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A B S T R A C T   

The Brazilian drylands (Caatinga biome) are facing accelerated soil desertification due to human activities (e.g., 
overgrazing). However, restoration practices (e.g., grazing exclusion), are promising to curb soil desertification 
and, eventually, increase soil functioning. However, the understanding of soil health (SH) changes, induced by 
desertification and restoration in the Caatinga biome remains, poorly understood. Here, the SMAF (Soil Man
agement Assessment Framework) was applied to assess the impact of desertification and long-term grazing 
exclusion on the SH in the Caatinga biome. Three conditions were assessed: i) native vegetation (NV), ii) 
degraded soil by overgrazing (DE) and iii) restored soil by grazing exclusion (RE). Soil samples (0–10 cm) were 
collected in both rainy and dry seasons, and chemical (pH, sodium adsorption ratio (SAR), K+, and P), physical 
(bulk soil density), and biological (soil organic carbon (SOC), microbial biomass carbon (MBC), and β-glucosi
dase activity) indicators were analyzed. Then, integrated soil health indexes (SHI) were calculated using the 
SMAF algorithms. Briefly, DE reduced (0.44 and 0.47 in rainy and dry seasons, respectively) the SHI compared to 
NV (0.72 and 0.82 in rainy and dry seasons, respectively). Importantly, RE recovered SH after two decades of 
implantation (0.65 and 0.79 in rainy and dry seasons, respectively). Bulk soil density and SAR were the in
dicators that presented a higher negative correlation with SH, mainly in DE, while SOC, MBC, and β-glucosidase 
activity correlated with SH in NV and RE soils. Biological soil health indicators increased in dry season, which 
may be due to the deciduous behavior of Caatinga vegetation, which could intensify microbial activity. We 
provided novel evidence that SMAF can be a user-friendly tool to monitor changes in SH under Brazilian drylands 
soils. In addition, long-term grazing exclusion can restore SH, contributing to curbing the desertification process 
in the region.   

1. Introduction 

Drylands comprise approximately 41 % of Earth's surface, of which 
10–20 % are degraded, affecting around 250 million people worldwide 
(Huang et al., 2020; IPCC, 2021). In particular, the Brazilian drylands 
compose the most populated semiarid region in the world, with 
approximately 28 million people (da Silva et al., 2017). This region is 
covered by the Caatinga dry forest, an exclusive Brazilian biome that 

covers 844,000 km2, which is approximately 10 % of the national 
territory. 

The Caatinga climate is characterized by semiarid conditions, with 
low annual rainfall (Pereira et al., 2021a). The plant life in this region 
has metabolic adjusted to the challenges of high temperatures, promi
nently featuring xerophytic species like cacti and thorny shrubs. The 
economic pulse of Caatinga is driven by subsistence agriculture, bustling 
intensive livestock activities, and extraction of nonrenewable natural 
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resources (Oliveira-Filho et al., 2019). Additionally, due to climate 
instability associated with these intensive human activities, the Caatinga 
biome has lost 45 % of its native vegetation (Brasil, 2005, 2021). Recent 
land use change mapping confirmed that about 11 million hectares were 
converted from Caatinga native vegetation to pasture from 1985 to 2020 
(MapBiomas, 2021). 

Importantly, the capacity of dryland soils to support pasture growth 
is low (Jiang et al., 2022), leading consequently to overgrazing of ani
mals (i.e., cattle, goats, and cheeps), that are raised extensively in this 
region. Overgrazing reduces vegetation cover and accelerates the 
degradation process, which mainly impacts soil functioning (Schulz 
et al., 2016; Marengo et al., 2022). Those processes of degradation are 
the main drives of an accelerated desertification process that has 
affected the Caatinga biome. Conversely, restoration practices are 
needed to mitigate the consequences of degradation in Brazilian dry
lands (Amorim et al., 2020). To address the negative effects of over
grazing, grazing exclusion has been applied to restore degraded soils and 
has had positive effects on soil chemical and microbial properties (Oli
veira-Filho et al., 2019; Oliveira et al., 2021; Pereira et al., 2021a, 
2021b). For instance, Pereira et al. (2021a, 2021b) and Oliveira et al. 
(2021) demonstrated that overgrazing reduced soil microbial diversity, 
while grazing exclusion increased enzyme activity in the Caatinga 
biome. Other studies have also corroborated that grazing exclusion is an 
important restoration practice not only in Brazil (Pereira et al., 2022) 
but worldwide (Hu et al., 2016; Listopad et al., 2018; Wilson et al., 
2018). However, although previous studies have assessed individual soil 
chemical and microbial properties under overgrazing and grazing 
exclusion, little is known about the impacts of those processes (degra
dation and restoration) on soil health (SH) changes in the Brazilian 
Caatinga biome (Simon et al., 2022). 

Soil health (SH) is defined as the continued soil's capacity (as a living 
ecosystem) to sustain plant and animal productivity, support environ
mental quality (air and water), and promote human health (U.S. 
Department of Agriculture). Additionally, Doran and Parkin (1994) 
define SH as the ability of soil to perform functions of biological pro
duction, environmental conservation, and promotion of plant and ani
mal health in a sustainable manner. Integrated approaches have been 
proposed to assess SH in different ecosystems around the world (Büne
mann et al., 2018; Karlen et al., 2019; Rinot et al., 2019; Lehmann et al., 
2020). Primarily, those approaches are based on assessing multiple soil 
chemical, physical, and biological indicators that are directly related to 
critical soil ecological functions (Andrews et al., 2004; Karlen et al., 
2008; Cherubin et al., 2021). Here, we propose using the Soil Manage
ment Assessment Framework (SMAF) as a powerful method developed 
by Andrews et al. (2004) for U.S soils, and then successfully applied 
worldwide (i.e., Gura and Mnkeni, 2019; Karlen et al., 2019; Çelik et al., 
2021; Cherubin et al., 2021; Chavarro-Bermeo et al., 2022) to assess SH 
in Brazilian desertified hotspots. Previous studies have reported that 
SMAF is sensitive to detecting SH changes in Brazilian tropical soils (e.g., 
Cherubin et al., 2016a, 2021; Matos et al., 2022), but there is no in
formation about the SMAF performance in the soils of Brazilian 
drylands. 

Therefore, this study is the first to apply SMAF to evaluate the effects 
of degradation caused by overgrazing and a long-term restoration 
practice (21 years of grazing exclusion) in Brazilian drylands (Caatinga 
biome). Thus, we hypothesized that (i) SMAF is efficient in quantifying 
SH scores using chemical, physical, and biological indicators in both 
degraded and restored soils and (ii) continuous overgrazing significantly 
degraded SH, while long-term grazing exclusion can recover SH scores 
to similar levels of those found in native vegetation soils of Brazilian 
drylands (Caatinga biome). 

2. Material and methods 

2.1. Site description and soil sampling 

The study was conducted in the Irauçuba municipality, located in the 
state of Ceará, Brazil (3◦44′46" S and 39◦47'00" W), within the “Irauçuba 
Desertification Nucleus” (IDN) experimental research area. The region is 
characterized by low annual precipitation (~540 mm), primarily 
occurring between January and April (Pereira et al., 2021a, 2021b). The 
climate is classified as tropical hot semiarid according to the Köppen- 
Geiger classification system, with average annual temperatures ranging 
from 26 to 28 ◦C over the last 20 years and, an altitude of 152 m above 
sea level (IPECE, 2017). Soils at the experimental sites are predomi
nantly Planosols (FAO system). 

Livestock activity in the region over the past 150 years has resulted 
in the removal of soil cover, preventing the renewal of native vegetation 
(Oliveira-Filho et al., 2019). In addition, soil degradation has been 
caused by high soil compaction due to animal grazing and natural 
environmental conditions such as high temperatures and water shortage 
(Oliveira-Filho et al., 2019). Irauçuba municipality has an aridity index 
of 0.26, one of the lowest in the Brazilian semiarid region (Fig. 1). 

The experimental areas were established in 2000 to study the effects 
of desertification on soil properties (Oliveira-Filho et al., 2019). 
Degraded areas (overgrazed) were mapped, fenced to prevent animal 
access, and left fallow. Each experimental unit measures 50 m × 50 m 
(2500 m2) (Pereira et al., 2021a, 2021b), and grazing exclusion was used 
to promote natural (passive) soil restoration. 

The study was conducted at three sites (site 1, site 2, and site 3) with 
three land use and management scenarios: 1) native Caatinga vegetation 
(NV) – fragments of dry forest mainly composed of Mimosa tenuiflora, 
Auxemma oncocalyx, Caesalpinia bracteosa, Cereus jamacaru and Coper
nicia spp.; 2) degraded (DE) – plots subjected to intensive animal (over) 
grazing, particularly during the rainy season. Natural vegetation is the 
main feed source for animals (e.g., goats, cattle, and sheep) of local 
smallholders that lives in the region, and 3) grazing exclusion (RE) – 
plots with grazing exclusion for 21 years. In those plots, spontaneous 
vegetation recovery, with a predominance of Mimosa tenuiflora, Anthe
phora hermaphrodita, and small cactus plants (Fig. 2). In the RE areas, 
plots measuring 40 m × 40 m (1600 m2) were used to avoid border 
effects. 

Two soil samplings were conducted in February/2020 (S1) – rainy 
season – and October/2021 (S2) – dry season. In each plot, three rep
licates were established. Samples were collected at 0–10 cm depth, and 
nine subsamples were collected and mixed into a composite sample. 
Thus, a total of 54 soil samples were collected (3 sites × 3 soil man
agements x 3 field replicates and 2 seasons). Later, composite samples 
were sieved (2 mm) and stored at 4 ◦C for biological analyses, and 
another portion was air-dried for chemical analyses. Undisturbed sam
ples were stored for physical analyses. 

2.2. Soil characterization 

Soil pH was determined using a CaCl2 solution (0.01 mol L− 1), while 
available phosphorus (P) and potassium (K+) were extracted via ion 
exchange resin. Sodium (Na+) was extracted via Mehlich 1 solution, and 
calcium (Ca2+), and magnesium (Mg2+) contents in the water extract 
from saturated soil paste. The sodium absorption ratio (SAR) was 
calculated by the amount of sodium (Na+) relative to calcium (Ca2+) and 
magnesium (Mg2+) in the water extracted from a saturated soil paste. All 
the above-mentioned methods were applied following Raij et al. (2001). 

Bulk soil density (BD) was measured using the Beaker method and 
the paraffin-embedded clod, following the methods of Blake and Hartge 
(1986) and Teixeira et al. (2017). Soil organic carbon (SOC) was 
extracted using potassium dichromate and determined via colorimetry 
(Nelson and Sommers, 1983). Microbial biomass carbon (MBC) was 
quantified using the fumigation-extraction method described by Vance 
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et al. (1987) and Polli and Guerra (1997). The potential activity of 
β-glucosidase (BG) (EC 3.2.1.21) was determined by incubating the soil 
(1 g) with ρ-nitrophenyl β-glucopyranoside substrate (pH 6.0) at 37 ◦C 
for 1 h and measuring the released ρ-nitrophenol via spectrophotometry 
(410 nm) (Tabatabai, 1994). 

2.3. Soil management assessment framework tool 

The Soil Management Assessment Framework (SMAF) includes al
gorithms for 13 indicators that encompass chemical, physical, and bio
logical. In this study, a total of eight SH indicators were utilized, 
including pH, sodium adsorption ratio (SAR), P, K+ (chemical), BD 
(physical), SOC, MBC, and BG (biological). These specific parameters 
were selected due to their significance in soil functioning (Cherubin 
et al., 2016a) and representation of at least one indicator from each of 
the three SH components (i.e., chemical, physical, and biological) 
(Karlen et al., 2008; Wienhold et al., 2009; Cherubin et al., 2017). These 
indicators are listed among the most frequently used in soil health 
studies in Brazil (Matos et al., 2022; Simon et al., 2022) and in the world 
(Bünemann et al., 2018; Gura and Mnkeni, 2019; Basak et al., 2022). 

The measured SH indicators were transformed into a score ranging 
from 0 to 1, using non-linear scoring curves previously published and 
incorporated in the SMAF spreadsheet (Andrews et al., 2004; Wienhold 
et al., 2009; Stott et al., 2013). For SOC, MBC, and BG, a factor of 4 was 
employed for organic matter class (low, suborder Argids). For treat
ments with clay content <8 %, a texture factor class of 1 was used to 
score BD, SOC, MBC, and BG, while a class of 2 was applied to treatments 
with clay content >8 %. A climate factor of 2 (≥170 ◦C and ≤ 550 mm 
average annual precipitation) was used for all treatments to score SOC, 
MBC, and BG, while a season factor of 2 (summer) was used for all 
treatments to score MBC. A factor of 2 (other) was used for Fe oxide 
content for all treatments. For BD scoring, a mineralogy factor class of 3 
(other) was utilized, while a slope factor of 2 (2–5 % slope) and a 
weathering class factor of 3 (little weathering) was employed for P 

scoring for all treatments. Resin methodology (class 5) was used to 
measure extractable P. Thresholds for P and pH were established ac
cording to Fernandes (1993) with optimum values for P and pH set at 10 
mg dm− 3 and 5.5, respectively. 

The scores for each indicator were integrated using a weighted ad
ditive approach through Eq. (1) to generate an overall soil health index 
(SHI). 

SHI =
∑n

i=1
SiWi (1)  

where Si is the indicator score, and Wi is the indicator weight. Each 
group (chemical, physical, and biological) had an equal weight (33.33 
%) in the final index (Cherubin et al., 2016a). The use of weighted ad
ditive was applied to equally combine chemical, physical, and biological 
components in a soil health index, reflecting the contribution, and 
enabling a more comprehensive and balanced assessment of each indi
cator group. 

2.4. Statistical analyses 

Homogeneity and normality of variance were examined by Levene 
and Shapiro-Wilks tests, respectively. Following these preliminary tests, 
a pooled analysis was performed using Nested-ANOVA. This analysis 
helps to understand the sources of variability within and between 
groups. To determine significant mean differences between groups, 
Tukey's test at 5 % analyses were performed using RStudio® (Version 
1.3.1093). Redundancy analysis (RDA) was performed to explore re
lationships between multiple responses (soil properties) variables and 
explanatory variables (soil health indicators). Multivariate analysis was 
applied using Canoco for Windows v. 4.5 packages (Braak and ̌Smilauer, 
2002). 

Fig. 1. Geographic location of study area. a) Desertification Nuclei of Irauçuba (green), b) Aridity index of Brazilians drylands. The map was drawn with QGIS 
(v. 3.16.16). 
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3. Results 

The highest soil pH values were found in native vegetation (NV), 
regardless of the sampling period, while the lowest values were found in 
degraded (DE) (Table 1). On the other hand, the highest SAR values 
were observed in DE, while restored (grazing exclusion) (RE) and NV 
had the lowest values. The available P values were significantly higher 

in NV and lower in DE, especially during the rainy season. During the 
dry season, the values of P were higher in DE and RE. The highest values 
of BD were observed in DE, independent of the sampling period. The 
highest values of SOC were found in NV and RE in both seasons. The 
values of MBC were higher in RE compared to NV and DE, and the values 
of β-glucosidase were higher in RE and NV than in DE in both seasons 
(Table 1). 

Fig. 2. Geographic location of study sites (1, 2, and 3) (a). NV = Caatinga's native vegetation, RE = restored (grazing-exclusion), DE = degraded area; b) Caatinga 
seasonally dry tropical forest, c) degraded dryland, d) restored dryland, and e) subdivision of DE and the RE areas. The map was drawn with QGIS (v. 
3.16.16) software. 
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During the rainy season, there were no significant differences in 
SMAF scores for soil pH between the areas (Table 2). However, in the dry 
season, NV and RE had the highest SMAF scores for soil pH. The highest 
SMAF scores for P were found in RE in both seasons, while DE had the 
lowest SMAF scores for K. NV had higher SMAF scores for BD, while the 
scores decreased in DE during the dry season. For SOC, MBC, and BG, the 
higher SMAF scores were found in NV and RE (Table 2). 

The soil health index (SHI) was highest in NV (0.73 in S1 and 0.82 in 
S2) and RE (0.65 in S1 and 0.79 in S2), while DE had the lowest SHI 
(0.44 in S1 and 0.47 in S2) (Fig. 3). The SHI was higher in S2 (0.69) than 
in S1 (0.60), but there were no seasonal effects observed for chemical 
and physical indicators. However, there was an increase in the biological 
component from S1 to S2 (Fig. S1). The soil chemical score decreased in 
S2, especially in NV (from 0.76 to 0.66) (Fig. 3). The physical score 
showed a reduction in S2, specifically in DE (from 0.42 to 0.26), while 
the biological score showed an improvement in all areas evaluated in S2. 
Overall SHI increased in NV and RE in both S1 and S2, whereas no 
significant variation was observed in DE (Fig. 4). 

A redundancy analysis (RDA) was conducted to correlate SH in
dicators with SMAF scores (Fig. 5). In S1, axis 1 and 2 explained 80 % of 
variance. The RDA showed a positive correlation of MBC, BG, and SOC 

with the biological component of SH, as well as its interaction with NV 
and RE. In addition, BD and SAR were negatively correlated with the 
physical component and SHI and were important indicators for dis
tinguishing DE in a separate cluster (Fig. 5a). In S2, axis 1 and 2 
explained 79 % of data variance. RDA showed a positive correlation 
between MBC, P, K+, BG, and SOC, mainly in RE. Soil pH showed a close 
correlation with NV. BD and SAR showed a positive correlation with DE 
and a negative correlation with the physical component of SH and SHI. 
The areas with NV and DE were clearly separated (Fig. 5b). 

4. Discussion 

This study provides novel insights into soil health (SH) changes/ 
assessment in degraded and restored soils in the Brazilian drylands 
(Caatinga biome). Our findings support both initial hypotheses, showing 
that SMAF was efficient to evaluate SH based on chemical, physical, and 
biological indicators in both degraded and restored soils; overgrazing 
led to a reduction in SH scores compared to native vegetation, whereas 
grazing exclusion increased SH after two decades of restoration to 
similar levels of native Caatinga vegetation. Our results provide valuable 
insights to understand the resilience of the Caatinga biome and 

Table 1 
Mean values of soil health indicators from Caatinga's native (NV), degraded (DE), and restored (RE) vegetation in Brazilian desertification hotspot (0–10 cm).  

Land use Chemical Physical Biological 
1pH 2SAR 3P 

mg dm− 3 

4K 
mmol dm− 3 

S1 

5BD 
g cm− 3 

6SOC 
g dm− 3 

7MBC 
mg kg− 1 

8BG 
mg p-nitrophenol kg− 1 solo− 1 

NV 5.59 ± 0.1a 0.20 ± 0.1b 37.61 ± 7.9a* 106.26 ± 0.6a 1.51 ± 0.04b* 13.41 ± 2.2a 77.71 ± 3.9b 114.11 ± 6.7a 

DE 5.02 ± 0.1b 0.89 ± 0.1a 7.73 ± 1.8b 115.12 ± 0.4b 1.62 ± 0.05a 6.69 ± 1.8b 48.08 ± 3.6c 37.12 ± 15.8b 

RE 5.48 ± 0.1a* 0.39 ± 0.3b 13.41 ± 3.2b 69.86 ± 0.5a 

S2 1.52 ± 0.04b 16.17 ± 1.4a 92.63 ± 7.6a 102.72 ± 6.8a 

NV 6.08 ± 0.5a 0.17 ± 0.09b 12.10 ± 0.6b 114.23 ± 0.7a 1.41 ± 0.06b 21.02 ± 5.0a* 130.36 ± 9.9b* 175.62 ± 5.8a 

DE 5.14 ± 0.2b 0.63 ± 0.29a 10.06 ± 0.6b* 84.69 ± 0.5b 1.85 ± 0.16a* 8.61 ± 2.7b 84.01 ± 5.1b* 83.09 ± 4.1b* 
RE 5.04 ± 0.1b 0.31 ± 0.11b 19.21 ± 2.7a* 132.75 ± 0.2a* 1.41 ± 0.09b 26.77 ± 5.7a* 285.21 ± 26.1a* 197.43 ± 15.7a*  

1 Hydrogenionic potential. 
2 Sodium adsorption ratio. 
3 Available phosphorus. 
4 Potassium. 
5 Bulk density. 
6 Soil organic carbon. 
7 Microbial biomass carbon. 
8 β-glucosidase activity. Soils were sampled in February/2020 (S1) and October/2021 (S2). Lower-case letters compared soil management (NV, DE, and RE) within 

each period and *compared periods within each treatment by the Tukey test (5 %)(P < 0.05), n = 9 and ± standard deviation. 

Table 2 
SMAF scores of soil health indicators from Caatinga's native (NV), degraded (DE), and restored (RE) vegetation in Brazilian desertification hotspot.  

Land use Chemical Physical Biological  
1pH 2SAR 3P 4K 5BD 6SOC 7MBC 8BG 

S1 
NV  0.96*  0.25a  0.99a*  0.93a  0.75a  0.93a  0.48b  0.51a 

DE  0.87  0.21b  0.93b  0.80b  0.42b*  0.42b  0.17c  0.07b 

RE  0.93  0.24c  0.98a  0.95a  0.56b  0.98a  0.58a  0.38a  

S2 
NV  0.91a  0.25a  0.96b  0.95a  0.89a*  1.00  0.81a*  0.91a* 
DE  0.56b  0.23b  0.97ab  0.87b  0.25c  0.62b*  0.43b*  0.27b* 
RE  0.89a  0.24c  0.99a  0.99a*  0.65b  1.00  1.00a*  0.87a*  

1 Hydrogenionic potential. 
2 Sodium adsorption ratio. 
3 Available phosphorus. 
4 Potassium. 
5 Bulk density. 
6 Soil organic carbon. 
7 Microbial biomass carbon. 
8 β-glucosidase activity. Soils were sampled in February/2020 (S1) and October/2021 (S2). Lower-case letters compared soil management (NV, DE, and RE) within 

each period and *compared periods within each treatment by the Tukey test (5 %)(P < 0.05), n = 9. 
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important strategies to restore/monitor soil functioning in semiarid re
gions under desertification. 

We showed that grazing exclusion led to significant improvements in 
soil health indicators, mainly in biological component. The restored 

areas, which were subjected to grazing exclusion for 21 years, had 
higher soil health index (SHI) scores compared to the degraded areas. 
Additionally, the restored and native areas showed similar SHI scores, 
indicating that grazing exclusion is an effective approach for restoring 

Fig. 3. SMAF - SHI and chemical, physical, and biological components. Means followed by the same letter do not differ by Tukey's test at a significance level of 5 % 
(P < 0.05). Lower-case letters compared soil management (NV, DE, and RE) within each period, and, upper-case letters, compared periods within each treatment. 
Absence of letters indicates no differences. Error bars indicate standard deviation (n = 9). (a) sampling 1 and (b) sampling 2. 

Fig. 4. SMAF - SHI in Caatinga's native (NV), degraded (DE), and restored (RE) vegetation in Brazilian desertification hotspot. (S1) sampling 1 and (S2) sampling 2.  
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soil functioning in degraded lands affected by overgrazing. Oliveira- 
Filho et al. (2019), in the same experimental area, evaluated the effects 
of 19 years of grazing exclusion on soil stoichiometry and demonstrated 
that particulate soil organic fractions (C and N contents, specifically) 
increased with grazing exclusion. Also, Pereira et al. (2021a, 2021b) 
demonstrated a positive correlation between bacterial diversity and SOC 
in the same area in subsequent years. 

Thus, soil recovery strategies such as grazing exclusion could be an 
important strategy to increase soil health indicators. Importantly, these 
effects seem to occur in different eco-regions. For example, Dong et al. 
(2021) evaluating Chinese grasslands of a semiarid region, demon
strated that medium-term grazing exclusion increased labile C fractions 
and mineralization rate compared with continuous grazing. Interest
ingly, the climatic conditions observed in the region studied by Dong 
et al. (2021) resemble the Brazilian semiarid environment, character
ized by remarkably low annual precipitation rates and an approximately 
21-year period of grazing exclusion treatments. This parallel suggests 
that soil management techniques, like the implementation of grazing 
exclusion, hold promising potential for enhancing soil health across 
diverse contexts. 

Soil organic carbon plays a crucial role in soil fertility, structural 
stability, and promotes microbial traits (Hoffland et al., 2020). Our re
sults suggested that biological indicators, such as SOC, MBC, and BG, 
play a crucial role in restoring SH. The higher SHI scores in the restored 
areas were largely driven by these biological indicators since we found a 
positive correlation of SOC, MBC, and BG, with the biological compo
nent of SH, mainly at NV and RE. Its interaction indicates that the 
improvement in soil biological properties can be achieved through 
grazing exclusion and vegetation cover. These findings are consistent 
with those of Pereira et al. (2021a, 2021b), Oliveira et al. (2021), and 
Silva et al. (2022), who reported that grazing exclusion improved mi
crobial properties (i.e., bacterial, and fungal communities, and enzyme 
activity). Specifically, Oliveira et al. (2021) demonstrated that grazing 
exclusion (18 years) had the highest β-glucosidase and arylsulfatase 
activities. Importantly, restored areas showed 20 % more phosphate 
solubilizers bacteria, indicating that grazing exclusion improved soil 
biological functioning such as enzyme activity (C and S cycles) and 
phosphorus contents. 

Thus, the increase in SHI in the restored areas may be attributed to 
the increased richness of bacteria and fungi associated with higher 
enzyme activity, which are in turn driven by higher SOC content (Oli
veira-Filho et al., 2019; Pereira et al., 2021a; Oliveira et al., 2021; Silva 
et al., 2022). Importantly, the increase in SOC may have contributed to 
the improvement of SH and the potential for C sequestration, which 
could have important implications for climate change mitigation. It re
inforces the sensitivity of grazing exclusion and biological indicators to 
assess SH Caatinga biome areas, as well as they can provide valuable 
insights into the effectiveness of restoration practices (Bhaduri et al., 
2022). Beyond the implementation of grazing exclusion, other meth
odologies, including the establishment of terraces and the use of cover 
crops, have emerged as noteworthy contributors to the restoration of 
degraded regions within the Brazilian semiarid (Araujo et al., 2023). 
These techniques have exhibited favorable outcomes on both the di
versity and abundance of soil microorganisms. Nonetheless, the 
comprehensive quantification of soil health across all these systems 
within the Brazilian semiarid zone demands concerted endeavors, being 
crucial to its sustainability. 

Globally, bulk soil density (BD) is the most physical property affected 
by overgrazing (Byrnes et al., 2018). BD is an important SH indicator, as 
it affects several soil functions, including physical stability, water re
lations, and filtering and oxygen diffusion (Andrews et al., 2004). Our 
results showed a higher BD in degraded areas, probably due to the long- 
term effect of overgrazing and trampling by animals, which contribute 
to soil compaction and degradation (Pulido et al., 2017). Importantly, 
we found a negative correlation of BD with soil health indexes, which 
contributed to distinguishing DE in a separate cluster (Fig. 5). It suggests 
that overgrazing and soil compaction are important contributors to the 
degradation of soil's physical properties in Brazilian drylands. 

Increased BD reduces pore space and soil water storage (Oliveira- 
Filho et al., 2019), which can adversely affect plant root development 
(Matos et al., 2022). Previous studies have reported negative effects of 
increased BD on soil functionality, including soil degradation, and 
reduced nutrient availability (Cherubin et al., 2016a; Luz et al., 2019). 
On the other hand, grazing exclusion practices can help to restore SH by 
allowing vegetation recovery and improving soil structure, which re
duces BD and maintains soil functionality (Cherubin et al., 2016b; Luz 

Fig. 5. Redundancy analysis (RDA) with the relationship between soil health scores (SHI and components) and NV = natural vegetation of Caatinga biome, DE =
degraded and, RE = restored (by grazing-exclusion) treatments and soil properties. In (a) sampling 1 and (b) sampling 2. 
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et al., 2022). Recently, Gamboa et al. (2023) demonstrated that active 
plant biomass inputs increased the soil pore system and improved 
functionality under no-till soils. Also, soil cover can contribute to 
increasing biogenic aggregates and, consequently, reduce BD (Pereira 
et al., 2021b). 

Interestingly, degraded areas showed the highest sodium absorption 
ratio (SAR). Soil bulk density can increase due to the Na+ contents, 
reducing pore-size distribution, permeability, drainage rate, and root 
development (Shakir et al., 2002; Hussain et al., 2022). Thus, soil health 
enhancement induced by grazing exclusion could be attributed to 
increased vegetation cover, which reduces soil erosion and provides 
organic matter that contributes to improved soil structure and porosity 
(Gamboa et al., 2023; Oliveira-Filho et al., 2019). 

Biological soil health indicators quickly change due to soil man
agement practices (Cardoso et al., 2013) and widely respond as per 
climate season. Interestingly, our results showed that SHI was higher 
during dry season. In addition, these changes were boosted by biological 
components since, together, there were no significant changes in 
chemical or physical components over time (Fig. S1). It highlights the 
importance of biological indicators to SH assessment in soils under 
desertification. These results are in line with Matos et al. (2022) that 
demonstrated higher BG and MBC activity during the dry season in 
agroforest systems in southeast Brazil. The Caatinga vegetation is mainly 
composed of deciduous botanical tree species (de Queiroz et al., 2017). 
Thus, its vegetation promotes intensive litter fall at the end of the rainy 
season. In fact, the origin of “Caatinga” term (i.e., “whitish forest” in the 
indigenous “Tupi” language) is mainly due to the aspect of its seasonally 
deciduous vegetation. 

Probably, during the dry season, the higher liter deposition improves 
biological activity (mainly extracellular enzymes) to promote nutrient 
cycling (Matos et al., 2022). Furthermore, the enzyme activity during 
the dry season is an important driver for the transformation and 
decomposition of soil organic matter since β-glucosidase is involved in 
the hydrolytic breakdown of C-rich compounds in soil, which explained 
a positive correlation with SOC and MBC contents. In contrast, degraded 
areas showed the lowest scores for BG and MBC, indicating a deterio
ration of microbial properties (Veum et al., 2014), independently of 
season. Thus, our results confirm that BG and MBC are important in
dicators for assessing the biological component of SH (Nunes et al., 
2020), especially during the dry season. 

Soil health assessment requires robust tools which can be quickly 
applied and provide relevant information about soil functioning. SMAF 
scores were able to detect loss of SH among land use management in 
Caatinga biome and biological components were more sensitive than 
physical and chemical components. Thus, our results suggested that 
biological manipulation (e.g., the use of efficient plant growth- 
promoting microorganisms, organic inputs, crop diversification, etc.) 
could be an important strategy for accelerating SH recovery in Brazilian 
drylands. The use of SMAF to assess SH in this ecosystem is particularly 
significant given the unique characteristics of the Caatinga biome, 
which is characterized by a semiarid climate and is vulnerable to land 
degradation caused by human activities (Oliveira et al., 2021; Oliveira- 
Filho et al., 2019; Pereira et al., 2021a). Thus, we encourage the use of 
SMAF as a useful tool for a feasible strategy for monitoring SH under 
desertification hotspots in Brazilian drylands. SMAF results can detect 
strategic/priority areas for restoration based on soil functioning. Finally, 
future studies, including different ecoregions, soil types, and, more 
importantly, different strategies for soil recovery in Caatinga (e.g., 
integrating livestock systems) are urgently needed. 

5. Conclusions 

This study has successfully assessed soil health using the SMAF in 
both degraded and restored lands within the Brazilian semiarid region. 
Notably, the SMAF scores (encompassing chemical, physical, and bio
logical aspects) displayed elevated values in both native vegetation and 

restored lands. This outcome led to higher soil health index values, 
effectively corroborating the initial hypothesis and highlighting the 
SMAF's efficacy in generating soil health scores in Brazil's drylands. It is 
crucial to underline that soil health scores experienced a decline in 
degraded areas due to overgrazing. Nevertheless, the grazing exclusion 
facilitated the recovery of soil health following two decades of restora
tion efforts. In alignment with the restoration areas, the native Caatinga 
vegetation emerges as a pivotal factor in influencing soil health, with its 
presence yielding notably higher soil health values, particularly evident 
in biological indicators such as SOC, MBC, and BG. The distinctive 
seasonality of the Caatinga deciduous vegetation, characterized by 
substantial leaf shedding during the dry season, intensifies biological 
activity within this timeframe. This emphasizes the pivotal role of native 
vegetation in stimulating microbial processes and nutrient cycling in 
arid environments. The study underscores the significance of imple
menting grazing exclusion as a strategic measure to augment vegetation 
cover and enhance soil health in dryland regions. Furthermore, it elu
cidates the sensitivity and rapid responsiveness of biological properties 
as effective indicators to discern the impacts of detrimental practices on 
soil health. 
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Braak, C.T., Šmilauer, P., 2002. CANOCO Reference Manual and CanoDraw for Windows 
User's Guide: Software for Canonical Community Ordination (version 4.5). 

Brasil, 2005. Ministério do Meio Ambiente. In: Programa de Ação Nacional de Combate à 
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