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Summary

Bibliometric research illuminates the scientific development of soil health (SH) studies in the Brazilian
Semiarid, which are crucial for sustainable agriculture and mitigating climate change impacts. However,
research trends on SH in the Brazilian Semiarid are still not well understood. This study aimed to illustrate
how SH has been addressed in research concerning the Brazilian Semiarid. Terms such as ‘soil health,” ‘soil
quality,” ‘biological quality,” ‘chemical quality,” ‘physical quality,” as well as ‘Caatinga,” ‘Brazilian Semiarid,’
and ‘Brazilian Northeast” were searched in the Scopus® database. Bibliometric parameters were catalogued
by the number of publications per year, most cited articles, primary institutions, main journals, and
keyword frequency. The articles were evaluated based on the examination of chemical, physical, and
biological indicators, and a similarity test was conducted to group articles according to these indicators.
The bibliometric analysis reveals a significant increase in scientific output since 2020. Embrapa research
centres contribute significantly to this expanding body of knowledge, with the leading journal ‘Revista
Caatinga’ reflecting a specialized focus on the region’s unique challenges. The most evaluated indicators
were pH, soil organic carbon, P, Ca?t, Mg”, K*, and bulk density, but the prevalence of biological
indicators, such as soil organic carbon (SOC), activity of enzymes such as alkaline and acid phosphatase,
and 3-glucosidase, microbial activity, and soil fauna, underscores key research themes. These findings
highlight the practical implications of SH research, but while increased research is commendable and
increasingly necessary, studies are still scarce. Increased research is vital for the development of strategies
that contribute to the long-term sustainability of the Brazilian Semiarid region.
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Introduction

The Brazilian Semiarid, covering ~12% of Brazil’s territory, has emerged as an outstanding region
in the global context due to the uniqueness of its climatic and environmental characteristics
(Brazil, 2021a). An area of 70 500 km? in Brazil is now unsuitable for agriculture due to the low
productivity of natural resources, affecting both human and animal life (Brazil, 2021b). The
Caatinga biome, which dominates the Brazilian Semiarid region, faces challenges from low annual
precipitation (<800 mm), high solar radiation (2800 hours), temperature ranges of 23-27°C, and
high evaporation rates (2000 mm) (Brazil, 2021a). The average relative humidity is around 50%,
further disrupting the biome’s ecological balance (Moura et al., 2019).
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The Caatinga biome is characterized by vegetation and remarkable biodiversity adapted to
extreme climatic conditions of arid and semiarid environments (Brazil, 2021b). The semiarid
environment is not only home to unique ecosystems, but also faces significant threats, such as soil
degradation due to anthropogenic activities, including overgrazing and the extensive burn and
removal of native vegetation (Brazil, 2021b). Studies indicate a worrying reduction of 57% in the
natural areas of the Caatinga biome, which has only 1% of its area protected and increasing
livestock expansion (Brazil, 2021b), highlighting the pressing need for monitoring strategies and
sustainable interventions to preserve the integrity of these critical ecosystems.

Soil health (SH) can be defined as the ability of the soil to function, interacting with the external
environment for the benefit of sustainable animal and plant production (Doran and Parkin, 1994).
SH goes beyond increasing agricultural productivity, contributing significantly to various
ecosystem services, such as water quality, and human health, and mitigating the impacts of climate
change (Karlen et al. 1997; Lehmann et al. 2020; Cherubin et al. 2021). Given the growing demand
for inputs in the agricultural and industrial sectors due to the increase in the world’s population,
the study of SH becomes imperative for the establishment of sustainable agricultural systems
(Cherubin et al., 2016). In Brazil, this scenario is even more challenging in the drylands, where
high soil degradation and the advance of climate change represent a major obstacle to agricultural
sustainability.

Environmental vulnerability in the Brazilian Semiarid region is aggravated by practices such as
intensive agricultural use and changes in soil cover, which have significant impacts on soil
microbial communities and biogeochemical cycles (Ribeiro et al., 2016; Lacerda-Junior et al.,
2019). Livestock, considered an important source of greenhouse gas emissions, contributes to
environmental degradation, especially through overgrazing associated with the removal of native
vegetation of Brazilian Semiarid (Ribeiro et al., 2016; Pereira et al., 2021; Aratjo et al., 2024; Lima
et al., 2024). The predominant practice of slash-and-burn to introduce annual crops or pastures
represents a significant agent of environmental change and degradation, leading to a decline in SH
and changes in physical, chemical, and biological properties (Ferreira et al., 2016; Rousseau et al.,
2022). In addition, studies indicate a substantial reduction in soil carbon in conventional systems,
highlighting the negative effects of these practices on environmental sustainability in the Brazilian
Semiarid region (Medeiros et al., 2020; Tonucci et al., 2023).

The study of SH in the Brazilian Semiarid is crucial for improving agricultural productivity and
addressing challenges like soil degradation and climate change, but the research dynamics and
trends in this area remain poorly understood. Thus, bibliometric analysis provides a quantitative
view of research trends and patterns (Sellami and Terribile, 2023; Cancian et al., 2018). It also
allows for the visualization of collaboration networks and citation patterns (Bezak et al., 2021),
highlighting research gaps and opportunities. This method is ideal for exploring SH research,
especially in specific regions such as the Brazilian Semiarid region.

This bibliometric study aims to explore how SH has been evaluated within research concerning
Brazil’s Semiarid region. By utilizing data from the Scopus® database, the study intends to identify
prevailing research trends on SH in this specific geographical context. Moreover, it aims to
identify the main soil indicators studied and their relationships with research, thus identifying and
offering valuable insights for future investigations.

Material and methods

The bibliographic search was performed using a combination of search terms considering all the
databases of the Scopus® platform (https://www.scopus.com/), conducted in February 2024
(Fig. 1). The search was performed using the ‘Documents’ field, which considers the ‘Article title’,
‘Abstract’ and ‘Keywords’ of a record. The advanced search for papers selection was done through

https://doi.org/10.1017/50014479724000243 Published online by Cambridge University Press


https://www.scopus.com/
https://doi.org/10.1017/S0014479724000243

Experimental Agriculture

Soil health Documents analisys Bibliometric analisys
) SOIl_ quality ' « Number of publications by year
Biological quality . Chemical indicators . Number of citations
Chemical quality Keywords ical indi . S
e I' « Physical indicators « Main research institutions
yslca.qua ity BC . Biological indicators « Main research journals
.c.aatlnga. . « Soil Health Index . Keywords frequency
BB:::;II;:: ::rr:ilaa:::i « International scientific network Final
Brazilian northeast ] seareh
: ) 26
Time articles Q

search

£

founded
From: all years

To: February 2024

Article tittl Only articles in Articles that studied
icle tittle 5 soil health by
Abstract English and Portuguese 63 articles lyzing chemical
Keywords we.re G G physical and/or
in the search biological indicators

Search within First result

First filters (Q

Figure 1. Main steps used for screening and evaluation of soil health manuscripts in Brazilian Semiarid.

Second filters Q

the search command ‘Search documents’ using the terms and keywords (‘soil health” OR ‘soil
quality’ OR ‘biological quality’ OR ‘chemical quality’ OR ‘physical quality’ AND ‘Caatinga’ OR
‘Brazilian semiarid® OR ‘Brazilian semi-arid’ OR ‘Brazilian northeast’). Only articles and
publications in English and Portuguese were considered resulting in 63 articles found in this first
search.

The 63 articles found were then thoroughly analysed and those that studied SH through the
analysis of chemical, physical, and/or biological indicators were filtered out. Articles that only
mentioned soil health or soil quality, but did not evaluate soil functionality, were disregarded.
After the second filtering, 26 articles were found within the scope of this research (Fig. 2). The files
were downloaded in .csv and processed in the field ‘Analyse search results’ in the Scopus®
platform, being later exported to Microsoft Office Excel (v. 2021) and VOSviewer (v. 1.6.17)
software Van Eck and Waltman (2010) available at (https://www.vosviewer.com/). The following
bibliometric parameters were analysed: i) the number of publications by year, ii) most cited
articles, iii) main institutions, iv) main journals, and v) frequency of keywords. The articles were
evaluated according to the following criteria: i) identification of chemical, ii) physical, and iii)
biological indicators studied in the articles, and the use of vi) SH index.

In this study, maps were formed representing the link between keywords that contribute the
most research, showing the existing relationship within each group by forming individual clusters.
Each group of clusters represented by the same colour shows the strongest network of cooperation
between them. In the clustering maps, each word is identified by a rectangle, where the size of the
rectangle represents the frequency of the record of that word. Words with greater registration have
a larger size than words registered with less frequency. In the case of the map of countries, the
group of countries that presented co-authored publications has the same colour.

The maps obtained from VOSviewer are based on co-occurrence matrices, this being a three-
step process: i) a co-occurrence matrix is used to calculate a similarity matrix, which ii) will be
applied to VOS mapping technique to construct a map, and finally, iii) the map is translated,
rotated, and reflected, thus giving rise to the VOSviewer maps (Van Eck and Waltman, 2010). The
data extracted by VOSviewer allows reflecting on the state of the art of a given subject by
generating knowledge maps from co-occurrence and co-citation analyses, allowing, for example,
identification of gaps in knowledge as well as critical points in a research area (Van Eck and
Waltman 2010).
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Figure 2. Representation of soil health studies in the Brazilian Semiarid and Caatinga biome delimitation (n = 26). The map
was drawn with QGIS (v. 3.34.1).

Agglomerative hierarchical clustering of the articles was conducted through a similarity test to
group the articles based on their chemical, physical, and biological indicators, using the statistical
software XLSTAT (version 2023.3) (Lumivero, 2024). Following the principles established by
clustering techniques such as the k-means or hierarchical algorithm, we sought to identify
underlying patterns in the datasets of the reviewed articles. This approach aims to group articles
that share significant similarities in terms of soil health indicators, highlighting differences or
relationships between the formed groups. For the analysis of correlation between variables and
factors, we explored the interactions among the chemical, physical, and biological indicators to
identify patterns of association among the different indicators.
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Figure 3. Number of publications by year on soil health in Brazilian Semiarid.

Results
Bibliometric analysis

In recent decades, research into SH in the Brazilian Semiarid region has undergone a notable
evolution, with more than 60% of research published between 2020 and February 2024. (Fig. 3).
Initially, from 2000 to 2010, scientific production in this area was minimal, with a slight increase
in 2011 with two publications. There was a consistent output of at least one article per year, except
in 2013. Year 2020 marked a significant turning point, with the number of publications doubling
to two. This growth continued in 2021 and 2022, with four additional publications each year
compared to the previous year. The upward trend reached its peak in 2023, with five publications.
Data for 2024 are limited to articles published up to February.

Analysing the six most cited articles, we observed a variation in the number of citations per
year, reflecting their relevance over time (Table 1). The most cited study, ‘Land quality changes
following the conversion of the natural vegetation into silvo-pastoral systems in semi-arid NE
Brazil,” authored by Wick et al. (2000) in the journal Plant and Soil, accumulated 49 citations over
the years, with an average of approximately 2 citations per year. The second most cited article, ‘Soil
biochemistry and microbial activity in vineyards under conventional and organic management at
Northeast Brazil’ by Freitas et al. (2011) in the journal Scientia Agricola, recorded 35 citations in
total, resulting in an average of about 2.5 citations per year. Next, the study ‘Plant-type dependent
changes in arbuscular mycorrhizal communities as soil quality indicator in semi-arid Brazil,
published in the journal Ecological Indicators by Pagano et al. (2011), accumulated 28 citations,
resulting in a similar average of 2 citations per year.

The fourth most cited article, ‘Carbon in humic fractions of organic matter in soil treated with
organic composts under mango cultivation’ by Silva et al. (2016) in the journal Revista Brasileira
de Ciéncia do Solo, registered 18 citations, resulting in an average of 2 citations per year. The fifth
and sixth most cited articles, ‘Physical soil quality indicators for environmental assessment and
agricultural potential of Oxisols under different land uses in the Araripe Plateau, Brazil’ by
Cavalcante et al. (2021), and ‘Effect of land use and seasonality on nematode faunal structure and
ecosystem functions in the Caatinga dry forest’ by Silva et al. (2021) in the journals Soil and Tillage
Research and European Journal of Soil Biology, respectively, accumulated 12 citations each,
resulting in an average of 3 citations per year.

The analysis of the main institutions reveals a significant contribution from Embrapa research
centres and Universities/Research Institutions located in the Northeast region (Table 2). Embrapa
and the Federal Rural University of Pernambuco lead equally, each contributing 8 articles,
accounting for 31% of the total articles analysed. Next, the Federal Rural University of the
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Table 1. Articles on soil health ranked by the number of citations in Brazilian Semiarid

Cited Citations
Paper Title by  Year Authors Journal by year
P1 Land quality changes following the 49 2000 Wick B. et al. Plant and Soil 2
conversion of the natural vegetation
into silvo-pastoral systems in semi-arid
NE Brazil
P2 Soil biochemistry and microbial activity in 35 2011 Freitas N.O. et al.  Scientia Agricola 2,5
vineyards under conventional and
organic management at Northeast Brazil
P3 Plant-type dependent changes in 28 2011 Pagano M.C. et al. Ecological 2
arbuscular mycorrhizal communities as Indicators
soil quality indicator in semi-arid Brazil
P4 Carbon in humic fractions of organic 18 2016 Silva J.R. et al Rev. Bras. de 2
matter in soil treated with organic Ciencia do
composts under mango cultivation Solo
P5 Physical soil quality indicators for 12 2021 Cavalcante D.M. Soil and Tillage 3
environmental assessment and et al. Research
agricultural potential of Oxisols under
different land uses in the Araripe
Plateau, Brazil
P6 Effect of land use and seasonality on 12 2021 Silva J.V.C.D.L. European 3
nematode faunal structure and et al. Journal of
ecosystem functions in the Caatinga dry Soil Biology
forest
P7 Soil fauna as bioindicator of recovery of 12 2017 Lima K.D.R. et al.  Revista Caatinga 1,5
degraded areas in the Caatinga biome
P8 Mycorrhizal Atriplex nummularia promote 10 2020 Leite M.C.B.S. Applied Soil 2
revegetation and shifts in microbial et al. Ecology
properties in saline Brazilian soil
P9 Indices of chemical quality of soil in areas 6 2015 Morais E.R.C. et al. Rev. Bras. de 0,6
cultivated with irrigated papaya Engenharia
Agricola e
Ambiental
P10  Soil enzymatic activities in areas with 5 2018 Silva A.EE.O. et al. Revista Caatinga 0,7
stages and management of forest
regeneration from Caatinga
P11  Agroforestry system improves soil carbon 5 2023 Tonucci R.G. et al. Rev. Bras. de 2,5
and nitrogen stocks in depth after land- Ciencia do
use changes in the Brazilian semi-arid Solo
region
P12 Soil quality under irrigated banana and its 5 2014 Morais E.R.C. et al. Rev. Bras. de 0,5
relationship with areas of ‘Caatinga’ Engenharia
Agricola e
Ambiental
P13 Effects of cropping systems and 5 2012 Lira R.B.etal. Revista Caatinga 0,4
management of savanna through the
analysis of chemical indicators of soil
quality in agricultural production in
Apodi. RN
P14  Effects of land use changes on the 3 2023 Cunha G.K.G. et al. Environmental 1,5
potential for soil to contribute Development
phosphorus loads in watersheds
P15  Soil carbon and nitrogen stocks under 3 2022 Freitas I.C.D. et al. Agronomy 1
agrosilvopastoral systems with different
arrangements in a transition area
between Cerrado and Caatinga biomes
in Brazil
P16  Total and particulate contents and vertical 2 2021 Iwata B.D.F. et al. Revista Caatinga 0,5
stratification of organic carbon in
agroforestry system in caatinga
(Continued)
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Cited Citations
Paper Title by  Year Authors Journal by year
P17  Enzymatic activity of caatinga biome with 2 2020 Cavalcante W.F. Revista Caatinga 0,4
and without anthropic action et al.
P18  Multivariate analysis of chemical and 2 2019 Arcoverde S.N.S. Engenharia 0,3
physical attributes of quartzipsamments et al. Agricola
under different agricultural uses
P19  Grazing exclusion restores soil health in 1 2024 Lima AYV.etal. Applied Soil 1
Brazilian drylands under desertification Ecology
process
P20  Soil physical-chemical traits and soil 1 2023 Gondim J.E.F. International 0,5
quality index in a tropical Cambisol as et al. Journal of
influenced by land uses and soil depth Plant
at Apodi plateau, northeastern Brazil Production
P21  Fertility, carbon stock, and aggregate 1 2021 Silva P.L.F. et al. Pesquisa 0,3
stability of an Alfisol under integrated Agropecuaria
farming systems Tropical
P22 Impact of deforestation on the soil 1 2022 Rezende J.S. et al. IForest 0,3
physical and chemical attributes, and
humic fraction of organic matter in dry
environments in Brazil
P23 Structuring of the epigeal fauna in 0 2022 Gomes J.M. etal. Soil Research 0
restoration of Brazilian Semiarid forest
in the short term
P24  Crop systems’ influence on soil fauna 0 2022 Silva S.I.A. et al. Ciencia Florestal 0
community in the Brazilian northeast
P25  Nematodes as bioindicators of soil health 0 2023 Caixeta L.B. et al. Nematology 0
in different land uses in the Sao
Francisco River Valley, Brazil
P26  Soil health in an integrated production 0 2023 Brito Neto J.F. Land 0

system in a Brazilian Semiarid region et al.

Semi-Arid and the Federal University of Paraiba appear with 5 articles, corresponding to 19%
each, followed by the Federal University of Pernambuco (12%). Additionally, institutions such as the
Federal Institute of Piaui, Federal Rural University of Rio de Janeiro, Federal University of Ceara,
Federal University of Minas Gerais, State University of Maringa, and State University of Piaui, all with
2 articles each, also contribute to the research on SH in the Brazilian Semiarid region.

The main journals publishing research on SH in the Brazilian Semiarid region are Brazilian
(Table 3). The ‘Revista Caatinga’ leads with 5 publications, representing 19% of the total. Next, we
have three journals with 2 publications each, contributing 8% each: ‘Applied Soil Ecology,” ‘Revista
Brasileira de Engenharia Agricola e Ambiental,” and ‘Revista Brasileira de Ciéncia do Solo.” The
keywords reveal a variety of themes and areas of interest in the study of SH in the Brazilian
Semiarid region (Fig. 4). ‘Soil quality’ emerges as the most recurrent term, with 18 citations, followed by
‘Semiarid,” which is mentioned 15 times. ‘Caatinga’ emerges as one of the most frequently mentioned
words, with 9 citations. Other commonly addressed topics include ‘Semiarid’ (7 citations), ‘Arbuscular
mycorrhizal fungi’ (6 citations), and Land use change’ (6 citations). The analysis of international
participation reveals that Brazil is the most prominent country, with 26 articles. In second place, the
USA contributed 2 articles, while Argentina, Canada, and India had a contribution of 1 article each.
Other countries did not appear in this search.

Soil health indicators evaluation

The analyses of SH indicators in the Brazilian Semiarid region reveal a predominance of biological
indicators, present in 88% of publications (23). Chemical indicators were studied in 81% of the
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Table 2. Institutions responsible for the highest number of publications on soil health in Brazilian Semiarid (n = 26)

Institution (Country) Articles %
Embrapa (Brazil) 8 31
Federal Rural University of Pernambuco (Brazil) 8 31
Federal Rural University of the Semi-Arid (Brazil) 5 19
Federal University of Paraiba (Brazil) 5 19
Federal University of Pernambuco (Brazil) 3 12
Federal Institute of Piaui (Brazil) 2 8
Federal Rural University of Rio de Janeiro (Brazil) 2 8
Federal University of Ceard (Brazil) 2 8
Federal University of Minas Gerais (Brazil) 2 8
State University of Maringa (Brazil) 2 8
State University of Piaui (Brazil) 2 8
Table 3. Top 10 journals ranked by the number of publications on soil health in Brazilian Semiarid (n = 26)
Journals Publications

Revista Caatinga

Applied Soil Ecology

Revista Brasileira de Engenharia Agricola e Ambiental
Revista Brasileira de Ciéncia do Solo
Plant and Soil

Soil and Tillage Research

Soil Research

Environmental Development

Scientia Agricola

International Journal of Plant Production
Agronomy

Pesquisa Agropecudria Tropical

Ciéncia Florestal

Engenharia Agricola

European Journal of Soil Biology

IForest

Nematology

Ecological Indicators

Land

H R R RRHRRERHRRRRRRRRNONNNO

articles (21), followed by physical indicators, present in 46% of the research (12). The SH index
was used in only 23% of the studies analysed (6). Soil pH was the most used chemical indicator,
appearing in 15 of the 26 articles (Fig. 5). Next, elements such as P, Ca**, K, and Mg** were
mentioned in 14 articles. Sodium was mentioned in 11 articles, while exchangeable acidity
(H + Al) was addressed in 8 articles. Nitrogen was used in 6 articles, while electrical conductivity
(EC) in 5, and Al3+ in 4 articles. Metallic elements such as Pb?*, Ni?*, Cd**, Mn?*, and Fe?**
were less frequently studied, appearing in only 2 articles each. Finally, S, Cu®", and Zn>" were
mentioned in only one article each.

Among the physical indicators of SH, bulk density was the most frequently evaluated,
appearing in 9 out of 26 studies analysed (Fig. 5). Soil porosity was examined in 7 articles. Soil
aggregate stability was assessed in 3 articles, while soil moisture in 2 articles. Hydraulic
conductivity and penetration resistance were studied only once. Among the biological indicators,
soil organic carbon was the most frequently evaluated indicator, appearing in 20 out of 26 studies
analysed (Fig. 5). Next, a variety of enzymes and biological components, such as alkaline and acid
phosphatases, f-glucosidase, microorganisms such as arbuscular mycorrhizal fungi, soil microbial
biomass, soil fauna, humic, and fulvic acids, were quantified in 3 articles each. Soil proteins related
to glomalin, nematodes, humin, arylsulfatase, urease, and basal respiration were studied in 2
articles each. DNA-based methodologies were mentioned in only one article.
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Figure 4. Bibliometric map of the frequency of keywords used in research on Soil Health in the Brazilian Semiarid. Each
group of clusters represented by the same colour shows the strongest use of keywords in a specific theme.

The variable/factor correlations show a positive correlation between Cd**, Pb**, Ni**, Fe’*,
and Mn?* (0.535), Cu®* and Zn** (0.359), and P and K* (0.614) (Fig. 6). Additionally, we found
correlations between pH and Ca®* (—0.460) and pH and Mg (—0.461). Regarding biological
activity indicators, we observed a positive correlation between alkaline phosphatase (ALKP), acid
phosphatase (ACIP), and soil fauna (FAUNA) (0.567). Lastly, we identified complex correlations
between moisture content (MOIST), humin (HUM), fulvic acids (FAC), and humic acids (HAC),
as well as between basal respiration (BRESP), microbial biomass carbon (MBC), and arbuscular
mycorrhizal fungi (AMF). There were no correlations between the physical indicators.

The results of the similarity test indicate that the articles were grouped into seven distinct
classes (Table 4). The number of articles in each cluster varies, with some clusters containing more
articles than others, such as cluster 1 which grouped 14 articles, while clusters 3, 5, and 7 grouped
one article each. The variance within the cluster also varies, with some clusters showing greater
variability among the grouped objects (clusters 1 and 2), while others have zero variance (clusters
3, 5,and 7).

Discussion

The evolution of SH research in the Brazilian Semiarid region has been influenced by various
factors. Conversion of native vegetation into agricultural and pasture systems in Brazilian
drylands, as highlighted by MapBiomas (2021), exacerbates the already alarming loss of
biodiversity, with approximately 53.5% of its native vegetation already degraded. The accelerated
growth of agricultural areas (1,456%) and pastures (48%) between 1985 and 2020 underscores the
ongoing degradation of Brazilian drylands (MapBiomas, 2021).

The effects of land use changes on the biomes of the Brazilian Semiarid region have led to a
significant alteration in soil characteristics, such as reduced moisture (Queiroz et al., 2020),
alteration in the stocks of C, N, and P (Gava et al., 2021), as well as changes in soil properties and
microclimate (Silva et al, 2020), and microbial diversity (Pereira et al., 2021). Thus, the
conservation of native species and prevention of deforestation, typically caused by agricultural
activities (Sieber et al., 2011), is essential. Equally crucial is understanding the impact of climate
change on soil organic carbon stocks (Maia et al., 2019; Medeiros et al., 2021).

Notably, there has been a significant increase in scientific production in this area. Initially,
between 2000 and 2010, scientific output was minimal. However, there was a gradual increase
from 2011 onwards, with at least one article published per year, except in 2013. The turning point
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Figure 5. Chemical, physical, and biological indicators used in soil health studies in the Brazilian Semiarid (n = 26).

occurred in 2020 when the number of publications doubled, and this growth continued in the
subsequent years, reaching its peak in 2023. This upward trend suggests a growing interest and
recognition of the importance of SH in the Brazilian Semiarid region, possibly driven by
environmental and agricultural concerns (e.g., soil degradation and climate changes). This growth
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Figure 6. Variable/factor correlations of chemical, physical, and biological indicators used in soil health studies in the

Brazilian Semiarid.

Note: pH (hydrogenionic potential), P (phosphorus), Al (aluminium), Ca (calcium), Mg (magnesium), K (potassium), Na (sodium), H + Al
(potential acidity), N (nitrogen), EC (electrical conductivity), Zn (zinc), Cu (copper), Pb (lead), Ni (nickel), Cd (cadmium), Mn (manganese),
Fe (iron), S (sulphur), BD (bulk soil density), POROS (porosity), AGG (soil aggregate stability), MOIST (moisture), HYDC (hydraulic
conductivity), PRESIS (penetration resistance), C (soil organic carbon), ALKP (alkaline phosphatase), ACIP (acid phosphatase), ARYL
(arylsulfatase), UREA (urease), G (B-glucosidase), AMF (arbuscular mycorrhizal fungi), MBC (microbial biomass carbon), FAUNA (soil
fauna), HAC (humic acids), FAC (fulvic acids), GLO (glomalin), NEM (nematodes), HUM (humin), BRESP (basal respiration), DNA, SHI (soil
health index).

in recent years follows the national trend, as shown by Simon et al. (2022), where between 2014
and 2021 there was a linear growth in publications in Brazil.

The findings from Wick et al. (2000), Freitas et al. (2011), and Pagano et al. (2011) emphasize
the intricate relationship between SH and microbial communities in semi-arid regions like Brazil.
Their research highlights the profound impact of land conversion and management on soil
biochemistry and microbial activity, underscoring the imperative for adopting sustainable land
use practices to preserve soil health. Moreover, Pagano et al. (2011) specifically shed light on the
potential of AMF as an indicator of SH improvement due to their fundamental role in soil
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Table 4. Similarity test results for grouping articles based on chemical, physical, and biological indicators on soil health in
Brazilian Semiarid

Class 1 2 3 4 5 6 7
Number of objects by cluster 14 5 1 2 1 2 1
Sum of weights 14 5 1 2 1 2 1
Within-cluster variance 4.429 3.200 0.000 2.000 0.000 1.500 0.000
Minimum distance to centroid 1.266 1.114 0.000 1.000 0.000 0.866 0.000
Average distance from centroid 1.988 1.540 0.000 1.000 0.000 0.866 0.000
Maximum distance from centroid 2.678 2.245 0.000 1.000 0.000 0.866 0.000

P1 P4 P5 P9 P10 P23 P25

P2 P6 P12 P24

P3 P11

P7 P15

P8 P16

P13

P14

P17

P18

P19

P20

P21

P22

P26

aggregation, nutrient cycle, and plant nutrition, suggesting avenues for leveraging microbial
indicators to assess and monitor SH in Semiarid regions.

The research on SH in the Brazilian Semiarid region is significantly shaped by Embrapa
research centres and northeastern educational institutions, particularly the Federal Rural
University of Pernambuco, the Federal Rural University of the Semi-Arid, and the Federal
University of Paraiba. Embrapa, as the main agricultural research institution, plays a crucial role in
this context, with a focus on open access to scientific information and strategic planning (**Leite
2009). It’s important to consider the low number of institutions outside the Northeastern Region
of Brazil participating in research projects on the topic. While the significant presence of
Northeastern Institutions demonstrates interest in local studies, it also indicates that partnerships
between educational institutions across the country are still incipient regarding studies on SH in
the Brazilian Semiarid region.

The SH research in the Brazilian Semiarid is predominantly domestic, conducted by local
institutions (Universities and Research Institutions) and published in local (Revista Caatinga and
‘Revista Brasileira de Engenharia Agricola e Ambiental’) and national (e.g., Revista Brasileira de
Ciéncia do Solo’) journals. This endogenous scientific scenario probably explains the small
number of publication and the reduced interest of research from other regions of Brazil, and
international collaborations. However, the intense promotion of global agendas in the last couple
years, such combat to desertification and climate changes, national and international interest for
drylands has raised, and it expected an expansion and internationalization of SH research in the
Brazilian Semiarid.

Despite the increasing number of studies, the geographic distribution of research on SH in the
Brazilian Semiarid is not homogeneous, leaving entire states without data on the health of their
soils, such as Piaui, Sergipe, and Alagoas (Fig. 2). Even in states where research has been
conducted, this number ends up being very low, as is the case of Bahia, which, despite being the
largest state in the Northeast and one of the largest in Brazil, has only one study on SH.

The high frequency of the term ‘Soil quality’ indicates that researchers are interested in
understanding and improving SH in the region, which can involve issues such as fertility, land use
changes, and the recovery of degraded areas. The prominence of ‘Semiarid’ and ‘Caatinga’ suggests
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that there is a particular focus on understanding the challenges and opportunities associated with
the Semiarid climate and the Caatinga biome. Additionally, themes such as ‘arbuscular
mycorrhizal fungi’ and land use change’ indicate specific areas of research, such as the influence of
soil organisms on plant health and the effects of land use change on biodiversity and SH.

A review of SH indicators in the Brazilian Semiarid region reveals a focus on biological
indicators, particularly soil organic carbon (SOC), which was the most frequently studied. The
conversion of natural vegetation into silvo-pastoral systems in Brazilian Semiarid has been found
to significantly impact SH, with preserved native trees maintaining higher nutrient and organic
matter levels than grass or introduced tree species (Wick et al., 2000). This is further supported by
the finding that the conversion of forests into successional areas can decrease soil carbon stocks
and microbial biomass (Santos et al., 2018). However, the introduction of mycorrhizal Atriplex
nummularia has been shown to promote revegetation and shift microbial properties in saline
Brazilian soil (Pagano et al., 2011, Leite et al., 2020). Additionally, grazing exclusion has been
found to restore SH in Brazilian drylands undergoing desertification mainly through
microbiological restoration (Lima et al., 2024).

A range of chemical indicators have been studied in the context of SH. Arcoverde et al. (2019)
used multivariate analysis to assess the quality of Quartzipsamments under different agricultural
uses, identifying the role of fertility in improving SH. A series of studies have explored the impact
of different agricultural practices on SH in Brazil. Morais et al. (2015) found that phosphorus and
pH levels increased in areas cultivated with papaya, negatively affecting the quality of soil in these
areas, with a significant decrease in environmental quality index over time. Similarly, Morais et al.
(2014) observed that over time, the Environmental Quality Index declined due to cultivation,
mainly influenced by factors like EC, Na™, Pb’>", and Ni’". However, improvements were
observed in the environmental quality concerning Ca®*, K, Zn**, and Fe**.

A range of physical indicators have been evaluated in studies on SH, with bulk density and
porosity being the most frequently examined. These indicators are significantly affected by
deforestation and different agricultural uses. Deforestation and land use change in dry
environments in Brazil have been found to significantly impact SH, with degraded native
vegetation and agricultural uses leading to lower soil fertility, organic carbon, and humic fractions.
Rezende et al. (2022) found that the increase in soil bulk density in disturbed native vegetation
areas was attributed to a reduction in soil porosity, particularly macroporosity. Gondim et al
(2023) suggested that land use practices such as monocropping systems can have varied effects on
soil bulk density. In their findings, compared to conventional farming methods, both
agroecological and fruticulture farming systems led to significant increases in bulk density,
with respective increases of 11.5% and 13.6% observed at a soil depth of 15-25 cm.

Cavalcante et al. (2021) formulated a soil quality index (SQI) framework using principal
component analysis and linear model, with methodologies inspired by Karlen and Stott (1994)
and Brejda et al. (2000). This approach was applied to assess the impacts of different management
systems and evaluate the alternative use of Eucalyptus to reduce the impact of deforestation of the
Caatinga, for use in charcoal kilns and calcination to produce limestone and gypsum in the
Araripe region. Lima et al. (2024) used the Soil Management Assessment Framework (SMAF) to
evaluate SH in areas of native Caatinga vegetation, degraded by overgrazing, and restored by
grazing exclusion in the Irauguba Desertification Nucleus, state of Ceard. In this study, the SH
index showed that restored areas in the Caatinga can achieve levels of SH similar to those found in
native Caatinga vegetation. Gondim et al. (2023) utilized the model introduced by Karlen and
Stott (1994) to construct a SQI incorporating the mean values of various soil physical and
chemical traits. The SQI model was developed based on data from soil depths ranging from 0 to 25
cm. The main model employed important functions like water supply and storage, root growth,
nutrient cycling, and soil conservation.

The correlation between soil pH and Ca** and Mg?**, and between P and K™, suggests that
these are often discussed together in the reviewed studies. This may reflect a shared interest in
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understanding how soil acidity affects the availability of these important minerals for plant growth
in the context of the Brazilian Semiarid region. The correlations between Cd**, Pb**, Ni**, Fe?*,
and Mn?* (evaluated in two articles), and between Cu®* and Zn?* (evaluated in one article) may
indicate a common concern regarding the presence of these elements in the soil related to
contamination or availability. Correlations between biological activity, such as alkaline and acid
phosphatase activity, and soil fauna suggest a collective interest in understanding the dynamics of
soil life and its role in maintaining soil health in the semi-arid environment (Hagvar, 1994).

Correlations between soil moisture and biological indicators (basal respiration, microbial
biomass carbon, and arbuscular mycorrhizal fungi) indicate that water and soil microbiota are
closely linked and can influence each other in soil health (Gehring, 2017). The lack of correlations
between the other evaluated physical indicators may indicate that, while these factors are
important individually, their relationship with other factors (chemical, biological) may be less
direct or more complex.

Assessing SH in semi-arid regions requires consideration of specific indicators that are sensitive
to local conditions. Key indicators such as SOM, pH, and bulk density reflect the challenges of low
precipitation and soil degradation in semi-arid areas (Ghimire et al., 2023). SOM is particularly
crucial for water retention in water-limited environments (Allen et al., 2011). Biological indicators
such as microbial biomass and enzyme activity, dependent on SOM, show rapid responses to
management changes (Lima et al., 2024). Comparing the Brazilian findings with other semi-arid
regions, similar challenges of low SOM and low fertility are observed (Ghimire et al., 2023).
However, specific indicators may vary based on local conditions. Grazing exclusion and
conservation practices can improve SH in Brazilian drylands (Lima et al., 2024), showing positive
variations, mainly in bulk density and SOM.

The absence of more DNA-based analyses in SH studies in the Brazilian Semiarid region is a
significant gap that needs to be addressed. While our study highlighted the importance of SH
indicators, the lack of comprehensive soil data in these studies is concerning. This study
emphasizes the role of soil biology and the need for advanced assessment methods, such as RNA
and DNA-based analysis, in the evaluation of SH in the understanding of gene expression and
important functions of microorganisms in Brazilian Semiarid soils. Thus, future research should
prioritize the inclusion of RNA and DNA-based analyses to provide a more comprehensive
understanding of SH.

In 2022 was created the Caatinga Microbiome Initiative, an interinstitutional initiative
involving more than 20 professors and researchers from Brazil and abroad, with the aim of
studying the Caatinga microbiome and its relationship with soil health. In addition, the Brazilian
Soil Health Partnership, coordinated by Center for Carbon Research in Agriculture (CCARBON)
of University of Sdo Paulo, was just launched (April 2024). This alliance aims to promote a
national SH agenda through the pillars ‘Research, Innovation and Dissemination’, enabling
connections between scientists (50 researchers from all regions and multiple institutions),
producers, and stakeholders. Both initiatives are good examples of the recent scientific
organization of the SH agenda in Brazil, which will potentially boost studies in Brazilian drylands
in the coming decades.

Advancing SH research in the Brazilian Semiarid requires continuous investment in
infrastructure, funding, and training, alongside greater collaboration between institutions and the
private sector, and the adoption of participatory approaches to develop sustainable agricultural
practices that benefit local communities. Initiatives such as the Caatinga Microbiome Initiative
and the Brazilian Partnership for Soil Health marks a milestone in the study of SH in Brazil,
particularly in the Semiarid region, making it a national priority in the context of active climate
change. Tools like SMAF have proven efficient for soil analysis (Lima et al., 2024) and are widely
used in Brazilian laboratories. The KIT SOHMA (Schiebelbein and Cherubin, 2024) is another
low-cost and accessible tool that allows producers to monitor soil in agricultural areas. These tools
can guide decision-makers in developing public policies to recover degraded areas or maintain SH
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in farming areas. Monitoring and restoring SH in the Semiarid helps mitigate poverty and
improve quality of life, enabling farmers to sustain their livelihoods.

Conclusions

The study of SH in the Brazilian Semiarid region reflects a multifaceted understanding of the
region’s environmental dynamics, shaped by factors such as land use changes, climate variability,
and biodiversity conservation efforts. It is important to highlight the limitations of the study, such
as the dependence on a single database (Scopus) and the fact that some works on SH, published or
not yet published (such as theses and dissertations) in Portuguese, may not have been widely cited,
which impacts their detection in the survey carried out. As research on SH continues to grow,
propelled by both national and international collaborations that need to be better grounded, it
becomes increasingly evident that SH plays a crucial role in addressing the challenges posed by
climate change and sustainable land management. By employing innovative methodologies and
focusing on key indicators, such as SOC, pH, bulk density, porosity, and chemical composition
like Ca®*, Mg?*, P, Na*t, and K™, researchers are striving to develop comprehensive strategies for
preserving soil fertility, enhancing agricultural productivity, and fostering ecosystem resilience in
the unique context of the Brazilian Semiarid region. Through ongoing interdisciplinary efforts and
knowledge sharing, it is hoped that these endeavours will contribute to the long-term
sustainability and prosperity of the region’s ecosystems and communities.
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