times the pasture height was not closely

monitored when moving animals in and out of the paddocks.

The ICL agrosystem comprised an area of 85 ha and was divided

into 4 paddocks. The pastures were managed in a rotational grazing

system, with the recommended pre-grazing height at 30–40 cm,

keeping a minimum pos-grazing height at 20 cm for the Urochloa

brizantha cv. Piata. Height was monitored every two weeks, using a

sward stick, by sampling approximately 100 points per paddock

along a zigzag transect. The animal load adjustment was determined

based on this monitoring. Per year doses of 180 kg ha-1 of N were

recommended, applied in four times (45 kg ha-1 of N per

application) after grazing in the paddocks, plus one dose of 50 kg

ha-1 of K2O based on recommendations by Embrapa (43) and on

the intensification level adopted. Phosphorus (P) and

micronutrients were applied once per two years in a dose of 25

kg ha-1 de P2O5 and 30 kg ha
-1 of a fertilizer containing a mixture of

micronutrients. The ICLF comprised an area of 15 ha divided into 3

paddocks and has the same management as the ICL agrosystem.

In summary, the Cer area represents an area without anthropic

interference and the other three systems are representative systems

in Brazil, with the Conv system being the type of system most

practiced in Brazil for many years, with more extensive

management. The ICL and ICLF systems, on the other hand, are

systems that adopt more conservationist practices and allow for

intensification and diversification of livestock farming.

2.1.2 Soil sampling
In the years of 2019 and 2023, after the rainy season (April),

top-soil samples (0–10 cm) were collected in each system, with 20

replications. All soil samples were identified and placed in plastic

bags and promptly transported to the Embrapa Maize and Sorghum

Research Center for further soil sample processing and analysis.

2.1.3 Laboratory analyses
While two EA (BG and AS) were analyzed at Microbiology Lab

of Embrapa Cerrados, following colorimetric method (39), soil

chemical properties, such as OM, pH, cation exchange capacity

(CEC), base saturation (BS), and nutrients, such as P, K, Ca, Mg, S,

Cu, Mn, Fe, Zn, and clay content were analyzed at the Soil

Laboratory at Soil Department of University of Vicosa, following

the methodology described by Teixeira et al. (44).
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2.2 Short-term seasonal cover cropping
systems: South Florida, United States

2.2.1 Study site
In the United States, a two-year seasonal short-term study

(2022, and 2023) of cover cropping systems (CCS) was conducted

on commercial farms in South Florida´s mineral soils. Among the

two farms involved in the study were a double cover cropping

system (DCCS) located at 26°41’11.21”N, 80°19’58.31”W, and a

multiple cover cropping system (MCCS) situated at 26°41’25.11”N,

80°17’45.13”W. Double cover cropping system consisted of a

mixture of Sunn hemp (Crotalaria juncea L.), and Cowpea (Vigna

unguiculata), while MCCS consisted of a blend of Sunn hemp

(Crotalaria juncea L.), Cowpea (Vigna unguiculata), Sorghum-

sudangrass (Sorghum × drummondii) , and Buckwheat

(Fagopyrum esculentum).
2.2.2 Soil sampling
To enhance the fertility and health of these mineral soils, both

the DCCS and MCCS were tested during the hot summer season of

2022 and 2023 using a completely randomized design with ten

replications. Topsoil samples (0–15 cm) were collected before the

initiation of the cover cropping systems (pre-soil samples) and after

cover crop termination (post-soil samples) during the 2022 and

2023 growing seasons. All pre- and post-soil samples were placed in

Ziplock bags and promptly transported to the Soil, Water, and

Nutrient Management (SWNM) Lab at the Everglades Research

and Education Center- University of Florida- where they were air-

dried, debris, and plant roots were removed before being passed

through a 2 mm sieve for laboratory analyses.
2.2.3 Laboratory analyses
Thirteen soil health indicators were analyzed for all soil

samples, including pH, bulk density (BD), maximum water

holding capacity (MWHC), OM content OM, active carbon (AC),

soil protein (SP), total phosphorus (TP), potassium (TK), Mehlich-

3 phosphorus (M3P), Mehlich-3 potassium (M3K), total Kjeldahl

nitrogen (TKN), and two enzymatic activities: BG and AS. Soil pH

was measured using a pH meter with a 1:1.5 soil/water suspension.

Bulk density was calculated by dividing the soil mass by a fixed core

volume. Maximum water holding capacity was measured using the

modified method outlined by Jenkinson and Powlson (45). Organic

matter content was determined via the loss on ignition method at

550°C. Active carbon was measured using the potassium

permanganate (KMnO4) method (46). Soil protein was assessed

through a sodium citrate extraction method under autoclaving at

high temperature and pressure (46). Total phosphorus and TK were

measured by ashing samples at 550°C in a muffle furnace for 5 to 16

hours, followed by extraction with 6 M HCl and analysis using ICP-

OES. Total Kjeldahl nitrogen was analyzed using the Kjeldahl

method (47). The enzymatic activities of BG and AS were

assessed using colorimetric methods (39).
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2.3 Soil health assessment

Soil health assessments for Brazilian samples were conducted

using two models: (i) SH indicators (SHI) scoring approach and (ii)

A modified CASH method; and for the U.S. samples using: (i) F1

function (nutrient cycling = enzymes activity), because the data of

CEC was missing, and (ii) A modified CASH method. The SH

indicators scoring approach followed the methodology of Mendes

et al. (18), while the A modified CASH method, illustrated in

Supplementary Figure 1, was based on methods described by

Tesfahunegn (48), Congreves et al. (49), Shao et al. (50),

Bandyopadhyay and Maiti (51), Huang et al. (52), Rezapour et al.

(53), and Zhang et al. (54).

2.3.1 SHI scoring approach
The study evaluated a set of variables consisting of four

continuous measurements, including the clay content (%), AS,

BG, and SOM for the Conv, ICL and ICLF agrosystems. In

addition to their absolute values, these indicators were scored by

transforming the measured values into 0 to 1, using standardized

scoring functions (SSFs) of three types: (1) “More is better” for

positive slopes and with finites lower and upper thresholds limits,

(e.g., SOC), (2) “Optimum” where a positive curve turns into a

negative curve at a threshold value, it is a hill-shaped curve where

there is one optimum point and values to the left and right of this

point are less desirable, (e.g., pH), and (3) “Less is better” for

negative slopes and with finites lower and upper thresholds limits

(e.g., Al+3) (51, 55–58). A detailed description of the scoring

approach is provided in Mendes et al. (18). The scoring

algorithms account for soil texture (15).

2.3.1.1 Calculation of soil functions scores

The continuous variables also included scores for three soil

functions: (F1) nutrient cycling, based on AS and BG activities; (F2)

nutrient storage, based on SOM and CEC data; and (F3) nutrient

supply, considering Ca2+, Mg2+, K+, P, pH, H+Al, Al3+, the sum of

bases (SB), and base saturation (BS) (Supplementary Figure S2).

Scores for each soil function (SF) also ranged from zero to one (with

higher scores indicating better performance). Briefly, to compute

the SF, scored indicators (as described in section 2.3) were assigned

to each function with specific weights (Wi):

SF =o
n

i=1
(SIi �Wi)

where, SIi are the indicator scores (ranging from 0 to 1)

normalized through the standardized scoring functions (SSFs). A

detailed description of the calculation of the function scores (SF) is

provided by Mendes et al. (18) and Supplementary Table 1.

The SH condition, representing the categorical variable, was

determined by combining scores assigned to functions F1 and F2 as

shown in Table 1. The sensitivity of soil enzymes causes their

activity levels to fluctuate rapidly, while SOM remains relatively

stable in the short term (29). This dynamic allows the differentiation

of the five SH conditions outlined in Table 1.
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2.3.2 A modified CASH method
A modified Comprehensive Assessment of Soil Health scoring

system developed for Florida soils (A modified CASH method) was

used to assess the SHI (49). This scoring system comprises a

sequence of steps (59, 60) as given in Supplementary Figure 1–the

first step is to reduce the raw dataset to minimum dataset (i.e., a set

containing key soil health indicators) using principal component

analysis (see details in 59, 60), second one is assigning scores to each

selected key soil health indicator using linear scoring, and non-

linear scoring functions (see details in 59, 60), the third step is to

calculate soil health index (SHI) using scores from linear and non-

linear functions (see details in 59, 60), and the fourth step is to use

value of SHI to classify soil health status by adopting Huang et al.

(52)’s classification of soil health conditions: soil health is –very

high (Grade I, SHI ≥ 0.85), high (Grade II, 0.85 ≥ SHI ≥ 0.7);

medium (Grade III, 0.7 ≥ SHI ≥ 0.55), low (Grade IV, 0.55 ≥ SHI ≥

0.4), and very low (Grade V, SHI < 0.4).
2.4 Statistical analyses

Both datasets (Brazil and USA) were statistically analyzed in the

same way. The SOM EA, and nutrient contents data had a non-

normal distribution and were analyzed using the aligned rank

transformation (ART) for non-parametric two-way ANOVA (P <

0.05). Systems and year were considered as fixed factors and the

treatments means were compared by contrast using the ART-C

procedure with a Bonferroni adjustment (P < 0.05). The ART-C is

a robust statistical procedure, recommended for nonconforming data,

and has higher power than other tests such as the t-test andWilcoxon

(61). The data was scaled and subjected to principal component

analysis (PCA) to explain the variance and correlation between the

variables of each year. Statistical analyses were conducted in R

software, version 4.4.1 (62), using the ARTool R package (63) for

non-parametric analysis and ggbiplot (64) for PCA analysis, and the

graphics were plotted in Sigmaplot, version 12.5 (65).
TABLE 1 Soil health classification based on F1 (nutrient cycling involving
arylsulfatase enzyme - AS and b-glucosidase enzyme - BG activities); and
F2 (nutrient storage involving SOM and CEC) scores Functions scores
(FS) >0.6 are considered high, 0.4<x<0.6 moderate, and <0.4 low.

Soil Health Classification F1 score F2 score

Healthy >0.6 >0.6

Deteriorating <0.4 >0.6

<0.4 0.4 <x<0.6

0.4 <x<0.6 >0.6

Unhealthy <0.4 <0.4

Recovering >0.6 <0.4

>0.6 0.4 <x<0.6

0.4 <x<0.6 <0.4

Intermediate 0.4 <x<0.6 0.4 <x<0.6
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Principal component analysis was used trying to summarize all

the variables into two main components, represented by PC1 (x-axis)

and PC2 (y-axis). Each axis shows how much variation (difference) in

the data they capture. PC1 captures the most variation, and PC2

captures the second most. The percentage values on the axes tell how

much of the total variation each PC explains. Each point (dot)

represents an observation such as soil sample or land use system. If

a point is close to an arrow, it means that variable has a strong effect on

that observation. Points near the same arrow are similar, while those

far apart are different. Clusters of points indicate that those samples

share similar characteristics. Separate clusters suggest differences

between groups. If a system (e.g., ICL) clusters near arrows like b-
glucosidase, Zn, and P, this indicates that ICL is associated with those

variables. Arrows represent the variables and point in the direction of

the variables they represent (e.g., nutrients, enzymes). Variables

pointing in the same direction are positively correlated and variable

pointing in opposite direction are negatively correlated. Closer arrows

indicate higher correlation among variables too. Longer arrows

parallel to PC axis indicate stronger influence of the variable. These

variables contribute more to the variance explained by that PC axis.

Shorter arrows and not parallel to PC axis indicate weaker influence,

meaning these variables have less effect on that PC axis. Changes in the

direction or length of arrows and groupings across different years are

to identify trends. Shifts in variables’ spatial distribution across years

may indicate changes in soil properties due to environmental

conditions or management practices.
3 Results

3.1 Medium-term agrosystems: Cerrado of
Bahia, Brazil

The soil of the agrosystems in Brazil is sandy and it’s possible to

observe the low levels of OM (less than 1.2%) (Figures 1A, B). The
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interaction of the factors system and years was not significant (P <

0.05). The Cer and ICL system had higher OM content than

Conventional and ICLF systems, in which the contents were 1.15,

1.16, 0.76, and 0.72 dag kg-1, respectively (Figure 1A). The OM

content was higher in 2023 than in 2019, corresponding to 1.05 dag

kg-1 compared to 0.86 dag kg-1 (Figure 1B).

In general, the activities of AS and BG enzymes were higher in the

year 2023 compared to 2019 in all systems, except the BG in the Cer

and Conv system (Figures 2A, B). In the 2019, the activity of AS

enzyme in Cer and ICL were 9.3, 9.2 mg p-nitrophenol kg-1 SOC h-1,

respectively, which were higher than Conv and ICLF systems

(Figure 2A). The activity of the BG enzyme was markedly higher in

the ICL and ICLF systems compared to the Cer and Conv systems,

with mean values of 61.0, 50.5, 22.5, and 24.9 mg p-nitrophenol kg-¹

SOC h-¹, respectively (Figure 2B).

In 2023, the activity of the AS enzyme was significantly higher

in the ICL system, nearly doubling the values observed in other

systems, with an average of 37.0 mg p-nitrophenol kg-¹ SOC h-¹

compared to 22.0 in Cer, 16.7 in Conv, and 22.9 mg p-nitrophenol

kg-¹ SOC h-¹ in ICLF (Figure 2A). The activity of BG enzyme was

higher in ICL and ICLF systems compared to Cer and Conv,

corresponding to a mean of 61.0, 50.5, 22.5, 24.9 mg p-

nitrophenol kg-1 SOC h-1, respectively (Figure 2B).

Based on correlation analysis among variables, 2019 dataset

showed that OM had a positive correlation with CEC (r = 0.60), AS

(r = 0.28), BG (r = 0.22), K (r = 0.27), and Zn (r = 0.34), with a

weaker correlation observed for Mn (r = 0.06) (Figure 3).

Arylsulfatase activity was positively correlated with BG, OM, K,

Ca, S, Mn, and Zn. Beta-glucosidase showed significant positive

correlations with most soil properties, except for Cu (non-

significant), and had negative correlations with S (r = -0.52), Fe (r

= -0.53), and clay (r = -0.20). Additional correlations among soil

fertility properties are displayed in Figure 3.

In the 2023 data, OM showed a positive correlation with CEC (r

= 0.34), AS (r = 0.45), and K (r = 0.29), with a weaker correlation
FIGURE 1

Soil organic matter in the soil in different agrosystems (A) Cerrado (Cer), Conventional (Conv), integrated crop-livestock (ICL), and integrated crop-
livestock-forestry (ICLF), and years (B) 2019 and 2023. Lowercase letters compare systems, and uppercase letters compare years by contrast using
the ART-C procedure with a Bonferroni adjustment (P < 0.05).
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with B (Figure 3). Arylsulfatase activity was positively correlated

with BG, OM, P, K, Mn, and Zn. Beta-glucosidase showed

significant positive correlations with most soil properties, except

for OM, CEC, B, and clay, and it had negative correlations with S (r

= -0.57) and Fe (r = -0.44). Additional correlations among soil

fertility properties are shown in Figure 3.

The PCA analysis for 2019 and 2023 revealed distinct groupings

of soil properties across different land use systems, indicating key

differences and associations. The correlations between OM and EA

in the most sustainable systems, such as ICL and ICLF, are

evident. (Figure 4).

In the PCA analysis of 2019 data, the two main components

(PC1 and PC2) explained 67.7% of the total variance (Figure 4). The

variables that had more contribution to PC1 were Mn, P, Ca, Mg, S

and BS; while PC2 was mainly influenced by OM, CEC, Cu, B, and

AS. The OM had a positive correlation with CEC; the AS had

positive correlation with Cu; BG enzyme with Zn, and K, and Ca

with Mg. System-specific associations showed that Cer was

positioned on the far right of PC1, demonstrating a positive

association with Fe, and S. The Conv system was relatively

central, with a strong association with S and some association

with Fe. Integrated crop-livestock was associated with b-
glucosidase, Zn, Mn, P, Ca, and Mg, while ICLF was closely

linked to Ca, Mg, BS, and P.
Frontiers in Soil Science 07
In the PCA analysis of the 2023 data, the two main components

(PC1 and PC2) explained 60.8% of the total variance (Figure 4). The

variables contributing most to PC1 were Ca, Mg, Ca, BS, S, and Mn;

while PC2 was mainly influenced by OM, CEC, B, and AS. Positive

correlations observed in 2023 included OM and CEC, b-glucosidase
with Mn and Zn, and AS with B. For system-specific associations,

Cer was again positioned on the far right of PC1, with positive

associations to S and Fe. The Conv system remained relatively

central with less noticeable associations. Integrated crop-livestock

was associated with multiple variables, reflecting its integration of

various soil properties, while ICLF maintained close links to P, Ca,

Mg, Mn, and BS.

The SHI scoring approach in 2019 shows that the soil condition

of Conv agrosystem was unhealthy to recovering condition, the ICL

was between deteriorating, intermediate, and recovering condition,

and the ICLF was unhealthy (Figure 5). In 2023, the Conv was in the

deteriorating condition, the ICL have changed to deteriorating and

healthy condition and the ICLF have changed from unhealthy to

deteriorating (Figure 6).

The CASH model indicates a medium SH for Cer in the year of

2019 and high in 2023. The Conv system presented low SH

condition in 2019’s year and medium in 2023. The ICL showed

medium SH condition in the two years, and ICLF changed of low

SH condition in 2019 to high SH condition in 2023 (Table 2).
3.2 Short-term seasonal cover cropping
systems: South Florida, United States

In most cases, short-term seasonal cover cropping systems that

included both double and mixed cover cropping showed a

significant decrease in SOM during the post-harvesting period (P

< 0.01; Figure 7). In the second year of the study, the MCCS

exhibited a numerical increase in OM content, although this change

was not statistically significant. However, both enzyme assays, AS

and BG, showed no significant changes in mineral soils due to

short-term seasonal cover cropping (P < 0.01; Figure 8). An

exception was noted in the DCCS, where AS increased during the

first year of the study (2022) but remained unchanged in the second

year (2023).

The correlation analysis illustrates the interactions between

parameters in pairs while comparing thirteen soil indicators,

showing stronger correlations during the post-harvest period in

2022 (Figure 9) compared to the pre-planting phase. However, the

opposite trend was observed in the 2023 study. Most notably, OM

were positively correlated (P < 0.05) with WHC, AC, SP, and AS in

the first year of study while WHC, AC, AS and BG in the second

year of study. Consistently OM was negatively correlated (P < 0.05)

with BD in both years at both sampling periods.

Utilizing PCA analysis of thirteen soil health indicators within

DCCS and MCCS, we examined patterns in these parameters

during pre-planting and post-harvesting periods in 2022 and

2023 (Figure 10). The first principal component (PC1) explained

approximately 45–48% of the total variance, highlighting its role in

capturing the main variability in cropping system performance. The
FIGURE 2

Activity of arylsulfatase (A) and beta-glucosidase (B) enzyme in the
soil in different agrosystems: Cerrado, Conventional (Conv),
integrated crop-livestock (ICL), and integrated crop-livestock-
forestry (ICLF), and years: 2019 and 2023. Lowercase letters
compare agrosystems in each year and uppercase letters compare
years in each agrosystem by contrast using the ART-C procedure
with a Bonferroni adjustment (P < 0.05). NS, no significant.
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second principal component (PC2) accounted for 17–24% of the

variance, offering an additional layer of differentiation.

In the 2022 PCA analysis, variables contributing most to PC1

during the pre-planting period were BD, OM, WHC, AC, SP, TKN,

M3P, and AS, while PC2 was mainly influenced by pH, TP, and TK.

Post-harvest, however, TP, TK, and M3K increased their
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contributions to PC1, while M3P and AS shifted to PC2. System-

specific associations indicated that both DCCS and MCCS retained

their positions, showing a negative association with BD and M3P.

For the 2023 PCA analysis, the variables contributing most to

PC1 during the pre-planting period were OM, WHC, AC, AS, bG,
TKN, and SP, while PC2 was primarily influenced by TP, TK, M3P,
FIGURE 3

Correlation heatmaps showing the relationships between parameters under different agrosystems and years (2019- Lower diagonal and 2023 Upper
diagonal). The values represent Spearman correlation coefficients between pairs of parameters, with significance levels indicated by stars: *** for P <
0.001, ** for P < 0.01, and * for P < 0.05.
FIGURE 4

Principal components analysis of soil fertility properties in different agrosystems: Cerrado (Cer), Conventional (Conv), integrated crop-livestock (ICL),
and integrated crop-livestock-forestry (ICLF).
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FIGURE 5

SHI scoring approach considering the agrosystems in the year of 2019. Conv, Conventional; ICL, Integrated Crop-Livestock; and ICLF, Integrated
Crop-Livestock-Forestry.
FIGURE 6

SHI scoring approach considering the agrosystems in the year of 2023. Conv, Conventional; ICL, Integrated Crop-Livestock; and ICLF, Integrated
Crop-Livestock-Forestry.
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and M3K. Post-harvest, pH was added to PC1 by replacing bG and

SP, while TK was removed from PC2. System-specific associations

showed that both DCCS and MCCS reduced their positions along

the axes and exhibited negative associations with BD and SP.

The F1 function score (nutrient cycling) in 2022 indicates that

soil conditions in both DCCS and MCCS were medium soil health

condition (Table 3). However, in the following year, the DCCS

system in post soil samples shifted to low (Table 3). In contrast, the

MCCS demonstrated an improvement in soil health scores through

cover cropping in the second year of the study (Table 3).

In contrast, soil indexing, known as A modified CASH method,

showed minimal changes overall, except for MCCS, which

demonstrated an improvement in soil health scores through cover

cropping in the second year of the study (Table 4).
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4 Discussion

4.1 Soil organic matter

Several studies have reported that SOM levels are often not

sensitive to short- or medium-term changes in management, in

contrast to enzymatic activity, which is more responsive (7, 18, 23,

24, 26, 28, 29, 66). However, the current study revealed significant

differences in both SOM and enzyme activity over time and under

varying management practices, with enzymes demonstrating a

much greater sensitivity to these changes, showing double the

magnitude of response (Figures 1A, B, 2A, B). The higher

variability in SOM observed in this study could be attributed to

the sandy texture of the soil, which offers limited physical protection
TABLE 2 A modified CASH method and changes in soil health conditions considering the agrosystems in Brazil.

Agrosystems Soil health index (SHI) Soil health conditions

2019 2023 2019 2023

Cer 0.60 0.73 medium high

Conv 0.50 0.64 low medium

ICL 0.67 0.64 medium medium

ICLF 0.55 0.73 low high
According to Huang et al. (52)’s classification of soil health conditions, soil health is: very high (Grade I, SHI ≥ 0.85), high (Grade II, 0.85 ≥ SHI ≥ 0.7); medium (Grade III, 0.7 ≥ SHI ≥ 0.55), low
(Grade IV, 0.55 ≥ SHI ≥ 0.4), and very low (Grade V, SHI < 0.4).
FIGURE 7

Percentage of soil organic matter during pre-planting and post-harvesting periods in 2022 and 2023 for two cover cropping systems: DCCS (double
cover cropping systems) and MCCS (multiple cover cropping systems), Southern Florida, USA. Significance levels are indicated as ** and **** for
P values < 0.01 and 0.0001, respectively, while “ns” denotes not significant.
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for organic matter (67, 68). This sensitivity of SOM to temporal

changes in sandy soils underscores the importance of annual

monitoring in such systems, rather than relying on biannual or

triannual assessments, as previously considered sufficient.

As emphasized by Karlen et al. (69) and Manirakiza et al. (57),

SOM—or its counterpart soil organic carbon (SOC)—is widely

regarded as the best single indicator of soil quality due to its

critical role in key soil functions and its strong correlation with

other properties such as cation exchange capacity (CEC),

exchangeable acidity (EA), and nutrient availability (Figure 3).

However, changes in SOM/SOC occur very gradually, making it

difficult to detect small variations against the large background of

total soil carbon (70). In contrast, enzyme activity provides a more

sensitive indicator of management practices, leading researchers at
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Embrapa to prioritize its use as a SH bio-indicator over the past two

decades. Their efforts culminated in the development of the SoilBio

technology, which incorporates enzymes such as arylsulfatase (AS)

and b-glucosidase (BG), associated with sulfur and carbon cycles,

respectively, into routine soil health assessments.

Findings from U.S.-based study sites highlight the dynamic

nature of soil health responses to short-term cover cropping

systems. For example, a decline in SOM post-harvest suggests that

short-term practices may not sustain SOM levels due to factors such

as erosion, insufficient residue input, or low microbial diversity (71,

72). However, in the second year of monitoring, diversified cover

cropping systems (MCCS) showed a numerical, though not

statistically significant, increase in SOM, indicating potential for

long-term improvements with sustained management practices.
FIGURE 8

Sulfatase a and b glucosidase enzyme activities during pre-planting and post-harvesting periods in 2022 and 2023 for two cover cropping systems:
DCCS (double cover cropping systems) and MCCS (multiple cover cropping systems), Southern Florida, USA. Significance levels are indicated as
* for P value < 0.05 while “ns” denotes not significant.
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FIGURE 9

The correlation analysis illustrates the relationships between parameters during the pre-planting and post-harvesting periods in 2022 and 2023 for
two cover cropping systems: DCCS (double cover cropping systems) and MCCS (multiple cover cropping systems) in southern Florida, USA. The
values are represented by Kendall-Tau indices, with significance levels indicated by stars: *** for P < 0.001, ** for P < 0.01, and * for P < 0.05.
FIGURE 10

Principal components analysis at pre-planting and post-harvesting periods in 2022 and 2023 for two cover cropping systems: DCCS (double cover
cropping systems) and MCCS (multiple cover cropping systems), Southern Florida, USA.
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4.2 Enzyme activities

As described by Mendes et al. (15), BG is a key enzyme in the

carbon cycle. It functions as a carbohydrate hydrolase, facilitating

the conversion of cellobiose into glucose, which serves as a critical

energy source for soil microbial communities (73). This role makes

BG essential in the final step of cellulose degradation. The enzyme is

highly responsive to organic amendments containing cellulose, a

major component of plant residues. On the other hand, AS is an

enzyme of the esterase class involved in the hydrolysis of ester

sulfates into sulfate, a primary sulfur source for plant uptake (74).

Interestingly, the sensitivity of AS to changes in soil management is

linked to fungal activity. Unlike bacteria, fungi accumulate ester

sulfate, the substrate for AS, reflecting fungal biomass production

and turnover (26, 75). Thus, higher fungal activity in the soil results

in greater production of sulfatases, highlighting the connection

between AS activity and fungal-driven soil processes.

The enzyme activity findings further reveal the limited impact

of short-term seasonal cover cropping on soil biochemical

properties in mineral soils, compared to medium-term integrated

systems. Neither AS nor BG activity showed significant changes

over time, except for an initial increase in AS in DCCS during the

first year (2022). This suggests that while cover crops may have

provided organic substrates beneficial for soil quality (76), the short

duration of the study likely limited sustained increases in enzyme

activity. The inconsistent enzyme responses across years underscore

the resilience of soil enzyme levels to short-term management

changes in mineral soils, particularly in systems with low organic

matter inputs or rapid microbial turnover. These findings highlight

the need for longer-term studies to better understand the

cumulative effects of cover cropping on soil biochemical properties.
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Microbial enzyme activities are strongly linked to the OM

content in soil (77, 78). That’s why an increasing trend in enzyme

activity along with the OM was observed over four years of

integrated systems in Brazil. Soil enzymes originate from various

sources, including living and dead microbes, plant roots and

residues, and soil animals. Once stabilized within the soil matrix,

enzymes accumulate or form complexes with organic matter (e.g.,

humus), clay, or humus-clay complexes, becoming dissociated from

viable cells (79). Therefore, sandy soils typically exhibit lower

enzyme activity due to their naturally low OM content, poor

water-holding capacity, and reduced microbial biomass. Plant

roots, however, can enhance enzyme activity by stimulating

microbial activity and releasing exudates that serve as substrates

for enzymatic processes. Despite this, short-term seasonal cover

cropping did not significantly influence enzyme activity due to the

limited duration of its implementation.
4.3 Interactions among soil health
indicators

The PCA analysis from 2019 and 2023 highlights the distinct

effects of land use systems on soil properties and enzyme activities.

The Cer system consistently exhibited strong associations with Fe

and S in both years, aligning with the region’s natural soil fertility,

which is acidic and nutrient-poor, except for Fe (Supplementary

Figures S2–S4). The Conv system was centrally positioned with

weak variable associations, particularly with S in 2019 and AS (an

enzyme linked to sulfur cycling) in 2023. This reflects the low-input

management typical of traditional livestock production in Brazil,

characterized by minimal amendments such as the application of
TABLE 4 A modified CASH method and changes in soil health conditions by cover cropping systems in USA.

CCS Year Soil health index (SHI) Soil health conditions

Pre-soil samples Post-soil samples Pre-soil samples Post-soil samples

DCCS 2022 0.76 0.83 high high

2023 0.76 0.71 high high

MCCS 2022 0.55 0.67 medium medium

2023 0.67 0.73 medium high
According to Huang et al. (52)’s classification of soil health conditions, soil health is: very high (Grade I, SHI ≥ 0.85), high (Grade II, 0.85 ≥ SHI ≥ 0.7); medium (Grade III, 0.7 ≥ SHI ≥ 0.55), low
(Grade IV, 0.55 ≥ SHI ≥ 0.4), and very low (Grade V, SHI < 0.4). CCS: Cover cropping systems; DCCS: Double cover cropping system; MCCS: multiple cover Cropping systems.
TABLE 3 F1 function score (nutrient cycling = enzymes activity) (SHI) and interpretative conditions for soil health conditions.

CCS Year Soil health indicator (SHI) Soil health conditions

F1- Pre-soil samples F1- Post-soil samples Pre-soil samples Post-soil samples

DCCS 2022 0.49 0.53 moderate moderate

2023 0.52 0.36 moderate low

MCCS 2022 0.75 0.75 high high

2023 0.81 0.77 high high
According to Mendes et al. (18)’s classification of SHI: high > 0.60, moderate 0.40 to 0.60, low < 0.40. CCS, Cover cropping systems; DCCS, Double cover cropping system; MCCS, multiple cover
Cropping systems.
frontiersin.org

https://doi.org/10.3389/fsoil.2025.1524550
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org


Santos et al. 10.3389/fsoil.2025.1524550
only 1.5 Mg ha-¹ of limestone in 2021. In contrast, the ICL systems

showed strong correlations with BG, P, K, Mn, and Zn in 2019, and

expanded associations with BG, P, K, Ca, Mg, Mn, Zn, and Cu in

2023, indicating improved soil conditions due to better

management practices. The integration of crops and livestock

enhances plant diversity, OM content, nutrient cycling, and

enzyme activity, thereby contributing to soil health. Similarly, the

ICLF systems were associated with P, Ca, Mg, and BS in 2019 and

with additional variables, including Cu, Zn, Mn, and BG, by 2023.

These improvements underscore the benefits of fertilization, better

plant and cattle management, and effective nutrient recycling.

The persistence of OM, CEC, and enzyme activities as critical

contributors highlights their roles in maintaining soil health.

Integrated systems like ICL and ICLF exemplify effective soil

management by supporting these processes, whereas the Conv

system’s variability points to a need for more consistent practices.

Correlation analysis revealed shifting interactions among soil

parameters, with stronger post-harvest correlations in 2022 and

weaker correlations in 2023. Positive correlations between OM and

indicators such as WHC, AC, and SP in both years suggest that SOM

enhancements directly benefit soil biological properties. Conversely,

the consistent negative correlation between OM and BD reflects the

inverse relationship where organic inputs reduce BD by improving soil

aggregation and structure (80). These findings highlight the potential

of SOM to improve soil structure; however, the observed SOM

declines, particularly under short-term seasonal cover cropping, may

limit these benefits. This analysis underscores the need for long-term

strategies to enhance soil sustainability across diverse land use systems.
4.4 Soil health scoring

The SHI scoring approach effectively captured the impact of

management practices on SH, highlighting improvements with

sustainable practices like integrated agrosystems and height-based

grazing management to regulate cattle movement (Figures 5, 6). In

Conv systems, typical of livestock farming in Brazil, demonstrated

poor management characterized by unregulated grazing,

overconsumption of plant biomass, soil exposure to erosion, and

minimal fertilizer application. In contrast, ICL and ICLF systems

showcased more sustainable approaches. By 2019, ICL soils

reflected deteriorating/intermediate/recovering SH conditions due

to improved crop production and fertilization, with further

enhancements observed by 2023, when the system was in the

deteriorating/healthy condition. Similarly, ICLF soils transitioned

from an “unhealthy” state in 2019 to “deteriorating” by 2023,

underscoring progress linked to fertilization, better plant and

cattle management, and nutrient recycling.

Integrated systems promoted soil fertility, plant diversity, OM

accumulation, and C sequestration. Annual rotations of nitrogen-

fixing legumes and grasses significantly improved soil cover and

nutrient cycling. For instance, Urochloa brizantha yielded up to 20

Mg ha-¹ of dry matter, exceeding the 12.5 Mg ha-¹ required to

maintain a carbon balance in Cerrado conditions (81, 82). In ICLF

systems, eucalyptus trees further enhanced soil health by providing
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livestock shade, fixing carbon, and generating additional income from

wood production (24, 41). These improvements contributed to the

recovery of degraded pastures, increased soil nutrient content (e.g., P,

K, Ca, Mg), and enhanced beef production efficiency (Supplementary

Figures S2–S4, Table 2). The SHI scoring approach effectively

demonstrated these advancements, outperforming the A modified

CASH method in reflecting management-induced changes in SH.

While Conv systems showed limited progress due to reduced

stocking rates without adequate nutrient replenishment, ICLF

systems transitioned from low to high SH by 2023, validating the

benefits of integrated management practices.

Both the SHI and A modified CASH method highlighted key soil

health indicators influencing variability across cover cropping

systems. Short-term seasonal cover cropping, such as DCCS and

MCCS, demonstrated some potential for improving SH but fell short

of achieving substantial gains in physical soil recovery or organic

matter accumulation within the study timeframe. The PCA revealed

that OM, WHC, AC, and nutrient availability (TKN, M3P) were

principal contributors to system variability. Additionally, shifts in the

contributions of TP, TK, and M3K between pre-planting and post-

harvest reflected nutrient dynamics influenced by cover crop residue

decomposition (83). However, persistent negative associations with

BD in both years suggest limited short-term effects of cover cropping

on soil physical recovery. These findings emphasize the importance of

long-term studies and complementary soil management practices to

maximize the benefits of cover cropping in enhancing soil health,

particularly in mineral soils.

Historically, agricultural production management emphasized

the chemical and physical properties of soil, but advancements in

soil health studies, incorporating biological attributes, have

revolutionized decision-making for farmers. Insights into soil

health status—whether healthy, diseased, or at risk of degradation

—enable more informed management strategies. Research has

shown that combining organic matter with enzymatic activities of

AS and BG provides an effective indicator for tracking soil health

evolution using the SHI scoring approach. Findings from two study

sites underscore the importance of continuous intervention through

integrated systems and cover cropping, coupled with regular

monitoring of key soil attributes, particularly in sandy soils with

low buffering capacity under tropical conditions. The analyses,

including A modified CASH method and SHI scoring, effectively

captured the impacts of management practices, revealing strong

correlations between enzyme activities, organic matter, and soil

health attributes, especially in ICL, ICLF, and MCCS. These results

highlight the practicality and value of using these indicators to guide

sustainable soil management.
5 Conclusions

This study highlights the essential role of OM in assessing and

enhancing SH across various agroecosystems. It shows that while

SOM levels change gradually, enzyme activities like AS and BG

respond more readily to short/medium-term management

practices. This result is highly significant because the
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methodology for enzyme analysis is straightforward and aligns with

the sampling procedures producers already use for soil fertility

analysis in the 0–10 cm layer after harvest. This compatibility

facil itates its adoption on farms and in laboratories.

Consequently, the results enable farmers to track the impact of

their practices on soil health, allowing for quicker adjustments as

needed. This approach helps ensure improved yields, healthier soils,

and more sustainable environments. Our findings reveal that ICL

and ICLF systems significantly improve soil properties and nutrient

cycling compared to Conv systems, which struggle due to poor

management and limited inputs. The importance of OM, CEC, and

enzyme activities is particularly evident in nutrient-poor regions

such as Brazil’s Cer. The SHI scoring approach developed in Brazil

effectively illustrates the evolution of SH in these agroecosystems

based on the management practices employed. In contrast, while

cover cropping systems in the USA demonstrate potential for

enhancing soil conditions, their short-term implementation may

fall short of delivering lasting benefits, highlighting the need for

long-term commitments and additional organic amendments to

increase SOM and enzyme activity. Ultimately, this research

underscores the significance of OM and EA in SH assessment and

improvement, promoting integrated and sustainable agricultural

practices that boost organic inputs and biodiversity to enhance soil

resilience and productivity. Future studies should focus on longer

timeframes and a wider variety of organic amendments to further

our understanding of soil health dynamics across different

agroecosystem contexts. Overall, the findings underscore that

while DCCS and MCCS have potential as soil improvement

strategies, short-term cover cropping alone may not be sufficient

to achieve substantial and consistent enhancements in soil health.

Long-term studies and additional soil management practices are

likely needed to maximize the benefits of cover cropping in mineral

soils, particularly to build OM, sustain enzyme activity, and

enhance nutrient cycling effectively.
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