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RESUMO 

 

A demanda por terras para o cultivo de café aumentou devido à popularidade desta bebida, 

inclusive em solos com restrições físicas e hídricas, como os Cambissolos. Embora a maioria 

dos plantios seja em áreas de sequeiro, é crucial estratégias de manejo para otimizar o uso da 

água no solo. O investimento em tecnologia de preparo inicial, como a abertura de sulcos 

profundos de plantio, é crucial para garantir o sucesso a longo prazo e melhorar a qualidade 

físico-hídrica do solo. Nesse contexto, foram realizados três estudos em uma área 

experimental de Cambissolo em Nazareno, Minas Gerais, Brasil. Os preparos de solos são 

distinguidos em relação à abertura do sulco de plantio: SP40 (até 0,40 m pelo sulcador); SP60 

(até 0,60 m pelo Big Mix, homogeneizador de solo); SP80 (até 0,80 m pelo Dreno, 

subsolador) e distinguidos em relação à correção química em profundidade pela calagem 

adicional (SP60AL; SP80AL) ou pela mistura com gesso, serpentinito e fosfato natural 

(SP40M; SP60M; SP80M). O primeiro estudo analisou efeitos ao longo de cinco anos de 

diferentes estratégias de cultivo profundo e correção química do sulco de plantio na qualidade 

física do solo e no crescimento das plantas de café. Os resultados mostraram que o preparo do 

sulco profundo pelo subsolador (em até 0,80 m) em combinação com a calagem adicional 

promoveu melhorias de até 0,40 m de profundidade no solo, favorecendo o crescimento do 

cafeeiro. No segundo estudo, foi investigada a relação entre os preparos de solo e a prática da 

calagem adicional em relação à qualidade física do Cambissolo e à proteção antioxitante do 

cafeeiro sob dois períodos (seco e úmido). O preparo em até 0,60 m sem o adicional de 

calagem mostrou vantagens, como agregação, menor resistência do solo à penetração, maior 

desenvolvimento radicular e menor armazenamento hídrico durante o período seco. Esse 

preparo também resultou em maior atividade enzimática do sistema antioxidante, com menor 

peróxido de hidrogênio e peroxidação lipídica, evidenciando sua eficiência na tolerância à 

seca por parte das plantas sob esta condição de preparo. O terceiro estudo utilizou a 

tomografia computadorizada de raios-X para quantificar as mudanças estruturais do 

Cambissolo decorrentes de diferentes estratégias de preparo do solo e seu impacto no 

crescimento do café. O preparo profundo com subsolador, aliado a correções químicas 

específicas, condicionou efeitos significativos em alterar efetivamente as características 

estruturais deste Cambissolo raso e naturalmente denso, promovendo o crescimento das 

plantas de café. Assim, os resultados dos três estudos destacam a importância da abertura 

profundo dos sulcos de plantio e a tomada de decisão no momento do preparo inicial do solo, 

especialmente com o uso do subsolador, a fim de se evitar perdas da qualidade físico-hídrica 

estrutural do Cambissolo. Desta forma, a abertura profunda do solo aliado a correções 

químicas adequadas, melhoram a qualidade físico-hídrica do Cambissolo e otimizam o 

desenvolvimento do cafeeiro. Essas estratégias mostram ser benéficas e portanto, essenciais 

para o sucesso do cultivo de café em solos com restrições, resultando em maior crescimento e 

melhor adaptação às condições de campo sob sequeiro. 

 

Palavras-chave: Correção química profunda. Enzimas antioxidantes. NDVI. Resistência à 

penetração. Sistema radicular. Tomografia Computadorizada. 

 

 

 

 

 

 

 

 



 

ABSTRACT 

 

The demand for land for coffee cultivation has increased due to the popularity of this 

beverage, including in soils with physical and hydric restrictions, such as Cambisols. 

Although most plantations are in rainfed areas, management strategies to optimize soil water 

use are crucial. Investment in initial preparation technology, such as opening deep planting 

furrows, is essential to ensure long-term success and improve the physical-hydric quality of 

the soil. In this context, three studies were conducted in an experimental area of Cambisol in 

Nazareno, Minas Gerais, Brazil. Soil preparations are distinguished concerning the opening of 

the planting furrow: SP40 (up to 0.40 m through the furrower); SP60 (up to 0.60 m by Big 

Mix, soil homogenizer); SP80 (up to 0.80 m through Dreno, subsoiler) and distinguished in 

terms of chemical correction in depth by additional liming (SP60AL; SP80AL) or by mixing 

with gypsum, serpentinite and natural phosphate (SP40M; SP60M; SP80M). The first study 

analyzed the effects of different deep tillage strategies and chemical correction of the planting 

furrow on soil physical quality and growth of coffee plants over five years. The results 

showed that the preparation of the deep furrow by the subsoiler (up to 0.80 m) in combination 

with additional liming promoted improvements of up to 0.40 m in depth in the soil, favoring 

the growth of the coffee plant. The second study investigated the relationship between soil 

preparation and the practice of additional liming concerning the Cambisol's physical quality 

and the coffee plant's antioxidant protection under two periods (dry and wet). Up to 0.60 m 

tillage without additional liming showed advantages, such as aggregation, lower soil 

resistance to penetration, more remarkable root development, and less water storage during 

the dry period. This preparation also resulted in more significant enzymatic activity of the 

antioxidant system, with less hydrogen peroxide and lipid peroxidation, evidencing its 

efficiency in the drought tolerance of the plants under this preparation condition. The third 

study used X-ray computed tomography to quantify structural changes in the Cambisol 

resulting from different soil preparation strategies and their impact on coffee growth. Deep 

tillage with a subsoiler, combined with specific chemical corrections, conditioned significant 

effects in effectively changing the structural characteristics of this shallow and naturally dense 

Cambisol, promoting the growth of coffee plants. Thus, the results of the three studies 

highlight the importance of deep opening the planting furrows and decision-making at the 

time of initial soil preparation, especially with the use of a subsoiler, to avoid losses in the 

physical-hydric structural quality of the Cambisol. In this way, the deep opening of the soil, 

combined with adequate chemical corrections, improves the Cambisol's physical-hydric 

quality and optimizes the coffee plant's development. These strategies are beneficial and, 

therefore, essential for the success of coffee cultivation in restricted soils, resulting in more 

significant growth and better adaptation to field conditions under rainfed conditions. 

 

Keywords: Antioxidant enzymes. Computed tomography. Deep chemical correction. NDVI. 

Penetration resistance. Root system. 
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PRIMEIRA PARTE 

 

INTRODUÇÃO GERAL 

 

O Brasil é uma potência mundial na indústria agroalimentar, enfrentando desafios 

associados à sustentabilidade na cadeia produtiva. Nesse contexto, é necessário inovação no 

âmbito do agronegócio e, portanto, tomar decisões que priorizem ações para superar 

limitações, especialmente na indústria cafeeira. O Brasil é considerado o maior exportador e o 

segundo maior consumidor de café, detém um terço da produção mundial, tornando-se o 

principal produtor a nível global em relação a este grão (GUIMARÃES et al., 2022; TORGA 

et al., 2020). 

De acordo com a Companhia Nacional de Abastecimento, a área total destinada à 

cafeicultura no Brasil em 2023 foi de 2,25 milhões de hectares, representando um aumento de 

0,3% em relação à safra anterior, devido à abertura de novas áreas. A produção cafeeira da 

variedade Arábica, mais consumida mundialmente, corresponde a 69,3% do total, com uma 

estimativa de colheita de 37,93 milhões de sacas, enquanto a variedade Conilon representa 

16,81 milhões de sacas (CONAB, 2023). O estado de Minas Gerais possui a maior área 

cultivada de café Arábica no Brasil, com mais de 1.316,59 mil hectares, o que corresponde a 

70% da área total destinada à produção nacional (CONAB, 2022).  

A atividade cafeeira, pode ser muito afetada por adversidades climáticas que resultem 

em déficit hídrico (SANTOS et al., 2014; SILVA et al., 2015). Segundo a CONAB (2022) e 

como observado por COLTRI et al. (2019), intempéries climáticas e má distribuição de 

chuvas são os principais fatores contribuintes para a perda de produtividade desta cultura. 

Desta forma, como agravante, o déficit hídrico e prolongamento de período de seca tem sido 

observado de forma recorrente para uma das maiores regiões produtoras do Estado mineiro, 

(ALVARENGA et al., 2018). Assim como enfatizado para o período de safra 2021/2022 

(CONAB, 2022; CONAB, 2023), o que pode reduzir a aptidão agrícola para a cafeicultura na 

tradicional região do Estado mineiro (TAVARES et al., 2018).   

Nesse contexto, é urgente a necessidade de aprimorar o conhecimento sobre o uso do 

solo na agricultura (POPPIEL et al., 2018), gestão da água e dos fertilizantes (CHEN et al., 

2019). Assim como melhoramento genético (CORONA-LOPEZ et al., 2019) e entendimento 

sobre aspectos fisiológicos desta cultura (WEIGAND; KEMNA, 2017; 2019), incluindo 

estudos sobre atividade do sistema antioxidante como uma ferramenta eficaz para avaliar o 

estresse das plantas (GARCIA et al., 2019). 
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Devido à expansão contínua da atividade cafeeira (CONAB, 2023), muitas vezes a 

abertura de novas áreas ocorre em zonas marginais para a agricultura (BARBOSA et al., 

2020), sendo observado limitações topográficas e pedológicas (SERAFIM et al., 2011). 

Nestes ambientes, destaca-se a presença de Cambissolos, que mesmo pouco desenvolvidos em 

termos de profundidade (MEDEIROS et al., 2013), já representam cerca de 10% das áreas 

cafeeiras em Minas Gerais (BERNARDES et al., 2012). Essa classe de solo ocupa 

aproximadamente 10,5 milhões de hectares, correspondendo a cerca de 18% da área total 

deste estado (AMARAL et al., 2004; OLIVEIRA et al., 2019).  

Com a finalidade de aumentar a produtividade e manter competitividade no mercado 

interno e externo, os cafeicultores estão cada vez mais conscientes da necessidade de 

melhorias nas lavouras, incluindo preparo eficiente juntamente com a conservação do solo e 

da água (SERAFIM et al., 2011; SERAFIM et al., 2013a e b; CARDUCCI et al., 2014; 

SILVA et al., 2014; CARDUCCI et al., 2015a e b; SILVA et al., 2016a e b; SILVA et al., 

2019; CARDUCCI et al., 2021). Uma dessas melhorias, está associada à prática da abertura 

profunda do sulco de plantio no momento da implantação da lavoura cafeeira, visando 

construir um bom perfil de solo, maximizando o desenvolvimento radicular e por tanto a 

qualidade físico-hídrica do solo (BARBOSA et al., 2020; SILVA et al., 2021), intencionando 

a sustentabilidade do sistema de produção (ARAÚJO JUNIOR et al., 2008).  

Neste sentido, práticas de preparo profundo do solo realizadas com maquinários 

específicos para a cafeicultura visam melhorar o estabelecimento desta cultura principalmente 

durante os primeiros anos de cultivo (BARBOSA et al., 2020; SILVA et al., 2021). Essas 

práticas promovem o rompimento e afrouxamento do solo, permitindo melhor exploração do 

subsolo pelas raízes e maior absorção de água, o que impacta diretamente na produção do 

cafeeiro (AKINCI et al., 2004; MEDEIROS et al., 2013; QUEREJETA et al., 2001; CAI et 

al., 2014; SANTOS et al., 2014; RENA; MAESTRI, 1986). No entanto, é importante ressaltar 

que, ao longo do tempo, solos submetidos a esse tipo de preparo podem passar por processo 

de reconsolidação, o que pode levar à perda e o desaparecimento das melhorias iniciais 

promovidas pelos maquinários (DRESCHER et al., 2011; REICHERT et al., 2017), 

principalmente em Cambissolos preparados em profundidade (SILVA et al., 2021). 

A correção química em profundidade no solo também pode ser proposta como prática 

importante, visando melhorias do perfil de solo como um todo para maximizar o 

desenvolvimento radicular, refletindo em aumento da disponibilidade de água e nutrientes 

para as plantas (INFORZATO; REIS, 1963; CARVALHO-PUPATTO et al., 2003; ARAÚJO 

JUNIOR et al., 2008; RAMOS et al., 2013; SILVA et al., 2015; CAVALCANTE et al., 2019; 
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SILVA et al., 2019; BARBOSA et al., 2020). 

Manejos que otimizem a exploração do perfil de solo pelas raízes é crucial devido à 

ocorrência de períodos de estiagem (seca), já relatados (EVANGELISTA et al., 2002; SILVA 

et al., 2015). Assim, a resolução dessa problemática, ao associar às condições de sequeiro 

imposta em sua maioria pela atividade cafeeira no Brasil e bem como submetida em regiões 

como a do Cerrado, onde há menor concentração de chuvas juntamente com períodos de seca 

severos e extensos, apresenta grande relevância, considerando os empregos gerados, o papel 

do café no PIB nacional (COLTRI et al., 2019) e seu impacto na segurança alimentar 

(DRABO, 2017). 

Desta forma, é essencial realizar estudos que avaliem os efeitos de manejo do solo a 

longo prazo, o que pode ser feito a partir de indicadores da qualidade físico-hídrica e 

utilizando tecnologias robustas como a análise da tomografia computadorizada associada à 

ciência do solo (CARDUCCI et al., 2014a, 2014b, 2015a, 2017, 2022). Essa tecnologia tem 

por intuito identificar os reais benefícios promovidos a partir das diferentes formas de preparo 

ou até mesmo identificar condições inadequada devido a tomada de decisões incorretas no 

momento do preparo inicial do solo. Esses estudos devem estar integrados ao estabelecimento 

adequado das plantas de café no campo (BARBOSA et al., 2020), principalmente objetivando 

crescimento, desenvolvimento e vigor vegetativo desta cultura.  

Em regiões como o Cerrado, onde ocorrem limitações climáticas expressivas, é 

necessário adotar estratégias de preparo do solo para melhor auxiliar na condução das culturas 

visando contornar condições de estresse abiótico por efeitos do déficit hídrico. Desta forma, o 

cultivo de cafeeiros requer uma especial atenção nestas regiões, visto o longo tempo desta 

cultura no campo e seu importante estabelecimento. Neste contexto, os cafeicultores devem 

planejar cuidadosamente a forma como o solo será preparado para evitar perdas da qualidade 

físico-hídrica estrutural e promover uma maior longevidade e sustentabilidade de toda a 

cadeia produtiva desta cultura. 

 

 

 

 

 

 



14  

REFERÊNCIAS 

 

ALVARENGA, L.A., DE MELLO, C.R., COLOMBO, A., CHOU, S.C., CUARTAS, L.A., 

VIOLA, M.R. Impacts of climate change on the hydrology of a small Brazilian headwater 

catchment using the Distributed Hydrology-Soil-Vegetation Model. American Journal of 

Climate Change, v.7, p.355, 2018. 

 

AKINCI, I.; CAKIR, E.; TOPAKCI, M.; CANAKCI, M.; INAN, O. The effect of subsoiling 

on soil resistance and cotton yield. Soil and Tillage Research, v.77, p.203-210, 2004. 

 

AMARAL, F. C. S.; SANTOS, H. G.; ÁGLIO, M. L. D.; DUARTE, M. N.; PEREIRA, N. R.; 

OLIVEIRA, R. P.; CARVALHO JÚNIOR, W. Mapeamento de solos de aptidão agrícola 

das terras do estado de Minas Gerais. Rio de Janeiro: Embrapa Solos, 2004. 97p.  

 

ARAÚJO JUNIOR, C. F.; DIAS JÚNIOR, M. S.; GUIMARÃES, P. T. G.; PIRES, B. S. 

Resistência à compactação de um Latossolo cultivado com cafeeiro, sob diferentes sistemas 

de plantas invasoras. Revista Brasileira de Ciência do Solo, v.32, p.25-32, 2008. 

 

BARBOSA, S. M.; OLIVEIRA, G. C. de.; SILVA, B. M.; BENEVENUTE, P. A. N.; SILVA, 

R. F. da.; CURI, N.; MORETTI, B. da. S.; SILVA, S. H. G.; NORTON, L. D.; PEREIRA, V. 

M. Deep furrow and additional liming for coffee cultivation under first year in a naturaly 

dense inceptisol. Geoderma, v.357, p.113934, 2020. 

 

BERNARDES, T.; MOREIRA, A. M.; ADAMI, M.; RUDORFF, B.; FRIEDRISH, T. 

Diagnóstico físico-ambiental da cafeicultura no estado de Minas Gerais – Brasil. Coffee 

Science, Lavras, v. 7, n. 2, p. 139-15, 2012. Disponível em: 

http://www.sbicafe.ufv.br:80/handle/123456789/7910. Acesso em: 10 jan. 2021.    

 

CAI, H.; MA, W.; ZHANG, X.; PING, J.; YAN, X.; LIU, J.; YUAN, J.; WANG, L.; REN, J. 

Effect of subsoil tillage depth on nutrient accumulation, root distribution, and grain yield in 

spring maize. The Crop Journal, v2, 297–307, 2014. 

 

CARDUCCI, C. E.; OLIVEIRA, G. C.; LIMA, J. M.; ROSSONI, D. F.; COSTA, A. L.; 

OLIVEIRA, L. M. Distribuição espacial das raízes de cafeeiro e dos poros de dois Latossolos 

http://www.sbicafe.ufv.br/handle/123456789/7910


15  

sob manejo conservacionista. Revista Brasileira de Engenharia Agrícola e Ambiental, 

v.18, p.270-278, 2014. 

 

CARDUCCI, C. E.; OLIVEIRA, G. C.; CURI, N.; HECK, R. J.; ROSSONI, D. F. F.; 

CARVALHO, T. S. S.; COSTA, L. L. Gypsum effects on the spatial distribution of coffee 

roots and the pores system in oxidic Brazilian Latosol. Soil and Tillage Research, v.145, 

p.171-180, 2015a.  

 

CARDUCCI, C. E.; OLIVEIRA, G. C.; OLIVEIRA, L.; BARBOSA, S. M.; SILVA, E. A.; 

Retenção de água do solo sob sistema conservacionista de manejo com diferentes doses de 

gesso. Revista de Ciências Agrárias, v.58, n.3, p.284-291, 2015b. 

 

CARDUCCI, C. E.; OLIVEIRA, G. C.; ZEVIANI, W. M.; LAUREANO, H. A.; BARBOSA, 

S. M.; SEVERIANO, E. C.; CURI, N. Preconsolidation stress of gibbsitic and kaolinitic 

Oxisols under a multipractice conservationist coffee system. Semina: Ciências Agrárias, v. 

42, n. 3, p. 1049-1068, 2021.  

 

CARDUCCI, C. E.; PINTO, L. C.; BARBOSA, S. M.; COSTA, J. C.; ZINN, Y. L.; HECK, 

R. J. Micromorfologia e tomografia de raios-x: porosidade de um Latossolo gibbsítico sob 

sistema multi-práticas de manejo cafeeiro. Recima21-Revista Científica Multidisciplinar, 

v.3, p.e361520–e361520, 2022.     

 

CARDUCCI, C. E.; ZINN, Y. L.; ROSSONI, D. F.; HECK, R. J.; OLIVEIRA, G. C. Visual 

analysis and X-ray computed tomography for assessing the spatial variability of soil structure 

in a cultivated Oxisol. Soil and Tillage Research, v.173, p.15-23, 2017. 

 

CARVALHO-PUPATTO, J. G.; BÜLL, L. T.; CRUSCIOL, C. A. A.; MAUAD, M.; SILVA, 

R. H. Efeito de escória de alto forno no crescimento radicular e na produtividade de arroz. 

Pesquisa Agropecuaria Brasileira, v.38, p.1323-1328, 2003. 

 

CAVALCANTE, D. M.; CASTROA, M. F. de; CHAVES, M. T. L.; SILVA, I. R. da; 

OLIVEIRA T. S. de. Effects of rehabilitation strategies on soil aggregation, C and N 

distribution and carbon management index in coffee cultivation in mined soil. Ecological 

Indicators, v.107, p.105668, 2019.  



16  

 

CHEN, B.; GARRÉ, S.; LIU, H.; YAN, C.; LIU, E.; GONG, D.; MEI, X. Two-dimensional 

monitoring of soil water content in fields with plastic mulching using electrical resistivity 

tomography. Computers and Electronics in Agriculture, v.159, p.84-91, 2019. 

 

COLTRI, P. P.; PINTO, H. S.; GONÇALVES, R. R. V.; ZULLO JUNIOR, J.; DUBREUIL 

V. Low levels of shade and climate change adaptation of Arabica coffee in southeastern 

Brazil. Heliyon, v.5, n.2, p.01263, 2019.  

 

CONAB, Companhia Nacional de Abastecimento. Acompanhamento da safra brasileira, 

café, safra 2023, 2º levantamento, Maio de 2023. 10, 1–45. Disponível em: 

https://www.conab.gov.br/info-agro/safras/cafe. Acesso em:  23 jun 23. 2023. 

 

CONAB, Companhia Nacional de Abastecimento. Acompanhamento da safra brasileira, 

café, safra 2022, 4º levantamento, Dezembro de 2022. 9, 1–53. Disponível em: 

https://www.conab.gov.br/info-agro/safras/cafe/boletim-da-safra-de-cafe  Acesso em:  10 abr. 

2022. 

 

CORONA-LOPEZ, D. D. J.; SOMMER, S.; ROLFE, S. A.; PODD, F.; GRIEVE, B. D.; 

Electrical impedance tomography as a tool for phenotyping plant roots. Plant Methods, v.15, 

n.49, 2019. 

 

DRABO, A. Climate change mitigation and agricultural development models: primary 

commodity exports or local consumption production? Ecological Economics, v.137, p.110-

125, 2017. 

 

DRESCHER, M. S.; ELTZ, F. L. F.; DENARDIN, J. E.; FAGANELLO, A. Persistência do 

efeito de intervenções mecânicas para a descompactação de solos sob plantio direto. Revista 

Brasileira de Ciência do Solo, v.35, p.1713–1722, 2011. 

 

 

EVANGELISTA, A. W. P.; CARVALHO, L. G. DE; SEDIYAMA, G. C. Zoneamento 

climático associado ao potencial produtivo da cultura do café no Estado de Minas Gerais. 

Revista Brasileira de Engenharia Agrícola e Ambiental, v.6, p.445-452, 2002. 

https://www.conab.gov.br/info-agro/safras/cafe
https://www.conab.gov.br/info-agro/safras/cafe/boletim-da-safra-de-cafe


17  

 

GARCIA, F. H. S.; MATUTE, A. F. M.; SILVA, L. C.; SANTOS, H. R. B.; BOTELHO, D. 

S.; RODRIGUES, M.; BARBOSA, J. P. R. A. D. Análise fisiológica em mudas de cafeeiro 

com cercosporiose submetida a diferentes lâminas de irrigação. Summa Phytopathologica, v. 

45, n. 1, p. 83-88, 2019. 

 

GUIMARÃES, Y. M.; EUSTACHIO, J. H. P. P.; LEAL FILHO, W.; MARTINEZ, L. F.; DO 

VALLE, M. R.; CALDANA, A. C. F. Drivers and barriers in sustainable supply chains: The 

case of the Brazilian coffee industry. Sustainable Production and Consumption, v.34, p.42-

54, 2022.  

 

INFORZATO, R.; REIS, A. J. Estudo comparativo do sistema radicular dos cafeeiros 

Bourbon amarelo e Mundo Novo. Bragantia, v.22, p.74-750, 1963. 

 

MEDEIROS, J. C.; FIGUEIREDO, G. C.; MAFRA, Á. L.; ROSA, J. D.; YOON, S. W. Deep 

subsoiling of a subsurface-compacted typical hapludult under citrus orchard. Revista 

Brasileira de Ciência do Solo, v.37, p.911-919, 2013. 

 

OLIVEIRA, G. C.; SILVA, B. M.; CARDUCCI, C. E.; SILVA, S. H. G.; SERAFIM, M. E.; 

BARBOSA, S. M.; SILVA, E. A.; MELO, L. B. B.; BENEVENUTE, P. A. N. Melhoria 

físico-hídrica do ambiente radicular do cafeeiro em condições de sequeiro e implicações 

no uso da água. In Tópicos em Ciência do Solo; Severiano, E.C., Moraes, M.F., Paula, A.M., 

Eds.; Sociedade Brasileira de Ciência do Solo (SBCS), Viçosa, p.70-140, 2019. 

 

POPPIEL, R.R.; LACERDA, M.P.C.; OLIVEIRA JUNIOR, M.P. DE. DEMATTÊ, J.A.M.; 

ROMERO, D.F.; SATO, M.V.; ALMEIDA JÚNIOR, L.R. DE. CASSOL, L.F.M. Surface 

Spectroscopy of Oxisols, Entisols and Inceptisol and Relationships with Selected Soil 

Properties. Revista Brasileira de Ciencência do Solo, v.42, p.160-519, 2018. 

 

QUEREJETA, Â., ROLDA, A., ALBALADEJO, J., CASTILHO, V. Soil water availability 

improved by site preparation in a Pinus halepensis afforestation under semiarid climate. 

Forest Ecology and Management, v.149, p.115–128, 2001.  

 



18  

RAMOS, B.Z., TOLEDO, J.P.V.F., LIMA, J.M., SERAFIM, M.E., BASTOS, A.R.R., 

GUIMARÃES, P.T.G., COSCIONE, A.R. Doses de gesso em cafeeiro: influência nos teores 

de cálcio, magnésio, potássio e pH na solução de um Latossolo Vermelho distrófico. Revista 

Brasileira de Ciência do Solo, v.37, p.1018-1026, 2013. 

 

REICHERT, J. M.; BRANDT, A. A.; RODRIGUES, M. F.; VEIGA, M.; REINERT, D. J. Is 

chiseling or inverting tillage required to improve mechanical and hydraulic properties of 

sandy clay loam soil under long-term no-tillage? Geoderma, v.301, p.72–79, 2017. 

 

RENA, A. B.; MAESTRI, M. Fisiologia do cafeeiro. In: RENA, A. B.; MALAVOLTA, E.; 

ROCHA, M.; YAMADA, T. (Eds.). Cultura do cafeeiro: fatores que afetam a produtividade. 

Piracicaba: Potafos, p.13-86, 1986.  

 

SANTOS, W. J. R.; SILVA, B. M.; OLIVEIRA, G. C.; VOLPATO, M. M. L.; LIMA, J. M.; 

CURI, N.; MARQUES, J. J. Soil moisture in the root zone and its relation to plant vigor 

assessed by remote sensing at management scale. Geoderma, v.221–222, p.91–95, 2014. 

 

SERAFIM, M. E.; OLIVEIRA, G. C.; LIMA, J. M.; SILVA, B. M.; ZEVIANI, W. M.; 

LIMA, V. M. P. Disponibilidade hídrica e distinção de ambientes para cultivo de cafeeiros. 

Revista Brasileira de Engenharia Agrícola e Ambiental. Campina Grande, v.17, n.4, 

p.362-370, 2013a. 

 

SERAFIM, M. E.; OLIVEIRA, G. C.; OLIVEIRA, A. S.; LIMA, J. M.; GUIMARÃES, P. T. 

G.; COSTA, J. C. Sistema conservacionista e de manejo intensivo do solo no cultivo de 

cafeeiros na região do Alto São Francisco, MG: Um estudo de caso. Bioscience Journal, 

v.27, p.964-977, 2011. 

  

SERAFIM, M. E.; OLIVEIRA, G. C.; VITORINO, A. C. T.; SILVA, B. M.; CARDUCCI, C. 

E. Qualidade física e intervalo hídrico ótimo em Latossolo e Cambissolo, cultivados com 

cafeeiro, sob manejo conservacionista do solo. Revista Brasileira de Ciência do Solo, v.37, 

n.3, p.733-742, 2013b. 

 



19  

SILVA, B. M.; SANTOS, W. J. R.; OLIVEIRA, G. C.; LIMA, J. M. DE; CURI, N., 

MARQUES, J. J. G. S. M. Soil misture space-time analysis to support improved crop 

management. Ciência e Agrotecnologia, v.39, p.39-47, 2015. 

 

SILVA, B. M.; OLIVEIRA, G. C. de.; SERAFIN, M. E.; SILVA, E. A. da.; GUIMARAES, P. 

T. G.; MELO, L. B. B.; NORTON, L. D.; CURI, N. Soil moisture associated with least 

limiting water range, leaf water potential, initial growth and yield of coffee as affected by soil 

management system. Soil and Tillage Research, v. 189, p. 36–43, 2019. 

 

SILVA, É. A.; DE OLIVEIRA, G. C.; CARDUCCI, C. E.; SILVA, B. M.; SERAFIM, M. E. 

Aggregates morphometry of a Inceptisol under conservationist system. Semina: Ciências 

Agrárias, v.37, p.1165-1176, 2016b. 

 

SILVA, É. A.; OLIVEIRA, G. C.; CARDUCCI, C. E.; LIMA, J. M.; MELO, L. B. B.; 

BENEVENUTE, P. A. N. Stability of soil aggregates in Latosols and Cambisols via standard 

method and sonification. African Journal of Agricultural Research, Essex, v.11, n.39, p. 

38943903, 2016a.  

 

SILVA, É. A.; OLIVEIRA, G. C.; SIVA, B. M.; CARDUCCI, C. E.; AVANZI, J. C.; 

SERAFIM, M. E. Aggregate stability by the high energy moisture characteristic method in an 

Oxisol under differentiated management. Revista Brasileira de Ciência do Solo, v.38, n.5, 

p.1633-1642, 2014. 

 

SILVA, R. F.; SEVERIANO, E. C.; OLIVEIRA, G. C.; BARBOSA, S. M.; PEIXOTO, D. S.; 

TASSINARI, D.; SILVA, B. M.; SILVA, S. H. G.; DIAS JÚNIOR, M. S.; FIGUEIREDO, T. 

A. F. R. Changes in soil profile hydraulic properties and porosity as affected by deep tillage 

soil preparation and Brachiaria grass intercropping in a recent coffee plantation on a naturally 

dense Inceptisol. Soil and Tillage Research. 213, 105127, 2021. 

 

TAVARES P. S; GIAROLLA A.; CHOU S. C.; SILVA, A. J. P.; LYRA, A. A. Climate 

change impact on the potential yield of Arabica coffee in southeast Brazil. Regional 

Environmental Change, v.18, p.873-883, 2018. 

 

TORGA, G. N.; SPERS, E. E.; Perspectives of global coffee demand. Coffee Consumption 



20  

and Industry Strategies in Brazil, p.21-49, 2020.  

 

WEIGAND, M.; KEMNA, A. Imaging and functional characterization of crop root systems 

using spectroscopic electrical impedance measurements. Plant and Soil, v.435, p.201-224, 

2019.  

 

WEIGAND, M.; KEMNA, A. Multi-frequency electrical impedance tomography as a non-

invasive tool to characterize and monitor crop root systems. Biogeosciences, v.14, p.921-939, 

2017.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21  

 

 

 

 

 

 

 

 

 

 

 

 

SECOND PART - MANUSCRIPTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22  

 

 

 

 

 

 

 

 

 

 

 

MANUSCRIPT – I 

 

 

 

 

(Manuscript formatted according to Soil and Tillage Research Journal guidelines) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23  

Deep soil tillage in the coffee planting furrow has long-lasting benefits for improving soil 

physical quality and enhancing plant vigor in dense soils 

 

Abstract: Coffee adapts to various environments through soil preparation. Drought effects 

are critical in dense soils, but preparation strategies like deep furrow preparation combined 

with additional liming can improve soil quality and mitigate drought during initial coffee crop 

establishment. However, the impacts of the initial preparer in the medium to long term are 

scarce. This study aims to assess the five-year effects of different deep tillage strategies and 

chemical fertility improvement of the planting furrow on soil physical quality and plant 

growth under Cambisol with coffee cultivation. The field experiment was conducted on a 

commercial farm in Nazareno, Minas Gerais, Brazil, in a Cambisol area with a clay loam 

texture. A randomized block design experiment was performed with three blocks, and the 

following five soil preparations were tested: SP40: soil preparation with a furrower was used 

to open the planting furrow at 0.40 m depth with conventional fertilization; SP60: Big Mix 

(Soil homogenizer) was applied at 0.60 m with conventional fertilization and with chemical 

amendments by additional liming (SP60AL); SP80: Soil homogenizer was employed at 0.60 

m, followed by a Dreno (subsoiler) at 0.80 m with conventional fertilization and with 

additional liming (SP80AL). These soil preparations were compared to an area apart from the 

experimental site under native savannah vegetation from the Cerrado biome (Natural). 

Undisturbed samples were collected at depths of 0.00-0.05, 0.15-0.20, 0.35-0.40, 0.55-0.60, 

0.65-0.70, and 0.75-0.80 m five years after the initial soil preparation. In these samples, 

physical quality indicators were investigated along with the correlation of plant measurements 

(stem diameter - SD, plant height - PH, and normalized difference vegetation index - NDVI). 

A comparison between these soil preparation strategies at the end of the 5th cycle was studied 

to test the long-term effect of the deep tillage with the data of these same preparations at the 
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end of the 2nd cycle. Analysis of variance and the Scott-Knott and Dunnett tests (p < 0.05) 

were applied to analyze the data. After five years of soil preparation, significant 

improvements up to a depth of 0.40 m were due to soil homogenization, subsoiling, and 

additional liming. This preparation strategy promoted lower bulk density, favoring larger 

pores, and reducing tiny pores, enhancing water retention and its availability to plants. 

Additional limestone between 0.20 and 0.60 m depth improves the SD, PH, and NDVI, 

helping mitigate drought impacts. Nevertheless, indications of induced compaction at the 

bottom of the furrow during the initial soil preparation persist. Over time, this compaction 

reduced soil physical quality between depths of 0.60 m to 0.70 m. At 0.80 m depth, there are 

indications of inefficiency or disappearance of the subsoiler effects, indicating soil 

reconsolidation after tillage by the end of the 5th cycle compared to the results of the 2nd cycle 

from this same coffee area. Therefore, effective preparation practices for deep tillage improve 

the soil physical quality of naturally dense soil, mitigating drought effects but requiring 

careful planning and implementation. 

 

Keywords: Additional liming; NDVI; Physical quality indicators; Soil structure; Subsoiling 

 

1. Introduction 

Coffee is the most consumed beverage globally, with Brazil as the largest producer 

and second-largest consumer (Torga et al., 2020). Other major coffee-producing countries 

include Vietnam, Colombia, Indonesia, and Ethiopia (Ayele et al., 2021). In Brazil, Minas 

Gerais has the largest cultivated area of Coffea arabica L., covering over 1,316.59 thousand 

hectares, representing almost 70% of the country's total coffee cultivation area (Conab, 2022). 

Agriculture in Minas Gerais, particularly in Campo das Vertentes mesoregion, belonging to 

the Cerrado biome, faced challenges due to climate change and a reduction in rainfall related 
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to rainfed conditions, which was significantly affected by prolonged drought periods (Conab, 

2023). 

Coffee cultivation is primarily carried out on small rural properties, and it is frequently 

established in pedological environments considered marginal for agriculture, mainly in 

undulating mountainous relief and shallow soil depth (Barbosa et al., 2020; Silva et al., 2021). 

These environments frequently include Cambisol, the second-most extensive soil type in the 

world, comprising 12% of the total continental area, 1.5 billion hectares (FAO et al., 2001). In 

Minas Gerais, this soil covers around 10.5 million hectares or about 18% of the entire area of 

this state, contributing to approximately 10% of the coffee-growing regions (Oliveira et al., 

2019). However, limitations like lower plant available water and air capacity are caused by 

high Bulk density (Reynolds et al., 2009), which is linked to the dense layer and the result of 

changes in soil physical properties. This scenario can occur particularly in soils with high silt 

content (Ghosh and Daigh, 2020), and coffee's potential for production can be reduced (Silva 

et al., 2021). 

Coffee producers are increasingly aware of the need for improvements in soil 

preparation, integrating soil and water conservation practices for soil physical quality 

improvement, achieving higher crop yields, and remaining competitive in the international 

market (Carducci et al., 2014; Carducci et al., 2015a e b; Silva et al., 2016; Barbosa et al., 

2020; Silva et al., 2021). In this approach, the studies aiming plant water stress reduction, 

water economy, and improving agricultural production in climate change figure among the 

United Nations (UN) Sustainable Development Goals (SDGs) for 2030, specifically in 2.12 

and 13 SDG: zero hunger promoting sustainable agricultural; responsible consumption, 

production, and climate action (United Nations, 2021). This way, the research within the 

context above comprises practical measures to achieve these goals. 
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Deep tillage strategies have been carried out to improve crop root development 

(Azevedo et al., 2022). For coffee crops, specific machinery at both 0.60 m and 0.80 m depths 

have been tested (Barbosa et al., 2020; Silva et al., 2021). This system promotes soil rupture 

and loosening, improving root system exploration of the subsoil (Santos et al., 2014), 

resulting in better water uptake (Silva et al., 2015), and positively impacting coffee yield. 

However, soils that machines have turned over might exhibit improvements initially (Reichert 

et al., 2017; Azevedo et al., 2022), but these benefits may fade over time due to the process of 

soil reconsolidation (Drescher et al., 2011; Nunes et al., 2014; Ghosh and Daigh, 2020). As a 

result, it should be noted the effectiveness of tillage systems affect the intrinsic attributes of 

the soil, such as its natural reconsolidation, since the response to different tillage systems and 

their effects on structural quality depends on the soil class (Azevedo et al., 2022). Thus, this 

process can occur in Cambisol, exposed to deep tillage preparation (Silva et al., 2021), 

justifying the evaluation of the effects of this deep preparation of the planting furrow over 

time. 

This research hypothesizes that the impacts of deep tillage strategies in the naturally 

dense soil will continue to be seen when coffee plants reach their productive age (5th cycle) 

and that the effects vary depending on the soil tillage depth, preparation, and additional 

liming. Consequently, the initial soil preparation has a continued positive impact on soil 

structure, directly influencing coffee plants' growth and response to their stem diameter, 

height, and plant vigor. Therefore, this study aims to assess the efficacy of various deep 

tillage strategies in mitigating the adverse effects of the natural dense layer in Cambisol five 

years after the establishment of the coffee crop.  

 

2. Material and Methods 

2.1. Site of Study 
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The experiment was carried out in a commercial farm coffee production located in the 

Nazareno municipality, Minas Gerais state, Brazil, with geographical coordinates latitude 21° 

10' 52′′ S and longitude 44° 39′ 04′′ W (Figura 1) at an average altitude of 935 m. Pasture 

originally covered the area before introducing coffee (historical context of the experimental 

area). The soil in the site study was classified as Cambissolo Háplico Tb distrófico following 

the Brazilian Soil Classification System (Santos et al., 2018), corresponding to Typic 

Hapludept in Soil Taxonomy (Soil Survey Staff, 2014) and Dystric Cambisol (WRB, 2014) – 

official classification adopted in the present study –, presenting clay loam texture for horizons 

A and Bi (Figure 2). Pelitic rocks and quartzite on granite-gneiss are examples of the parent 

material (Horta et al., 2009), with chemical and physical characterization of the soil before the 

installation of the experiment presented in table 1. The local climate is Cwb, according to 

Köppen (1936) (Figure 1), a humid temperate climate with dry winter and moderately hot 

summer and an average annual temperature of 18.5°C. The rainy season is concentrated 

between November and March, with a yearly average of 1350 mm. 
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Figure 1. Location and design of the site of study in UTM zones. SP40: planting furrow at 

0.40 m with conventional fertilization using a furrower; SP60: planting furrow at 0.60 m with 

conventional fertilization and with additional liming (SP60AL) using a soil homogenizer; 

SP80: planting furrow at 0.60 m and at 0.80 m with conventional fertilization and with 

additional liming (SP80AL) using both soil homogenizer and subsoiler.  
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Figure 2. A: Schematic representation of the Cambisol profile under natural Cerrado 

savannah vegetation and its main pedological characteristics; B: Representation of the 

different soil preparations with the different agricultural implements used for the opening of 

the planting furrow under the coffee crop in the experimental area ally with the collection of 
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samples with preserved structure in the planting furrow area to evaluate the physical quality 

indicators and the plant measurements (stem diameter, plant height, and NDVI – normalized 

difference vegetation index). Adapted from Silva et al. (2021). 
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Table 1. Mean values of soil fertility analyses and soil particle size distribution at the soil profile before planting the coffee crop in 2015. 

Depth pH K P Na Ca Mg Al H+Al SB t T V m M.O. P-Rem Zn Fe Mn Cu B S Clay Silt Sand 

(m) (H2O) mg dm-3 cmolc dm-3 % dag kg-1 mg.l-1 mg dm-3 g kg-1 

0.00-0.20 5.1 22.7 0.4 2.0 0.4 0.1 0.2 3.2 0.6 0.8 3.7 15.9 28.8 2.3 13.4 0.9 61.1 5.8 1.8 0.7 6.0 33 16 51 

0.20-0.40 5.5 16.7 0.3 2.7 0.3 0.1 0.1 2.8 0.4 0.5 3.2 13.1 19.9 1.9 8.0 0.6 40.3 2.3 1.7 0.2 5.1 33 23 44 

0.40-0.60 5.8 11.3 0.1 2.0 0.3 0.1 0.0 1.9 0.4 0.4 2.3 18.9 0.0 1.5 3.4 1.0 27.2 1.6 1.5 0.2 5.0 35 22 43 

0.60-0.80 5.7 12.0 0.0 2.0 0.4 0.1 0.0 1.8 0.5 0.5 2.4 22.7 0.0 1.0 3.1 0.7 32.0 2.5 1.5 0.1 4.6 37 27 36 

pH: hydrogen potential determined in water; OM: Organic Matter; SB: Sum of bases; t: effective cation exchange capacity; T: potential cation 

exchange capacity; m: aluminum saturation; V: Base saturation; P-Rem: Remaining phosphorus. Adapted from Barbosa et al. (2020). 
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2.2. Soil Preparation 

The soil chemical correction was done following the soil properties determined in 

table 1 before the coffee planting. Sixty days before planting was applied 3 Mg ha-1 (1,5 g dm-

3) in the total area of dolomitic limestone (total neutralizing relative power of 87 %; CaO of 

39.7 %; MgO of 13.38 %) was incorporated into the soil by harrow implement with twenty 

discs, cutting width of 0.35 m and tractor power on average 230 hp. 

Five soil preparation, one traditional, two aiming at the deep opening of the planting 

furrow, and two aiming at chemical amendment, combined with opening the planting furrow 

in depth, were implemented in a homogeneous area aiming at planting the coffee crop. The 

applied preparations were furrower (SP40); soil homogenizer (SP60); soil homogenizer + 

additional liming (SP60AL); soil homogenizer + subsoiler (SP80) and soil homogenizer + 

subsoiler + additional liming (SP80AL). 

The furrower implement was designed to create furrows using a furrowing rod at a 

width of 0.35 to 0.65 m, depth of 0.40 m, tractor power of 60 hp, and weight of approximately 

105 kg. The Big Mix equipment homogenizes the soil due to the presence of the rotary hoe 

tiller and soil correction by coupling the fertilizer box with a volume of 270 dm3. This 

equipment has preparation effectiveness at a width of 0.50 m, depth of 0.60 m, tractor power 

of 85 hp, requiring super-reduced gear, speed of 0.6 to 1 km per hour, and weight of 450 kg 

(Mafes, 2017). The Dreno agricultural tool was designed to eliminate the physical 

impediments of the soil in depth due to the presence of the subsoiling rod that has a 

preparation capacity of up to 0.90 m, but effectively in up to 0.80 m, tractor power above 180 

hp at a speed of up to 6 km per hour and with a load capacity of 450 kg or 1.2 tons (Mafes, 

2017). The furrows opened to a depth of 0.40 m were closed with a two-rod subsoiler, 

operating at 3 to 5 km per hour, after the furrower passed through. For furrows opened to 
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depths of 0.60 and 0.80 m, the Big Mix equipment was responsible for closing the furrows 

with a specific attached tool. 

All preparations got fertilization following the coffee-growing recommendations 

(Guimarães et al., 1999). However, exclusively SP60AL and SP80AL, in addition to the 

recommended fertilization for the coffee crop, received 200g of additional dolomitic 

limestone per linear meter of the furrow, calculated from data in table 1. This strategy's goal 

was to increase the base saturation of soil to 70 %, being this additional liming mixed and 

incorporated effectively from 0.20 to 0.60 m depth in each one by the soil homogenizer due to 

the presence of the rotary hoe tiller and the coupling fertilizer box as described in Mafes 

(2017). Topdressing fertilizations were used three times, the first being in February 2016, 

when 0.004 kg of N and K2O was applied per plant, always considering the twenty-day 

interval to increase the efficiency of nitrogen use and reduce losses, mainly by leaching.  

Considering the susceptibility of the Cambisol group under undulating relief to water 

erosion, conservation practices were adopted to mitigate its effects. The mechanical method 

of terracing and the vegetative method of cultivation of Brachiaria decumbens L. (Syn. 

Urochloa) between crop rows were employed in combination. 

To comprehend the effects of soil preparations following the coffee plantation, 

particularly after the completion of the 2nd cycle in 2017 (Barbosa et al., 2020; Silva et al., 

2021), a series of cultural treatments were implemented. These treatments aimed to facilitate 

optimal growth and development of coffee plants, including applying topdressing fertilizer. 

These interventions aimed to assess the subsequent impacts on soil quality and crop 

performance. For the 2018-2019 crop, 0.66 kg of liming followed by 0.062 kg of N and K2O 

and 0.013 kg of P2O5 was applied per plant. However, for the 2019-2020 crop, only 0.049 kg 

of N and K2O was given per plant, the crop year associated with evaluating this Cambisol 

under coffee growing (the end of the 5th cycle). 
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2.3. Experimental Arrangement 

Randomized blocks in the experimental design comprised five soil preparer strategies 

(SP40, SP60, SP60AL, SP80, SP80AL). Each experimental plot consisted of crop strips 10.8 

m wide and 84 m long (907.2 m2), with a planting line (10.5 m) with fourteen plants for each 

soil preparation studied, with three replications (Figure 1). The Catuaí Vermelho - IAC 99 

coffee cultivar (Coffea arabica L.) was planted in December 2015, with a spacing of 0.75 m 

between plants and 3.6 m between planting lines (3,703 plants ha-1). In each experimental 

plot, one external row (left and right) and one row between each soil preparer inside the 

testing area (nine total) were considered borders (Figure 1). In these lines, no soil was 

collected, and no plant was evaluated to minimize environmental effects and interaction 

between plots. All data collection to assess the characterization of the physical properties of 

the soil by physical quality indicators was performed randomly in the central plot strips.    

 

2.4. Soil sampling and analysis 

Soil samples were collected in December 2020, at the end of the 5th coffee cycle, five 

years after implantation. The trenches for each soil preparation were opened at a 0.20 m 

distance from the plant's trunk to the trench wall for collecting samples in the coffee-growing 

area (Figures 1 and 2). Equal sampling was conducted for all soil preparations, ensuring a 

canopy projection of 0.80 m to cover the horizontal reach of a single coffee plant. Also, a 

native savannah vegetation area from the Cerrado biome (Natural) was sampled and used as a 

reference apart from the experimental site. Undisturbed soil samples within metallic cylinders 

(0.063 m in diameter and 0.025 m in height) were collected using an Uhland-type sampler at 

the following depths: 0.00-0.05; 0.15-0.20; 0.35-0.40; 0.55-0.60; 0.60-0.70; 0.75-0.80 m.  

For each depth (six depths), soil preparation strategies (five prepares), and block (three 

replicates), one sample was taken, totaling 90 samples. In addition, for each one of the six 
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depths studied, three samples were collected in the native vegetation area, totaling 18 

samples. Therefore, six treatments were studied (SP40, SP60, SP60AL, SP80, SP80AL, and 

Natural), totaling 108 samples. 

 

2.4.1. Soil pore size distribution 

The undisturbed soil samples were saturated by capillarity using distilled water. After 

saturation, the samples were subjected to matric potentials (Ψm) of -2, -4, -6, -8, and -10 kPa, 

in suction units comped of Buchner funnels and Ψm of -33, -100, -500, and -1500 kPa in the 

Richards extractor (Klute, 1986). After reaching equilibrium, the samples were weighed and 

oven-dried at 105 - 110º C for 24 hours. Soil water content (θ) was calculated for each Ψm, 

and therefore soil water retention curves (WRCs) were fitted using van Genuchten (1980) 

model with restriction m= 1- 1/n (Mualem, 1976) with Soil Water Retention Curve (SWRC) 

software (Dourado Neto et al., 2000).  

The pore size distribution was calculated from the WRCs using the mathematical 

expression proposed by Bouma (1973). Its classification, according to Carducci et al. (2015b) 

and Klein (1998), adapted the micromorphological criteria proposed by Bullock et al. (1985), 

as follows:  large macropores (LMacro) (>147 μm); fine macropores (FMacro) (147-73 µm); 

large mesopores (LMeso) (73-49 and 49-29 μm); average mesopores (AMeso) (29-9 and 9-

2.9 μm); fine mesopores (FMeso) (2.9-0.6 µm); micropores (Micro) (0.6-0.2 μm) and 

Criptopores (Cripto) (< 0.2 μm).  

 

2.5. Soil physical quality indicators -SPQI 

 

Table 2. Primary approaches for assessing soil physical quality indicators, described in 

Reynolds et al. (2009), with modifications for their application to Brazilian tropical soils.
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Indicator Abbreviation Equation Limits Classification Meaning Reference 

Author 

Plant 

Available 

Water 

Capacity 

PAWC PAWC = θFC – θPWP 

PAWC > 0.20 

m3.m-3 
Ideal 

Maximum growth and root 

uptake. 

(White, 

2006; 

Cockroft; 

Olsson, 

1997). 

0.15 ≤ PAWC 

< 0.20 m3 m-3 
Good - 

(Warrick, 

2002). 

0.10 ≤ PAWC 

< 0.15 m3 m-3 
Limited - 

PAWC < 0.10 

m3 m-3 
Poor - 

(θPWP): Permanent wilting point, θ volumetric water content at Ψm -1500 kPa; θFC: Volumetric water content at field capacity estimated by the 

moisture at the inflection point (θi) of the WRCs (Andrade and Stone, 2011) as suggested by Ferreira and Marcos (1983) for tropical soils and 

calculated according to Dexter and Bird (2001). 

Relative Field 

Capacity 
RFC RFC =  

0.6 ≤ RFC ≤ 

0.7 
- 

Maximization in microbial 

production of nitrate and 

promote crop yield. 

(Reynolds 

et al., 

2009; 

Doran et 

al., 1990). 

RFC < 0.6 - 

Soil water limitation 

(reduces nitrate production 

(affecting crop growth). 
(Doran et 

al., 1990). 

RFC > 0.7 - 
Soil limitation for aeration 

(affecting crop growth). 

θs: volumetric water content (m3 m-3) at saturation (Ψm 0 kPa).  

Air Capacity AC AC = θS – θi 
AC ≥ 0.10 m3 

m-3 
- 

Minimum susceptibility to 

aeration deficit that harms 

the crop or reduces the root 

zone yield. 

(Reynolds 

et al., 

2009; 

White, 

2006). 
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Macroporosity PMAC PMAC = θS – θ6kPa 

0.05 ≤ PMAC 

< 0.10 m3 m-

3; Average: 

PMAC ≥ 0.07 

m3 m-3 

Ideal 

Soil's ability to drain excess 

water and facilitate root 

proliferation quickly. 

(Dexter et 

al., 2008; 

Reynolds 

et al., 

2008; 

Drewry et 

al., 2001; 

Drewry; 

Paton, 

2005). 

PMAC ≤ 0.04 

m3 m-3 
Critical 

Soil degradation by 

compaction. 

(Drewry 

et al., 

2001; 

Drewry; 

Paton, 

2005). 

θ6kPa: θ volumetric water content at Ψm -6 kPa as stated in Barbosa et al. (2020). 

Bulk Density BD BD =  

0.9 ≥ BD ≤ 

1.2 Mg dm-3 
Ideal 

For medium to fine-textured 

soils associated with field 

culture aiming at maximum 

production. 

(Tormena 

et al., 

2008). 

BD < 0.9 Mg 

dm-3 
Not Ideal 

Yield loss due to reduced 

unsaturated water flow 

affects the availability of 

water and nutrients to plant 

roots. 

(Reynolds 

et al., 

2009; 

Reynolds 

et al., 

2008). 

Between 1.25 

and 1.30 Mg 

dm-3 

- 

Crop yield loss due to 

inadequate soil aeration. 

(Drewry 

et al., 

2001). 

Ms: kiln-dried soil mass in Mg; Vb: total soil volume in m-3. 

 



38  

S Index 

 
SI  

 

S = 0.045 - 

The division between soils 

of good structural quality 

and soils that tend to become 

degraded. 

(Dexter, 

2004; 

Andrade; 

Stone, 

2009) 

S values ≤ 

0.025 
- 

Thoroughly physically 

degraded soils. 

(Andrade; 

Stone, 

2009) 

Us (g g-1): Gravimetric water content at the saturation point (Ψm 0 kPa); UR (g g-1): Gravimetric content of residual soil water, the same as 

UPWP: permanent wilting point, (Ψm -1500 kPa); m is the fitted empirical parameter obtained by SWRC software. 
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For a better understanding of the response of the different preparations in this 

Cambisol with the use of various agricultural implements and regarding the practice of 

additional liming, were studied the limits of physical soil quality (LPSQ). These limits were 

established according to the literature described by Reynolds et al. (2009), previously 

approached in table 2. 

 

2.6. Parameters of normalized pore volume distribution function 

According to the methodology and equations proposed by Reynolds et al. (2009), the 

pore volume distribution function, Sv(h) (dimensionless), was defined as the slope of the 

WRCs expressed in a graph with volumetric water content, θ (m3 m-3) versus ln (h). The 

authors report plotting this function against the equivalent pore diameter (de, in μm). Thus, 

according to Warrick (2002), the pore diameter can be determined as a function of the 

capillary rise. In this way, the "normalized" pore volume distribution function, S*(h), is 

defined by dividing Sv(h) by Svi. Svi represents the peak of the pore volume distribution, 

which corresponds to the slope of the WRC inflection point, highlighting that this occurs at 

the most frequent diameter value (Dmode).  

The normalized pore volume distribution functions were also calculated according to 

Reynolds et al. (2009), using parameters of "location" Dmean, Dmedian, and Dmode and "shape" 

standard deviation (SD), skewness (asymmetry) and kurtosis (peak), σG; Sk and K, 

respectively. 

 

2.7. Plant measurement 

At the time of soil sampling, stem diameter (SD) and plant height (PH) were 

measured, and the vegetative vigor was evaluated and calculated by the NDVI, according to 

Bhandari et al. (2012). The NDVI was assessed by a Green Seeker® sensor (the Green Seeker 



40  

TM optical sensor unit, model RT200) (Barbosa et al., 2020). The readings were carried out 

fortnightly, starting in October 2019 and ending in March 2021, made for all coffee plants in 

each preparation studied. The device was positioned 0.30 m before the coffee plant. Two 

readings were performed for each plant in each planting line plot (12 useful plants). 

To enhance the comprehension of the NDVI of the coffee plant, the study of its 

phenological phases was adopted, following the methodology described in Camargo and 

Camargo (2001). This study was conducted during the evaluation period from October 2019 

to March 2021. Altogether, four phenological phases were considered, designated as III: 

flowering, fruit forming and expansion – October to December 2019; IV: granation of fruits – 

January to March 2020; V: fruit ripening – April to June 2020; VI: rest, senescence of the 

branches - July to August 2020. III2: flowering, fruit forming, and expansion – September to 

December 2020 and IV2: granation of fruits – January to March 2021. An average of 360 

readings were collected for each phase, with 72 readings of the vegetative index per 

preparation studied. 

 

2.8. Data analyses 

The data were treated as a split plot with two factors, soil preparer strategies (plot) and 

depths (split-plot). Furthermore, SP40 was treated as a reference preparer, and Natural was 

treated as a reference area to evaluate the effects of the other soil preparations, SP60, 

SP60AL, SP80, and SP80AL. Although, for the NDVI data, SP40 was also treated as a 

reference preparer, in this case, this data analysis was treated as a simple factorial, only 

associated with the soil preparation strategies responses. An analysis of variance was 

performed to compare the treatments studied. When significant, the Scott-Knott and Dunnett 

tests (p < 0.05) were applied to compare the mean values for soil physical quality indicators 

and NDVI data, respectively. 



41  

The WRCs modeling was generated from the packages tidyverse and nlstools (Baty et 

al., 2015). Specifically, for nlstools, the nls function was used, which developed the curves. 

The nlstools function was used to generate the confidence intervals using bootstrap, as 

described and evaluated in Vasques et al. (2019).  

Linear correlations were also performed between the soil variables studied and plant 

measurements (SD, PH, and NDVI). These correlations were made from the rcorr function in 

the Hmisc package (Harrell Jr et al. 2019) by Pearson's correlation for each variable studied 

and its p-values to test the significance of the correlation. All data analyses were performed 

using the R 4.1.2 statistical program (R Core Team, 2021). 

 

3. Results and discussion 

3.1. Soil physical quality indicators   

The effectiveness of deep tillage with the use of a soil homogenizer, subsoiler, and 

additional liming provided > PMAC, < BD, > S, on average +44.19%, -10.42%, and +35.72%, 

respectively, concerning the other soil preparations and Natural condition to the first 0.40 m 

of the soil profile (Figure 3A, C and E). Increased water content at potentials from 0 to -2 kPa 

was also observed (Figures 2A and B and table 2 of supplementary material). These 

improvements can be associated with the structural relief of the dense layer diagnosed in the 

field by a typical structure in moderate blocks in the 0.05 to 0.20 m layer in the natural 

condition (Figure and table 1 of the supplementary material). Barbosa et al. (2020) previously 

reported that the soil homogenizer and subsoiler, regardless of the application of additional 

liming, favored aeration and drainage pores (30 < Ø ≤ 500 μm), which had a direct association 

with > PMAC and > PAWC up to 0.20 m. 
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Figure 3. Soil physical quality indicators at different treatments: SP40: planting furrow at 

0.40 m with conventional fertilization using a furrower; SP60: planting furrow at 0.60 m with 

conventional fertilization and with additional liming (SP60AL) using a soil homogenizer; 
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SP80: planting furrow at 0.60 m and 0.80 m with conventional fertilization and with 

additional liming (SP80AL) using both soil homogenizer and subsoiler; Natural: a native 

savannah vegetation area from Cerrado biome and depths (0-0.05; 0.15-0.20; 0.35-0.40; 0.55-

0.60; 0.60-0.70 and 0.75-0.80). LPSQ: limits of physical soil quality defined in the world 

literature; PMAC macroporosity; RFC relative field capacity; BD Bulk density; AC air 

capacity; S S Index; PAWC available water capacity for plants. Means followed by the same 

lowercase letter do not differ for treatments within the same depth, and the same capital letter 

does not differ from each other for deep within the same treatment by the Scott-Knott test (p < 

0.05).  

 

The SP40 and SP60AL increased RFC concerning the Natural condition at 0.40 m, but 

at 0.60 m, SP60 was the only one that reduced RFC, which was equal to the Natural condition 

(Figure 3B). Barbosa et al. (2020) state that an increase in RFC under soil preparation 

indicates an increase in retention pores compared to the soil under natural conditions. 

However, this water can be strongly retained in tiny pores and, therefore, not readily available 

to plants. These results corroborate an increase in Cripto promoted by the SP40 and SP60AL 

at 0.40 m and the reduction of this same pore diameter by handling exclusively with the soil 

homogenizer at 0.40 and 0.60 m, as evidenced by figure 3 of the supplementary material. As 

for AC at 0.40 m, both SP60 and SP80AL are the only soil preparations that favored aeration 

capacity, on average +50%, especially when compared with the traditional furrowing rod 

(Figure 3D), indicating less possibility of aeration deficit, and therefore, not limiting the 

exploration of the soil profile by the roots (White, 2006; Reynolds et al., 2009). 

The soil preparations from 0.60 m increased the BD (on average 18.17%) concerning 

the Natural condition (Figure 3C), which probably reflects the possibility of compaction in the 

action limits of the implements with rod work at 0.60 and 0.80 m, as observed by Silva et al. 
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(2021). The reflections of this increase in density were more expressive at depths of 0.60 and 

0.70 m, where there is a reduction in PMAC, AC, and PAWC, except for SP60, which greatly 

reflected in the decrease of the S index of Dexter (2004) at these depths for the preparations 

applied concerning the Natural condition (Figures 3A, D, F and E). However, precisely at 

0.60 m, between the soil preparer strategies, SP60 showed lower RFC, higher AC, and higher 

PAWC (Figures 3B, D, and F) but did not promote an increase in the S index (Figure 3E). At a 

depth of 0.80 m, the SP80 and SP80AL were inefficient in promoting structural changes, 

matching the other preparations and Natural conditions for all indicators (Figure 3). 

Bortolanza and Klein (2016) found results similar to those of the present study, where 

when applying liming in-depth, they observed a reduction in the physical quality caused by 

the higher density promoted due to the preparation of a Cambisol three years after the 

implementation of the experiment. However, better structural rate and increased base 

saturation at depth were observed by Santos et al. (2014) from the opening of the planting 

furrow to 0.60 m in Oxisol under coffee cultivation, followed by the addition of limestone, 

differing wildly from the results found here. Carducci et al. (2014) also observed better 

physical quality of an Oxisol with coffee plantation up to 0.35 m, favored by applying 

limestone up to 0.40 m and gypsum on the surface. However, this result does not exclude the 

physical effect caused by opening the planting furrow for the coffee plant since the last two 

researchers mentioned above-used equipment similar to the Big Mix of the present study, 

which allowed the deep opening of the furrow, homogenization, and chemical correction of 

the soil in up to 0.60 m.  

Silva et al. (2016) observed structural changes in Cambisol, proposing management 

practices with the adoption of treatments with high doses of gypsum (28 Mg ha-1). The use of 

this soil conditioner, when reaching depths along the profile due to its solubility, favored 

long-term structural reorganization (1.5 years) due to the increase of Ca2+. Thus, this 
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condition selected by the additional liming studied here, demonstrated the potential to 

improve the physical and hydric of this naturally shallow and dense Cambisol by mitigating 

problems associated with water deficit (Santos et al., 2014), which has excellent potential for 

optimization coffee plant development (Barbosa et al., 2020). 

For the LPSQ, regardless of the assessed depth and the preparation adopted, the RFC 

values (Figure 3B) are above those established as the limit for ideal microbial production of 

nitrate of 0.7 (Drewry and Paton, 2005). Furthermore, although RFC values > 0.7 and PMAC 

reduction indicate possible stress due to insufficient aeration, according to Reynolds et al. 

(2009), a PMAC > 0.07 m3 m-3, as observed at 0.60 - 0.70 m (Figure 3A) indicates a good 

capacity of the soil to drain excess water facilitating root growth (Reynolds et al., 2009). 

 

3.2. Deep tillage effects over time and soil reconsolidation 

The extension of the soil preparation effect or the possible reconsolidation was 

observed considering the evaluations at the end of the 2nd cycle (obtained in 2017) from the 

data published by Barbosa et al. (2020) and at the end of the 5th cycle (data from the present 

study obtained in 2020) (Figure 4). The AC and the S index showed the most remarkable 

difference among the evaluated physical properties between the analyzed periods. 
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Figure 4. Evaluation of soil preparation strategies over time 2017 - 2020 to prove the long-

term effects and the state of reconsolidation. BD Bulk density; PMAC macroporosity; AC air 

capacity; PAWC available plant water capacity; S S Index. SP402017; SP602017; SP60AL2017; 
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SP802017; SP80AL2017, data from (Barbosa et al., 2020). SP402020: planting furrow at 0.40 m 

with conventional fertilization using a furrower; SP602020: planting furrow at 0.60 m with 

conventional fertilization and with additional liming (SP60AL2020) using a soil homogenizer; 

SP802020: planting furrow at 0.60 m and 0.80 m with conventional fertilization and with 

additional liming (SP80AL2020) using both soil homogenizer and subsoiler. 

 

The AC was reduced (from the second to the 5th cycle) summarily for all preparations 

at all depths (Figure 4C), but with a marked deleterious effect on water availability (PAWC) 

only for the SP402020 in the entire profile, SP602020 at 0.20 m and handling SP80AL2020 from 

0.60 m (Figure 4D). Reichert et al. (2021) also observed a reduction in AC in naturally dense 

soil in which compaction occurred in its soil preparation and found the reconsolidation 

process in a short period due to the change in structure. 

The physical quality of the soil indicated by the S index (Figure 4E) was also reduced 

in all preparations for any of the depths evaluated, which is yet another factor indicating that 

reconsolidation is a reality in soils submitted to tillage using machinery and agricultural 

implements (Reichert et al., 2017), as the effects from preparation may be short-lived 

(Busscher et al., 2002). According to Ghosh and Daigh (2020), subsoiling should be avoided 

in soils with predominant silt due to poor resistance and a tendency to reconsolidation. 

However, Cambisol, like the one in the present study, has pedological units in formation, with 

an incipient B horizon and with high silt (Bortolanza and Klein, 2016), as shown in table 1, 

but it has been adapted to the management conditions in coffee growing (Silva et al., 2016; 

Barbosa et al., 2020; Silva et al., 2021). 

Drescher et al. (2011) and Nunes et al. (2014) observed temporary structural 

alterations promoted by mechanized operation with a scarifier equipped with a crushing roller 

in Oxisol (4.5 years) and Ultisol (1.5 years) due to soil reconsolidation and wetting and drying 
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cycles. For our experimental site area, the reconsolidation process had already been indicated 

but not proven by Silva et al. (2021) after 1.5 years of implantation due to reduced hydraulic 

properties along the soil profile. However, the reconsolidation process was diagnosed through 

a reduction in hydraulic conductivity caused by wetting and drying cycles in a study by Moret 

and Arrúe (2007) under clayey loam soil. 

SP402020 and SP602020, up to 0.20 m, showed an increase in BD and its reduction 

between the time intervals at a depth of 0.40 m (Figure 4A). For SP802020, an increase in BD 

over time of 0.30 to 0.50 m is observed, which may indicate the reconsolidation of the system. 

It is observed that even for the SP402020, traditional soil preparation for the coffee crop 

(Barbosa et al., 2020), where there was no opening at 0.80 m, the BD decreased for this depth 

(Figure 4A), which possibly proves the inefficiency of the operation, mainly due to the 

subsoiler starting from the preparation in conditions of high humidity in the soil, leading to 

the structural damage such as increased density (Obour et al., 2018), which was confirmed by 

figure 3. 

Reconsolidation can also be observed for the SP60AL2020, which had a BD increase 

from 0.00 to 0.60 m, and from 0.60 - 0.80 m for the SP80AL2020 (Figure 4A), together with 

the reduction of its macroporosity in this same layer (Figure 4B). It is important to note that 

the SP80AL2020 action was the longest for the 0.00 - 0.40 m layer, with the structural relief 

lasting between the sampled years. According to studies by Ahuja and Green (2022), 

reconsolidation occurs naturally. However, it can significantly affect the volume of 

macropores due to increased density and modification of the structure over the years after 

handling. 

Bortolanza and Klein (2016), also studying deep liming, did not observe pronounced 

effects of this practice, as they found a reduction in the physical quality of the soil due to 

compaction caused by the introduction of machines outside the friability zone. Which, 
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together with the wetting and drying cycles, lead to a condition of reconsolidation (Ahuja and 

Green, 2022). For this reason, Blumenschein et al. (2019) state that the best effects of subsoil 

liming are obtained one year after application, justifying the results of (Barbosa et al., 2020). 

This condition corroborates with Holland et al. (2018) that the physical quality of the soil is at 

least maintained or improved by liming. However, the detection of this change will vary 

significantly over time. 

 

3.3. Plant growth response 

The NDVI results were associated with the climatic conditions of the region where the 

experiment was implemented for 2019 to 2021 (Figure 5), corresponding to the fifth harvest 

of the crop. A drier period, characteristic of the study region, occurs between April and 

September when rainfall levels reach below 45 mm (Figure 5). There are at least six months 

of water deficit in the soil that is reflected in the response of the coffee plant, significantly 

altering its vegetative vigor, measured by the NDVI. Maciel et al. (2020) confirm the existing 

correlation between the water condition of the coffee plant and NDVI. These authors, 

studying an area close to the present study region, also found precipitation lower than 

expected, with a water deficit. This scenario led to changes in the photosynthetic rate and 

chlorophyll due to high dehydration from the plant's water stress, causing a lower NDVI. 
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Figure 5. 2019 to 2021 data from São João del Rei weather station (21.25° S, 44.24° W) and 

standard climatological normals from the period 1981-2010. Source: INMET, 2022. NDVI - 

normalized difference vegetation index evaluated from 2019 to 2020 for the different 
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preparations. SP40: planting furrow at 0.40 m with conventional fertilization using a 

furrower; SP60: planting furrow at 0.60 m with conventional fertilization and with additional 

liming (SP60AL) using a soil homogenizer; SP80: planting furrow at 0.60 m and at 0.80 m 

with conventional fertilization and with additional liming (SP80AL) using both soil 

homogenizer and subsoiler. Bars followed by the same lowercase letters do not differ by the 

Skott-Knott test (p < 0.05) and compare the preparations (SP60; SP60AL; SP80, and 

SP80AL) with each other. Bars followed by an * differ from each other by Dunnett's test (p < 

0.05), ns: not significant by the F test (p < 0.05) when compared to the reference preparation 

(SP40). 

 

It was possible to observe a relationship between the phenological phases and NDVI. 

Hwang et al. (2020), studying intensive management of coffee plants in Ethiopia, point out 

that the fluctuations that occur in the NDVI are directly related to phenological changes, 

which in turn are related to the variation in precipitation, as they affect the leaf area, reflecting 

on the vegetative index of the crop. Figure 5 shows a lower NDVI in stages V and VI. In these 

vegetative phases, fruit maturation, senescence, and death of productive branches already 

occur, coinciding with the dry season's beginning. III2, on the other hand, is associated with 

flowering and fruit expansion (Camargo and Camargo, 2001), and this phase is related to the 

end of the dry season, where the NDVI values start to increase again.  

Volpato et al. (2013), studying coffee plants in a region close to the present study, 

observed a 50% drop in NDVI values, justified by water deficit, smaller leaf area, and leaf 

fall, and because it coincides with the grain harvest period. These results are corroborated by 

Junges et al. (2017), studying the grapevine culture, pointing out that the NDVI oscillation is 

associated with the phenological phases. These authors indicate that the highest NDVI was 

obtained during the fruiting and vegetative period due to leaf expansion and canopy closure. 
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Taugourdeau et al. (2014) observed changes in the NDVI obtained by the MODIS 

sensor (remotely) due to adopting different fertilizer management for phases associated with 

the pruning and renewal of coffee plantations in Costa Rica. Brunsell et al. (2009) 

demonstrated the relationship between NDVI and coffee yield but needed to investigate the 

good associations with the phenological stages of the crop. However, the impacts of soil 

attributes in association with the NDVI of coffee plants needed to be considered in previous 

studies. However, Barbosa et al. (2020) associated NDVI with soil physical quality indices. 

On the other hand, Santos et al. (2014) state that soil moisture in the root zone was highly 

correlated with the normalized difference vegetation index in coffee areas. 

  Compared to the traditional soil preparation, the strategies with additional liming 

presented NDVI alteration during the phenological phases V, VI, and III2 (Figure 5). Thus, 

SP60AL and SP80AL reduced the vigor of coffee plants by approximately 5.75% and 10%, 

respectively, which was not expected considering the chemical correction in depth by 

additional liming since this same soil preparation significantly affected the NDVI of this 

same coffee plants at the end of the 2nd cycle (Barbosa et al., 2020).  

After five years of planting, the present study did not observe a significant impact on 

the NDVI from additional liming. This lack of effect could be attributed to the insufficient 

liming applied during the initial soil preparation, which did not persist long enough to 

substantially impact the vegetation by the end of the 5th coffee cycle. In a meta-analysis 

conducted by Li et al. (2019) that analyzed various studies published worldwide since 1980, 

it was determined that the optimal duration for liming is three years. This duration effect is 

closely tied to the changing environmental conditions over time. 

The SP80AL tillage showed the lowest NDVI concerning the other soil tillages in 

phenological phases V and VI in the driest period of the year. Considering the potential 

improvements in physical and water quality offered by this preparation strategy already 
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presented in previous sections up to 0.40 m (Figure 3 and Figures 2, 3, 4, and 5 of the 

supplementary material), these results (Figure 5) were not expected. However, intensive 

management practices in coffee areas reduce leaf area and photosynthesis, affecting the 

optical properties and their interaction associated with spectral reflectance, thus reducing the 

vegetation index by normalized difference (Hwang et al., 2020). We suggest that this 

condition, as noted for coffee plants with fifteen months years of cultivation, mainly 

implanted under the Cerrado region, can occur when the plants have a more significant 

translocation of photoassimilates to the expanding root system due to good soil physical 

quality for this (Silva et al., 2019). The aerial part may show a reduction in growth, which, 

together with the water deficit conditions, reflects on its vegetative vigor. 

A correlation analysis was performed to establish the influence of the physical quality 

indicators on the indicative parameters of plant growth and vigor (Figure 6). In general, 

without distinction between the soil preparation strategies (Figure 6A), it is observed that the 

plant parameters are more sensitive to changes in some physical quality indices up to 0.40 m 

depth. The increase in plant height with an increase in PAWC (+0.76***) in the surface layer 

and with an increase in PMAC (+0.61*) and consequent reduction in BD (-0.59*) at 0.20 m 

stand out, as well as reported by Barbosa et al. (2020). NDVI correlated better with FMacro 

(+0.70), Mesopores (+0.55*), and RFC (+0.52*) and negatively with S-index (-0.54*) and 

AC (+0.52*) at 0.05 m depth. At 0.20 m depth, NDVI increased with decreasing PMAC (-

0.53*) and Dmode (-0.59*). Thus, the increase in aeration capacity and water availability was 

relevant for plant growth in height in the 0.00 - 0.20 m layer, even with lower NDVI. 
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Figure 6. Pearson correlation between plant parameters, stem diameter, plant height, and 

NDVI with soil physical quality indicators and S*(h) location parameters for the studied soil 

profile (A) and considering the treatments groupings SP40, SP60, and SP80: without 

additional liming (B), and SP60AL and SP80AL: with additional liming (C). (*) significant 

value at 5% probability; (**) significant value at 1% probability and (***) significant value at 
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0.1%. Only significant correlations were shown. PMAC macroporosity; RFC relative field 

capacity; BD Bulk density; AC air capacity; S S Index; PAWC available water capacity for 

plants; LMacro: large macropores (> 147 μm); FMacro: fine macropores (147-73 μm); Meso: 

LMeso: large mesopores (73-49 and 49-29 μm) + AMeso: average mesopores (29-9 and 9-2.9 

μm) + FMeso: fine mesopores (2.9-0.6μm); Micro: micropores (0.6-0.2 µm); Cripto: 

criptopores (> 0.2 μm); Dmean, Dmedian and Dmode refer to the mean, median and modal values 

respectively of de (equivalent pore diameter). SP40: planting furrow at 0.40 m with 

conventional fertilization using a furrower; SP60: planting furrow at 0.60 m with conventional 

fertilization and with additional liming (SP60AL) using a soil homogenizer; SP80: planting 

furrow at 0.60 m and at 0.80 m with conventional fertilization and with additional liming 

(SP80AL) using both soil homogenizer and subsoiler. 

 

Figures 6B and 6C show separately the preparations that did not receive and received 

the practice of additional liming, which made it possible to observe that the plant parameters 

were influenced by the alteration of some SPQI up to 0.80 m in depth. For soil preparation 

without additional liming (Figure 6B), plant height was favored by PAWC on the surface, by 

LMacro at 0.40, and by Cripto at 0.80 m. Higher NDVI values occurred with LMacro 

reduction at 0.05 and 0.40 m and Cripto increase at 0.80 m. Thus, deep tillage favored pores 

with larger diameters, mainly in the superficial layer, which, together with an improvement in 

the availability of water for the plants (Cockroft and Olsson, 1997; Reynolds et al., 2009), 

favored the growth and vigor of the coffee plant. NDVI and plant height were also favored by 

higher Cripto, i.e., the presence of tiny pores. 

For soil preparation strategy with additional liming (Figure 6C), it is observed that 

pore changes imposed by chemical amendments and deep tillage led to a greater number and 

significant correlations with plant growth parameters. There is an increase in stem diameter 
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due to the reduction of Micro in surface area (-0.87*). As well as larger plants, as LMacro 

increases at this depth, it reduces Micro and, at the same time, PMAC at greater depths. 

According to Carducci et al. (2015a), knowledge of the spatial geometry of pores contributes 

to understanding the dynamics of water processes associated with agricultural practices 

implemented in the soil, which was also confirmed by Barbosa et al. (2020) and Silva et al. 

(2021). 

The high correlation of plant height with an increase in LMacro (+0.95*) on the 

surface (0.05 m) and a reduction in Meso (-0.91*) and Micro (-0.88*) up to 0.60 m depth 

indicate that the effect of structural relief in this 5th cycle was beneficial for coffee plant 

growth. Furthermore, the exclusive influence of the SP80AL resulted in improved Dmean, 

Dmedian, and Dmode (Figure 4A of the supplementary material) and consistent behavior of SD, 

skewness, and kurtosis (Figure 4B of the supplementary material) by favoring LMacro and 

FMacro, pores with Ø > 100 μm, (Figures 3A and D of the supplementary material). This 

result was further supported by the normative distribution of pores (Figures 5A, B, and C of 

the supplementary material), which showed a rightward shift compared to the Natural 

condition, indicating an increase in larger diameter pores (Reynolds et al., 2009) up to 0.40 

m. 

On the other hand, NDVI, unlike plant height, showed a high negative correlation 

with PMAC and Dmode up to 0.40 m. This fact is associated with the Leptocurtic kurtosis 

pattern of the pore distribution (Figure 4B of the supplementary material), which indicates 

the probability of obtaining values that do not approach the mean, but the median or mode 

(Reynolds et al., 2009). This condition justifies a reduction in the ability to provide water to 

the plants, as > Dmode contributed to the decrease of Meso. However, as the plants are 

established at the end of the 5th cycle, the smallest Meso impacts less than a PMAC reduction, 

as the root system has deepened and can absorb water in depth (Silva et al., 2015). 
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4. Conclusions 

The hypothesis tested in this study that the effects of deep preparation would last for 

five years after planting, was confirmed for naturally dense soils. Five years after planting, 

improvements in the soil's physical quality and the plants' measurements are proven to be up 

to 0.40 m deep. This condition occurs when strategies include soil homogenizer at 0.60 m, 

subsoiling at 0.80 m, and additional liming compared to the traditional method that uses only 

a furrowing rod at 0.40 m. A reduction in soil density and consequent improvement in 

aeration indicators (AC and PMAC) and S index were observed, which indicates a favorable 

condition for root growth in depth and access to available water for plants. The plants 

responded positively to deep preparation combined with the chemical amendments, confirmed 

by the significant correlations for PMAC, Meso, and Dmode in up to 0.70 m of depth, reflected in 

the increase in stem diameter, growth in height, and NDVI of the plants, contributing in 

mitigating the effects of edaphic drought. The different agricultural implements used to 

prepare this Cambisol still showed the results of the compaction caused at the bottom of the 

planting furrow, reducing the physical structure quality by 0.60 to 0.70 m due to soil 

preparation outside the friability zone. For a depth of 0.80 m, the inefficiency of operation and 

disappearance of the effects of the subsoiler were verified, justified by the natural 

reconsolidation of the soil, mainly under preparation strategy with additional limestone. 

Therefore, it is crucial for coffee growers to carefully plan preparation strategies that 

prioritize thorough preparation, particularly in naturally dense Cambisol, to prevent the loss of 

structural quality. 
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Figure 1. Cambissolo Háplico Tb distrófico (Santos et al., 2018); Typic Hapludept in Soil 

Taxonomy (Soil Survey Staff, 2014); Dystric Cambisols in WRB-FAO (World Reference 

Based, 2015)) of studied area.  
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Table 1. Soil profile description according to the methodology proposed by Tavares Filho et 

al. (1999). 

 

Depth Horizon Deatails 

(0 - 0.08m) HzA 

Very narrow due to 

excessive washing by 

rainwater with moderate 

block structure; 

(0.08 - 0.33 m) HzAB 
With a moderate block 

structure; 

(0.33 - 0.65 m) HzBi 
With a moderate block 

structure; 

(0.65 - 0.85 m) HzBC 

A massive structure, soft-

wet material. Presence of 

gneiss fragments from 

0.80 m. Color 

enhancement from HzB to 

HzC; 

(0.85 m+) HzC, 
A massive structure, soft-

wet material. 
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Figure 2. Water retention curves (WRCs), volumetric water content (m3 m-3) (θ) in the 

function of the matric potentials for different treatments: SP40: planting furrow at 0.40 m with 

conventional fertilization using a furrower; SP60: planting furrow at 0.60 m with conventional 

fertilization and with additional liming (SP80AL) using a soil homogenizer; SP80: planting 

furrow at 0.60 m and at 0.80 m with conventional fertilization and with additional liming 

(SP80AL) using both soil homogenizer and subsoiler; Natural a native savannah vegetation 

area from Cerrado biome and depths (0.05; 0.20; 0.40; 0.60; 0.70 and 0.80 m). 
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Table 2. Fitted parameters for soil water retention curves (van Genuchten, 1980) at different 

depths of a Cambisol under soil preparations and natural conditions. 

Treatments θS θR α m n R2 

0.05 m 

Natural 0.48 0.20 0.66 0.30 1.45 0.92 

SP40 0.52 0.23 2.22 0.28 1.40 0.92 

SP60 0.51 0.22 2.65 0.27 1.38 0.92 

SP60AL 0.52 0.20 1.43 0.29 1.41 0.92 

SP80 0.53 0.22 2.70 0.26 1.35 0.92 

SP80AL 0.53 0.20 3.66 0.27 1.37 0.92 

0.20 m  

Natural 0.49 0.17 1.42 0.25 1.34 0.95 

SP40 0.49 0.24 1.63 0.28 1.39 0.95 

SP60 0.50 0.21 1.71 0.28 1.39 0.95 

SP60AL 0.53 0.23 3.40 0.27 1.37 0.95 

SP80 0.56 0.20 3.21 0.28 1.40 0.95 

SP80AL 0.55 0.19 4.16 0.28 1.38 0.95 

0.40 m  

Natural 0.50 0.19 2.24 0.27 1.37 0.96 

SP40 0.48 0.28 1.26 0.27 1.36 0.96 

SP60 0.49 0.21 1.63 0.26 1.36 0.96 

SP60AL 0.47 0.26 1.28 0.28 1.39 0.96 

SP80 0.49 0.24 1.82 0.29 1.40 0.96 

SP80AL 0.54 0.21 3.36 0.28 1.38 0.96 

0.60 m  

Natural 0.55 0.18 4.63 0.27 1.36 0.92 

SP40 0.48 0.28 0.68 0.28 1.40 0.92 

SP60 0.49 0.20 2.12 0.26 1.36 0.92 

SP60AL 0.48 0.28 1.21 0.28 1.39 0.92 

SP80 0.47 0.26 0.98 0.29 1.41 0.92 

SP80AL 0.49 0.28 0.87 0.28 1.39 0.92 

0.70 m  

Natural 0.58 0.17 1.82 0.24 1.31 0.98 

SP40 0.48 0.28 0.52 0.30 1.43 0.98 

SP60 0.50 0.27 1.58 0.28 1.40 0.98 

SP60AL 0.49 0.29 0.66 0.29 1.41 0.98 

SP80 0.48 0.28 0.85 0.28 1.39 0.98 

SP80AL 0.49 0.30 0.90 0.28 1.40 0.98 

0.80 m  

Natural 0.49 0.21 1.46 0.28 1.39 0.98 

SP40 0.48 0.28 1.04 0.28 1.39 0.98 

SP60 0.50 0.26 1.27 0.29 1.41 0.98 

SP60AL 0.53 0.27 1.46 0.29 1.41 0.98 
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SP80 0.51 0.28 1.06 0.30 1.43 0.98 

SP80AL 0.49 0.30 0.54 0.30 1.42 0.98 

θS: (m3 m-3) volumetric water content (m3 m-3) at the saturation point (Ψm 0 kPa); θR: (m3 m-3) 

volumetric content of residual soil water, the same as PWP: permanent wilting point, (Ψm -

1500 kPa); α, m and n are the fitted empirical parameter obtained by SWRC software; R2: 

coefficient of determination. SP40: planting furrow at 0.40 m with conventional fertilization 

using a furrower; SP60: planting furrow at 0.60 m with conventional fertilization and with 

additional liming (SP80AL) using a soil homogenizer; SP80: planting furrow at 0.60 m and at 

0.80 m with conventional fertilization and with additional liming (SP80AL) using both soil 

homogenizer and subsoiler; Natural a native savannah vegetation area from Cerrado biome. 
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Figure 3. Pore size distribution with significant interaction between treatment and depth for 

LMacro (A) and Cripto pores (B); comparison between the average values of each pore 

distribution class only between treatments regardless of depth (C) and only between depths 

irrespective of treatment (D). For A and B, means followed by the same lowercase letter do 

not differ from each other for treatments within the same depth. By the same uppercase letter, 

they do not differ from each other for depths within the same treatment by the Skott-Knott test 

(p < 0 .05). As for C and D, means followed by the same lowercase letter they do not differ 

for treatments (C) and depths (D) by the Scott-Knott test (p < 0.05), ns: not significant by the 

F test (p < 0.05). SP40: planting furrow at 0.40 m with conventional fertilization using a 

furrower; SP60: planting furrow at 0.60 m with conventional fertilization and with additional 
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liming (SP80AL) using a soil homogenizer; SP80: planting furrow at 0.60 m and at 0.80 m 

with conventional fertilization and with additional liming (SP80AL) using both soil 

homogenizer and subsoiler; Natural a native savannah vegetation area from Cerrado biome. 

LMacro: large macropores (> 147 μm); FMacro: fine macropores (147-73 μm); LMeso: large 

mesopores (73-49 and 49-29 μm); AMeso: average mesopores (29-9 and 9-2.9 μm); FMeso: 

fine mesopores (2.9-0.6μm); Micro: micropores (0.6-0.2 µm); Cripto: criptopores (> 0.2 μm).  
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Figure 4. Location (A) and shape (B) parameters for the normalized pore volume distribution 

function for the different soil preparations. Dmean, Dmedian, and Dmode refer to the mean, median 

and modal values, respectively, of de (equivalent pore diameter); SD standard deviation (SD - 

σG), Sk skewness (asymmetry), and K kurtosis (peak). SP40: planting furrow at 0.40 m with 

conventional fertilization using a furrower; SP60: planting furrow at 0.60 m with conventional 

fertilization and with additional liming (SP80AL) using a soil homogenizer; SP80: planting 

furrow at 0.60 m and at 0.80 m with conventional fertilization and with additional liming 

(SP80AL) using both soil homogenizer and subsoiler; Natural a native savannah vegetation 

area from Cerrado biome. 
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Figure 5. Normalized pore volume distribution function as a function of equivalent pore 

diameter for the different treatments and depths of Cambisol. SP40: planting furrow at 0.40 m 

with conventional fertilization using a furrower; SP60: planting furrow at 0.60 m with 

conventional fertilization and with additional liming (SP80AL) using a soil homogenizer; 

SP80: planting furrow at 0.60 m and at 0.80 m with conventional fertilization and with 

additional liming (SP80AL) using both soil homogenizer and subsoiler; Natural a native 

savannah vegetation area from Cerrado biome. 
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Soil structure, antioxidant enzymes, and root system of rainfed coffee through deep 

tillage strategies 

 

 

Abstract: Deep tillage is a promising solution to reduce drought effects for crops in dense 

soils. With climate change worsening water scarcity, it is crucial to understand how deep 

tillage improves soil structure for root growth and water storage and absorption, benefiting 

sustainable agriculture. This study aims to evaluate the association between different 

strategies of deep tillage and chemical amendments in the planting furrow, focusing on soil 

physical properties and responses by coffee plants. The experiment was conducted on a 

commercial farm in Nazareno, Minas Gerais, Brazil, in a Cambisol area with a clay loam 

texture. A randomized block design experiment was performed with three blocks, and the 

following five soil preparations were tested: SP40: soil preparation with a furrower was used 

to open the planting furrow at 0.40 m depth with conventional fertilization; SP60: Big Mix 

(Soil homogenizer) was applied at 0.60 m with conventional fertilization and with chemical 

amendments by additional liming (SP60AL); SP80: Soil homogenizer was employed at 0.60 

m, followed by a Dreno (subsoiler) at 0.80 m with conventional fertilization and with 

additional liming (SP80AL). After five years, undisturbed soil samples were collected at 

depths 0.00-0.05; 0.15-0.20; 0.35-0.40; 0.55-0.60; 0.60-0.70; 0.75-0.80 m in metallic rings 

and the format of blocks both at the experimental area and an area apart from the testing site 

under native savannah vegetation from the Cerrado biome (Natural). The experimental site 

analyzed soil penetration resistance (PR), bulk density (BD), root system growth variables, 

and chemical element contents with soil water content evaluated from October 2019 to March 

2021, and the antioxidant enzymatic system of coffee leaves investigated during the dry 

(September 2020) and wet (January 2021) seasons. Analysis of variance and the Scott-Knott 

and Dunnett tests (p < 0.05) were applied to analyze the data. The surface mapping of the 
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following PR, root variables, element contents, and the spatiotemporal mapping of soil water 

content were examined by kriging via geostatistical analysis. The results indicated that SP60 

improved the soil's structural quality by enhancing aggregate stability and reducing PR and 

BD at various depths. The planting furrow opened at a depth of 0.60 m facilitated remarkable 

root development in coffee plants, promoting better water absorption along the soil profile. 

This condition led to increased antioxidant activity, with a reduction in hydrogen peroxide 

and lipid peroxidation, especially during dry periods. On the other hand, SP80AL increased 

water content at depth during dry periods. It facilitated homogenous root development in 

coffee plants up to 0.70 m due to lower aluminum concentration and better distribution of 

calcium and magnesium. While this soil preparation approach showed benefits for coffee 

cultivation in dense Cambisols, it was not as profitable as SP60. Despite the lower antioxidant 

activity in SP80AL, SP60 demonstrated better drought tolerance due to improved soil 

physical properties and acclimatization of coffee plants under dense Cambisols and dry 

conditions. Mapping all analyzed variables was crucial in understanding the effects of 

different deep tillage strategies, providing valuable insights for future soil preparation 

decisions for coffee growers. 

 

Keywords: Additional liming; Antioxidant enzymes; Deep tillage; Soil moisture; Soil 

structure; Penetration resistance; Root system. 

 

1. Introduction 

Coffee is a globally consumed and traded beverage, with Brazil being the leading 

producer. However, climate change has negatively impacted coffee growth and production, 

leading producers to seek solutions to increase the drought tolerance of crops. In Minas 

Gerais, the largest coffee-producing region in Brazil, where cultivation and approximately 



83  

70% of the nation's coffee production occurs. However, water scarcity resulting from 

prolonged dry periods, including reduced and irregular rainfall, high temperatures, and early 

frost events, hinders the growth of coffee plants, especially during crucial stages like 

flowering and fruit formation. Consequently, a lower production is anticipated for 2022 than 

the previous year (Mendes et al., 2022; Jawo et al., 2022; Conab, 2022). 

Decision-making in the coffee farming sector in Minas Gerais has prioritized 

conservationist soil preparation practices that focus on understanding and managing the water 

resource dynamics of the soil (Carducci et al., 2014; Carducci et al., 2015). This approach, 

especially in dense soils like Cambisols, involves liming in deeper layers to improve the soil 

structure (Silva et al., 2021; Barbosa et al., 2020; Serafim et al., 2013a). The goal is to 

promote chemical and physical improvements in the soil profile, which can significantly 

increase coffee productivity (Serafim et al., 2013b). 

Cambisol stands out from other soils due to its unique characteristics, including an 

incipient (weakly structure development degree) horizon B and high silt content, which result 

in poor drainage (Bortolanza; Klein, 2016; Soil Survey Staff, 2014; Santos et al., 2018). This 

soil type is challenging for coffee cultivation due to physical restrictions, such as shallow 

effective depth, high natural density, and nutrient deficiencies. Additionally, coffee plants 

have a lower tolerance to environmental factors, particularly climate conditions (Barbosa et 

al., 2020). To overcome these challenges, deep tillage management practices, such as 

subsoilers and scarifiers (Ning et al., 2022), can break up compacted layers and promote root 

development along the soil profile. This soil preparation method improves water accessibility 

for rainfed coffee production (Silva et al., 2021). 

Agronomic and environmental processes like organic carbon dynamics (Rabot et al., 

2018) and soil organisms' activities (Havlicek; Mitchell, 2014) are closely linked to soil 

structure. Improving soil structure is crucial for optimizing crop yields and overall system 
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vitality (Serafim et al., 2013b). Structural soil quality refers to the soil's ability to resist 

external stresses, including mechanical and hydric factors. Enhancing soil structural integrity 

involves the formation of stable aggregates that prevent deterioration and improve water 

circulation (Barbosa et al., 2020; Silva et al., 2021; Ning et al., 2022). Effective 

conservationist management practices prioritize accessible water, nutrient distribution, acidity 

correction, and calcium availability in the Cambisol profile, creating a favorable environment 

for coffee root development (Teixeira et al., 2018; Barbosa et al., 2020). A well-established 

root system supports plant growth (Carducci et al., 2014; 2015; Silva et al., 2016b), with 

magnesium playing a significant role in the plant's physiological processes (Faiz et al., 2022). 

Mapping and monitoring soil attributes in coffee cultivation provides valuable information for 

precision agriculture and decision-making by coffee producers (Bazame et al., 2021). 

Under water stress, plants limit their physiological processes, leading to increased 

generation of reactive oxygen species (ROS), which can be toxic and damage the plant's 

normal cell functions (Cherono et al., 2021). Therefore, to enhance tolerance to adverse 

conditions like drought, plants increase the enzymatic activities of antioxidant enzymes such 

as superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) (Campos et 

al., 2019). This evaluative enzymatic criterion is crucial as water scarcity has caused 

significant losses in coffee production (Cherono et al., 2021). Therefore, understanding coffee 

plants' drought resistance strategies is essential (Campos et al., 2019; de Sousa et al., 2022). 

Thus, this study hypothesizes that deep tillage strategies, including soil preparation 

and subsoiling, combined with additional liming, will improve the soil's physical quality and 

positively affect penetration resistance, root development, and drought tolerance mediated by 

antioxidant enzymes. The aim is to evaluate the association between different strategies of 

deep tillage and chemical amendments in the planting furrow in improving soil physical 
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quality to root development and mitigate drought stress evaluated through the plant 

antioxidant system. 

  

2. Material and Methods 

2.1. Location and characterization of the experimental site 

The study was conducted on an experimental coffee plantation located in the 

municipality of Nazareno, belonging to the Alto Rio Grande Basin, inserted into the 

crystalline surface of the Alto Rio Grande with geographical coordinates latitude 21° 10' 52′′ 

S and longitude 44° 39′ 04′′ W (Figura 1) at an average altitude of 935 m. Regarding the 

historical context of the experimental area, pasture originally covered the area before 

introducing coffee. According to the Brazilian soil classification system, the soil at the study 

site was classified as Cambissolo Háplico Tb distrófico (Santos et al., 2018). This 

classification corresponds to Typic Hapludept in Soil Taxonomy (Soil Survey Staff, 2014) 

and Dystric Cambisol (WRB, 2014) - the official classification adopted in the present study. 

The soil in Horizon Bi had a clay loam texture (Clay: 34 g kg-1; Silt, 23 g kg-1; Sand, 43 g kg-

1) with a moderate block structure. The parent material consisted of pelitic rocks and quartzite 

on granite-gneiss. The soil was chemically and physically characterized before the experiment 

(Table 1). The local climate was classified as Cwb, according to Köppen (1936) (Figure 1), 

indicating a humid temperate climate with dry winter and moderately hot summer. The 

average annual temperature is 18.5°C, and the rainy season occurs from November to March, 

with an average yearly rainfall of 1350 mm.      
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Figure 1. Location and design of the experimental area in UTM zones. SP40: planting furrow 

at 0.40 m with conventional fertilization using a furrower; SP60: planting furrow at 0.60 m 

with conventional fertilization and with additional liming (SP60AL) using a soil 

homogenizer; SP80: planting furrow at 0.60 m and at 0.80 m with conventional fertilization 

and with additional liming (SP80AL) using both soil homogenizer and subsoiler. 
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Table 1. Soi chemical properties in the soil profile before coffee crop planting in 2015. 

  Depth (m) 

  
0.00-0.20 0.20-0.40 0.40-0.60 0.60-0.80 

pH (H2O) 5.1 5.5 5.8 5.7 

K 

mg dm-3 

22.7 16.7 11.3 12 

P 0.4 0.3 0.1 0 

Na 2 2.7 2 2 

Ca 

cmolc dm-3 

0.4 0.3 0.3 0.4 

Mg 0.1 0.1 0.1 0.1 

Al 0.2 0.1 0 0 

H+Al 3.2 2.8 1.9 1.8 

SB 0.6 0.4 0.4 0.5 

t 0.8 0.5 0.4 0.5 

T 3.7 3.2 2.3 2.4 

V 
% 

15.9 13.1 18.9 22.7 

m 28.8 19.9 0 0 

M.O. dag kg-1 2.3 1.9 1.5 1 

P-Rem mg l-1 13.4 8 3.4 3.1 

Zn 

mg dm-3 

0.9 0.6 1 0.7 

Fe 61.1 40.3 27.2 32 

Mn 5.8 2.3 1.6 2.5 

Cu 1.8 1.7 1.5 1.5 

B 0.7 0.2 0.2 0.1 

S 6 5.1 5 4.6 

Clay 

g kg-1 

33 33 35 37 

Silt 16 23 22 27 

Sand 51 44 43 36 

pH: hydrogen potential determined in water; OM: Organic Matter; SB: Sum of bases; t: 

effective cation exchange capacity; T: potential cation exchange capacity; m: aluminum 

saturation; V: Base saturation; P-Rem: Remaining phosphorus. Adapted from Barbosa et al. 

(2020). 
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2.2. Soil preparation 

The soil was chemically corrected based on the properties listed in Table 1. Then, 

dolomitic limestone was applied at 3 Mg ha-1 (1.5 g dm-3) 60 days before planting. The 

limestone, with a neutralizing power of 87%, CaO content of 39.7%, and MgO content of 

13.38%, was incorporated into the soil using a harrow implement across the entire area. 

Five soil preparation were implemented for planting the coffee crop in a uniform area. 

These strategies included one traditional preparation, two focused on deepening the planting 

furrow, and two involved chemical amendments by additional liming and deep furrow 

opening. The preparations applied were furrower (SP40), soil homogenizer (SP60), soil 

homogenizer + additional liming (SP60AL), soil homogenizer + subsoiler (SP80), and soil 

homogenizer + subsoiler + additional liming (SP80AL) (Figure 2A). 
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Figure 2. Schematic representation of the Cambisol with the different soil preparation 

strategies aly with their respective agriculture implements (A); Representation of the different 

soil preparations with the different agricultural implements used for the opening of the 
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planting furrow under the coffee crop in the experimental area (B); Representation of the 

collection of samples with preserved structure (structural physical-hydric quality and 

aggregates) in the planting furrow area follow by the penetration resistance, root system, soil 

moisture monitoring, pXRF evaluation and plant measurements by the NDVI (C); 

Representation of the soil preparation strategies with different agriculture implement (C). 

Adapted from Silva et al. (2021). SP40: planting furrow at 0.40 m with conventional 

fertilization using a furrower; SP60: planting furrow at 0.60 m with conventional fertilization 

and with additional liming (SP60AL) using a soil homogenizer; SP80: planting furrow at 0.60 

m and at 0.80 m with conventional fertilization and with additional liming (SP80AL) using 

both soil homogenizer and subsoiler. 

 

The furrower implement, with a width of 0.35 to 0.65 m, creates furrow at a depth of 

0.40 m, requires a 60 hp tractor, and weighs approximately 105 kg. The Big Mix equipment, 

equipped with a rotary hoe tiller and a fertilizer box with a volume of 270 dm3, homogenizes 

the soil effectively at a width of 0.50 m and a depth of 0.60 m. It needs an 85-hp tractor with 

super-reduced gear, operates at a speed of 0.6 to 1 km per hour, and weighs 450 kg (Mafes, 

2017). The Dreno agricultural tool is designed to remove physical impediments in the soil, 

effective up to a depth of 0.80 m and capable of reaching 0.90 m. It requires a tractor power 

above 180 hp, operates at speeds of up to 6 km per hour, and has a load capacity of 450 kg or 

1.2 tons (Mafes, 2017). Furrows opened to a depth of 0.40 m were closed using a two-rod 

subsoiler at 3 to 5 km per hour after the furrower had passed. For furrows opened to depths of 

0.60 and 0.80 m, the Big Mix equipment utilized a specific attached tool to close them 

(Mafes, 2017). 

All soil preparations followed coffee-growing recommendations for fertilization 

(Guimarães et al., 1999). However, only SP60AL and SP80AL received 200g of dolomitic 
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limestone per linear meter of the furrow (additional liming), based on data from table 1. This 

preparation strategy aimed to increase the soil's base saturation to 70%. The additional liming 

was effectively mixed and incorporated from 0.20 to 0.60 m depth in each furrow by the soil 

homogenizer, utilizing the rotary hoe tiller and the coupled fertilizer box as described in 

Mafes (2017). Topdressing fertilizations were performed thrice, with the first application in 

February 2016, using 0.004 kg of N and K2O per plant. The interval of twenty days between 

applications aimed to improve nitrogen utilization efficiency and reduce losses, particularly 

leaching. 

Considering the susceptibility of the Cambisol group to water erosion in undulating 

terrain, conservation practices were implemented to mitigate its effects. Terracing, through 

mechanical methods, and the cultivation of Brachiaria decumbens L. (Syn. Urochloa) 

between crop rows, using the vegetative methods, were combined. 

To evaluate the effects of soil preparations on coffee plantations, particularly after the 

completion of the second cycle in 2017 (Barbosa et al., 2020; Silva et al., 2021), a series of 

crop management were implemented. These managements aimed to promote optimal growth 

and development of coffee plants, including applying topdressing fertilizer. The objective was 

to assess the subsequent impacts on soil quality and crop performance. For the 2018-2019 

crop, each plant received 0.66 kg of liming, followed by 0.062 kg of N and K2O and 0.013 kg 

of P2O5. However, for the 2019-2020 crop, only 0.049 kg of N and K2O per plant was applied. 

This crop year was associated with evaluating the performance of this Cambisol under coffee 

cultivation, marking the end of the fifth cycle. 

 

2.3. Experimental Arrangement 

The experimental design consisted of randomized blocks with five soil preparers 

(SP40, SP60, SP60AL, SP80, SP80AL). Each experimental plot comprised crop strips 



92  

measuring 10.8 m wide and 84 m long (907.2 m²). Within each plot, there was a planting line 

of 10.5 m, containing fourteen plants for each studied soil preparation. The experiment was 

replicated in three blocks (Figure 1). The coffee cultivar was Catuaí Vermelho - IAC 99 

(Coffea arabica L.), planted in December 2015. The spacing between plants was 0.75 m, and 

the distance between planting lines was 3.6 m, resulting in a density of 3,703 plants per 

hectare. Border rows were included in each experimental plot, consisting of one external row 

on the left and right sides and one row between each soil preparer within the testing area (nine 

rows in total) (Figure 1). These border rows were not used for soil collection or plant 

evaluation to minimize environmental effects and plot interaction. Data collection was 

conducted randomly within the central plot strips, focusing on soil aggregates, root systems, 

penetration resistance, element contents, water content monitoring, and antioxidant enzyme 

levels in leaves. 

 

2.4. Soil physical characterization 

In December 2020, five years after coffee implantation, undisturbed soil 

core samples were collected from soil trenches in the experimental coffee area and a Cerrado 

biome native savannah vegetation area, apart from the testing site, referred to as Natural 

(Figures 1 and 2). The samples were collected at different depths (0.00-0.05; 0.15-0.20; 0.35-

0.40; 0.55-0.60; 0.60-0.70; 0.75-0.80 m) in metallic rings (0.063 m in diameter and 0.025 m 

in height), using an Uhland-type sampler for the soil physical-hydric characterization and in 

the format of soil blocks to evaluate soil aggregates stability. 

Soil trenches were dug with a 0.20 m distance from the coffee plant trunk to the trench 

wall, ensuring a horizontal reach of 0.80 m within the canopy. At each of the six depths, one 

ring and soil block were collected for each of the five soil preparations and within each of the 

three blocks. This sampling resulted in 90 samples for aggregate and physical-hydric 
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characterization. In addition, 18 samples were collected, consisting of three metallic rings and 

soil blocks from each specified different depth in the Natural area. The study encompassed six 

treatments (SP40, SP60, SP60AL, SP80, SP80AL, and Natural), resulting in 108 samples with 

preserved block structures and another 108 metallic ring samples. 

Aggregate samples were air-dried and sieved. First, the aggregate fractions greater than 

8 mm and retained on the 4.76 mm sieve were used (Grohmann, 1960). Then, 25g of 

aggregates were submitted to pre-wetting (Teixeira et al., 2017) and subsequently to 

submerged sieving in water with vertical agitation (Yoder, 1936). Finally, were calculated the 

mean geometric diameter (MGD) and the index of aggregate stability (IAS) also according to 

(Teixeira et al., 2017). 

The undisturbed metallic ring soil samples were submitted at gradual saturation using 

distilled water. After saturation, the samples were submitted to matric potentials (Ψm) of -2, -

4, -6, -8, and -10 kPa, in suction units and Ψm of -33, -100, -500, and -1500 kPa in the 

Richards extractor (Teixeira et al., 2017). After reaching equilibrium, the samples were 

weighed and placed in a forced circulation oven at 105 - 110ºC for 24 hours.  

Subsequently, soil density (BD) was calculated using the volumetric ring methodology 

(Teixeira et al., 2017). Then the available water capacity was calculated and estimated by the 

water content at the field capacity (θFC) and by the water content at the permanent wilting 

point (θPWP) (Silva et al., 2015), being the water content in the field capacity adopted by the 

Ψm -10 kPa, as also assumed by Lima et al. (2010) when studying Cambisol under coffee 

cultivation. 

 

2.5. Soil penetration resistance spatial variation 

The Soil Penetration Resistance (PR) was measured manually using a pocket 

penetrometer CL-700 (Soil test 2205 Lee Street, Chicago, Illinois, USA). This equipment has 
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a fixed, non-rotating cylindrical probe of 3.0 mm, carefully inserted perpendicularly into the 

soil up to the reference mark contained in the penetrometer. The reading was recorded in kgf 

cm-2 (Ajayi et al., 2009). The PR measurement was done in the same soil trenches opened for 

the root development study at the experimental area using another grid consisting of 0.10 x 

0.10 m squares. The gravimetric soil water content U (g g-1) was also determined for each 

square in the grid, with 64 total samples of moisture and PR readings (8 depths x 8 

measurements) for all treatments.  

After reading in kgf cm-2 necessary to penetrate the soil, these were converted into 

MPa multiplied by 0.98066 since 1.0 kgf cm-2 equals 0.98066 MPa. For a better 

understanding of the PR behavior related to the gravimetric water content at the moment of 

this measurement, for each soil preparation and depth was plotted U10kPa, the gravimetric 

water content in the field capacity and calculated the BD. 

 

2.6. Root system development 

Soil trenches with 0.70 m (width) x 0.80 m (length) x 0.80 m (depth) dimensions were 

opened for the root development study using the cultural profile method (Jorge; Silva, 2010). 

The vertical wall of the trench was maintained at 0.10 m far from the plant trunk under the 

coffee plant canopy projection, from which the scarification of up to 0.05 m towards the 

interior of the soil was done to expose the roots. The roots received a thin layer of white paint 

to perfectly contrast the roots and soil (Carducci et al., 2014; Carducci et al., 2015).  

A grid with 0.20 x 0.20 m squares was placed precisely parallel to the trench wall and 

in front of the roots. Then, using a photographic camera with 14 megapixels resolution, 2D 

digital images were obtained. Considering the maximum furrow preparation depth of 0.80 m 

and the trench dimensions limits were generating a total of 16 sampling points. The images 

were processed and aligned in the free software ImageJ and later submitted to the SAFIRA 



95  

program (Jorge; Silva, 2010), generating variables of root number (RN), root volume (RV) 

(mm³), root surface area (RSA) (mm²), root length (RL) (mm), and root diameter (RD) (mm). 

The Ø of roots was classified according to Motta et al. (2006) as fine roots (Ø <1 mm), 

medium roots (1 > Ø < 3 mm), and thick roots (Ø > 3 mm in diameter). 

 

2.7. Soil water content monitoring 

A profile probe PR2/6-SDI-12 (Delta‑T Devices Ltd., Cambridge, UK) was used to 

monitor the soil water content vertical distribution. This monitoring is characterized as a non-

destructive evaluation method of temporal variability of the soil moisture applied for the 

following depths: 0.10, 0.20, 0.30, 0.40, 0.60, and 1 m. Four access tubes were installed in the 

experimental area for each treatment positioned between the coffee plants in the planting row 

at the middle of the furrow. The readings were carried out fortnightly, starting in October 

2019 and ending in March 2021. They aimed to identify periods and depths of water deficit 

and understand the soil water storage variability and its consumption by the coffee plant, as 

also proposed by Silva et al. (2015), however, focusing on different deep tillage strategies. 

The profile probe readings related to the permittivity of the water content of the soil, a 

measure of a material's response to polarization in an electromagnetic field, resulting in a 

stable voltage output in millivolts (mV), were transformed into volts (V) and then converted 

into soil moisture (m3 m-3) by polynomial conversion combined with soil calibration: 

 

 

(Equation 1) 
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Where: V is the value resultant in a stable voltage output in volts, a0 and a1 are the calibration 

coefficients, being a0 = 1.6 and a1 = 8.4 related to mineral soils with the organic matter 

content below 7% and bulk density above 1.0 Mg m–3 (Delta‑T Devices, 2016). 

 

After obtaining the soil moisture values, a map of the monitoring of moisture over 

time (MMOT) was built and from it. This data was calculated based on the soil physical-

hydric data described and determined in the 2.4 section for the available water classification, 

considering (θ > 0.35 m3 m-3) being easily drainable water, (0.35 < θ > 0.25 m3 m-3) related to 

plant-available water, and (θ < 0.25 m3 m-3) characterized like strongly retained water.  

 

2.8.  Chemical elements contents obtained by pXRF in soil depth 

The soil chemical element contents along the soil profile were determined using the 

same grid for PR evaluation. Soil samples were collected inside of each grid square at 

intervals of 0.10 m both horizontally (0.80 m) and vertically (0.80 m), summing 64 total 

samples (8 depths x 8 samples) across the entire soil profile. These 64 soil samples were air-

dried and sieved using a 2 mm mesh. These samples, after preparation, were each examined 

by pXRF Bruker, model S1 Titan LE. This equipment contains a Rh tube of X-rays of 50 keV 

and 100 μA and a silicon drift detector with a resolution of < 145 eV. To validate the 

precision of pXRF analyses, certified samples from the pXRF manufacturer (check sample) 

and the National Institute of Standards and Technology (NIST) (2710a and 2711) were 

scanned, and the obtained results were compared with their certified contents. The recovery 

values (content obtained by pXRF/certified content) for the check sample, 2710a and 2711 

were measured for various elements (Al - 0.91/1.34/0.49; Si - 0.91/1.53/0.85; Fe - 

0.91/0.44/1.09; K - 0.88/0.66/0.68; Ca - 0/1.62/0.44; Ti - 0/0.74/0.95; Zr - 0/1.31/0). A value 

of 0 indicates the absence of a certified value or the equipment's lack of results for that 
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element. Each soil sample was analyzed in triplicate for 60 seconds using Geochem software 

in Trace mode (dual soil) (Weindorf; Chakraborty 2016).  

 

2.9. Antioxidant system evaluation 

Coffee leaves were evaluated in two periods, dry (September/2020) and wet 

(January/2021), for all coffee plants, in each plot of the planting line (12 useful plants) of all 

the soil preparations studied. In this way, in each period, for the evaluation of the enzymatic 

activities of the antioxidant system, leaves of the third pair completely expanded from top to 

bottom were collected, encompassing both sides of the plant. These leaves were wrapped in 

aluminum foil and immersed in liquid nitrogen to preserve their activity. 

Regarding the analysis of antioxidant enzymatic activity, the leaves were macerated in 

a cooled mortar with the aid of liquid nitrogen using 100 mg of PVPP (antioxidant) and 

stored at -80º C for the determination of ascorbate peroxidase (APX), catalase (CAT), 

superoxide dismutase (SOD), apart from hydrogen peroxide, lipid peroxidation, and total 

protein. 

For the activities of ascorbate peroxidase APX, EC:1.11.1.11 (Nakano and Asada, 

1981), catalase - CAT, EC:1.11.1.6 (Havir and McHale, 1987) and superoxide dismutase - 

SOD, EC 1.15.1.1 (Giannopolitis and Ries, 1977), 0.2 g of frozen leaf tissue was weighed 

and mixed with 1.5 mL of potassium phosphate buffer solution (0.1 mol L-1, pH 7.8 + 0.1 

mol L-1 EDTA, pH 7.0, 0.01 mol L-1 ascorbic acid, and 22 mg polyvinylpolypyrrolidone-

PVPP). The suspension was centrifuged at 14.000 g for 10 min at 4° C (Biemelt et al., 1998), 

and the supernatant was used. To guarantee the quality of this analyze, the enzyme extraction 

was performed on the day of analysis to avoid oxidation of the enzyme extract and prepared 

at 0 - 4º C. In addition, the analyzes were performed in triplicate and adopted the use of two 

blanks in each reading plate, Epoch® Micro-plate Spectrophotometer (BioTek, United 
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States), as described in de Sousa et al. (2022). 

Hydrogen peroxide and lipid peroxidation (malonaldehyde) were also determined from 

0.2g of frozen leaf tissue macerated in liquid nitrogen, homogenized in 5 mL trichloroacetic 

acid (TCA), and centrifuged at 12,000 g for 15 min at 4º C, using the supernatant. Thus, the 

methodology proposed by Loreto and Velikova (2001) was adapted from Velikova et al. 

(2000) for hydrogen peroxide, while for lipid peroxidation, the methods described in Silva et 

al. (2020). Protein extraction was based on Bradford (1976) and Zanandrea et al. (2010), all of 

which were analyzed according to the procedures also described by de Sousa et al. (2022).     

 

2.10. Data analysis 

The soil variables data were treated as a split plot with two factors soil preparations 

(plot) x depths (split-plot). The traditional soil preparation (SP40) was treated as a reference 

preparer, and Natural was treated as a reference area to evaluate the effects of the other soil 

preparations, SP60, SP60AL, SP80, and SP80AL. For the coffee leaf evaluation data, SP40 

was also treated as a reference preparer, which in this case, was a simple factorial only 

associated with the deep preparation responses. An analysis of variance was performed to 

compare the treatments studied, and when significant, the Scott-Knott (p < 0.05) test was 

applied to compare the mean values for soil aggregates. Specifically for antioxidant enzyme 

activity, the Scott-Knott test was applied to compare the soil prepares (SP60, SP60AL, SP80, 

SP80AL) between then, and the Dunnett test (p < 0.05) test was applied to compare the 

prepares described previously with the SP40 using the R statistical program (R Core Team, 

2021). 

Root data processed by the SAFIRA program was considered the maximum value for 

the NR, the average for RD, and the sum for RV, RSA, and RL to guarantee greater accuracy 

of the root variables under each square of the sample grid. With the results obtained in each 
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sampling grid unit, spatial analyses of the root system, PR, and soil elemental contents were 

conducted via interpolation through the Multilevel B-splines (Lee et al., 1997) using the 

software QGIS 3.16.13 (QGIS Development Team, 2021). Only RP maps, BD U (%), and 

UFC (%) data were analyzed and processed specifically for the physical characterization of 

this Cambisol. 

The soil water content maps were generated by the Surfer software version 13, using 

the kriging module to interpolate the values (Usman et al., 2022) associated with the 

spatiotemporal dependence (Silva et al., 2015). The surface response was generated in Surfer 

13 and imported into a geographic information system considering the following water 

content classes: < 0.05; 0.05 - 0.10; 0.10 - 0.15; 0.15 - 0.20; 0.20 - 0.25; 0.25 - 0.30; 0.30 - 

0.35; 0.35 - 0.40 and > 0.40 m3 m-3 (volumetric water content), related to the minimum and 

maximum moisture of the dataset studied (PR2/6-SDI-12 readings). 

The surface maps were purposed to visualize better the root variables distribution and 

soil penetration resistance along the soil profile for the different soil preparations after five 

years from the coffee plantation. On the other hand, the water content maps are intended to 

evaluate the variability in different soil preparations assessed under the period (October/20219 

- March/2021) considered. For soil element contents mapping, only elements associated with 

the chemical amendments were selected, that is, elements related to the additional liming 

practice and the soil acidity condition (Ca, Mg, and Al), which will allow a better 

understanding of their disposition and concentrations along the soil profile and understanding 

the efficiency of this chemical amendments over time. 

                          

3. Results and Discussion 

3.1. Soil penetration resistance spatial variation  
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Regardless of the soil tillage preparation, the penetration resistance (PR) tends to be 

lower on the surface and increases with depth in the soil profile. This trend is also observed 

for soil bulk density (BD) (Figure 3). The findings indicate that PR varies depending on the 

type of implement used for furrow preparation. Shallow implements like the furrower 

increased PR in the 0.10 to 0.25 m layer. More profound tools, such as rotary hoe tiller and 

subsoiling rod, showed higher PR values starting from 0.25 m and 0.40 m, respectively 

(Figure 3). In a previous study conducted in the same experimental area, Silva et al. (2021) 

confirmed that the soil preparation equipment used in this study caused compaction at the 

bottom of the furrow, below the equipment's working depth. The authors assessed this 

compaction through a decrease in hydraulic conductivity, which indicates the operational 

error when machinery operates beyond the soil's friability zone. Such structural damage can 

negatively affect the growth of coffee plants (Barbosa et al., 2020). 
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Figure 3. Spatial variability mapping of soil penetration resistance (in MPa) for different soil 

preparations: SP40: planting furrow at 0.40 m with conventional fertilization using a 

furrower; SP60: planting furrow at 0.60 m with conventional fertilization and with additional 

liming (SP60AL) using a soil homogenizer; SP80: planting furrow at 0.60 m and at 0.80 m 

with conventional fertilization and with additional liming (SP80AL) using both soil 

homogenizer and subsoiler. U: gravimetric water content (%); UFC: gravimetric water content 

at field capacity estimated at -10 kPa (%); BD: bulk density (g dm-3).  

 

According to Franco et al. (2022), PR represents the mechanical force that the soil 

exerts against root movement or agricultural implements. The proportion of roots that 

penetrate the soil decreases as the resistance to penetration increases (Martino; Shaykewich, 
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1994). PR is influenced by cohesive forces and friction between soil particles, and the 

movement of these particles is necessary for root growth (Marshall et al., 1996; Silva et al., 

2019). 

Strategies involving deep tillage of the furrow reduced PR in the 0.10 to 0.25 m layer, 

resulting in a 29.77% decrease in soil bulk density (BD) compared to traditional tillage 

preparation. PR is a physical property that significantly varies with depth and depends on soil 

characteristics and the type of mechanization employed (Silva et al., 2019; Franco et al., 

2022). In Figure 3, SP60 demonstrated lower PR variability and lower values along the soil 

profile, indicated by lighter colors, indicating minimal limitations to root growth, as 

confirmed by Figure 4. Conversely, SP60AL showed significant restrictions on root 

development, as evident in Figure 4. These limitations were observed in areas represented by 

darker colors in the PR map (Figure 3). For the SP60AL strategy, which included additional 

liming, PR ranged from 0.25 to 0.85 MPa within the first 0.20 m depth, followed by values 

between 0.86 and 2.00 MPa up to 0.70 m depth and a gradual increase in BD (Figure 3). 

The result referring to the SP60AL showing more excellent resistance to penetration 

than the SP60 was not expected, given the improvements presented by the limestone, mainly 

in the beneficial alteration of the structural physical quality of Cambisols as extolled by Silva 

et al. (2016a). However, five years after the initial preparation and practice of additional 

liming, it is noted that its effects did not last over time. Nevertheless, Barbosa, studying this 

same experimental area, found expressive results associated with additional liming at the end 

of the second coffee cycle. Our results suggest that the extra amount of liming in the subsoil 

was not efficient in prolonging its effects over time, as the Ca2+ was already absorbed by the 

plants, mainly during the initial phase of coffee cultivation under rainfed conditions, as also 

highlighted by Barbosa et al. (2020). 
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Figure 4. Spatial variability mapping of the coffee root system for different soil preparations: 

SP40: planting furrow at 0.40 m with conventional fertilization using a furrower; SP60: 

planting furrow at 0.60 m with conventional fertilization and with additional liming (SP60AL) 

using a soil homogenizer; SP80: planting furrow at 0.60 m and at 0.80 m with conventional 

fertilization and with additional liming (SP80AL) using both soil homogenizer and subsoiler. 

 

The reduction in root growth due to increased soil resistance to penetration can vary 

among plant species (Martino; Shaykewich, 1994). A value of 2.0 MPa is generally 

considered limiting for most crops, based on moisture assessment at field capacity (Saffari et 
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al., 2021). However, studies conducted in the Cerrado region, without irrigation, have shown 

that PR values between 1.26 and 4.0 MPa are considered limiting for coffee cultivation 

(Kobayashi et al., 2008; Silva et al., 2009). Furthermore, in Neossolo Flúvico Tb eutrófico, 

2.5 MPa have been identified as a limiting factor for coffee plant growth (Souza et al., 2017). 

Lima et al. (2010) used a reference PR value of 2.5 MPa for coffee intercropped with 

pasture in Cambisol soil close to the area of the present study. However, these authors noted 

that this soil's PR variation was lower than Oxisols and Argisols. Sene et al. (1985) mentioned 

that 2.5 MPa represents the critical force for clayey soils in their study on soil structure and 

texture in maize yield with subsoiling. However, all these studies calculated the critical PR 

values relative to field capacity, indicating that this value is specific to each soil type. 

Based on the findings in figure 3, a PR value of 2 MPa can be considered limiting for 

the evaluated Cambisol, given the proximity of moisture levels between the collected samples 

(U %) and field capacity (UFC %). When comparing the results of PR and BD (Figure 3) with 

the root system evaluation (Figure 4), limitations in the analyzed root variables occur in layers 

where PR is approximately 2 MPa and BD is equal to or greater than 1.2 mg dm-3. 

 

3.2. Growth and distribution of the root system 

According to Carducci et al. (2014), soil structure significantly impacts root 

development, and root growth, in turn, affects soil structure. In the evaluated Cambisol, SP40, 

a traditional soil preparation used in coffee cultivation in Minas Gerais (Matielo et al., 2015), 

resulted in lower contributions to root number (NR), root volume (RV), and root surface area 

(RSA), while promoting thicker roots (1.8 < Ø < 2 mm) at the expense of finer roots 

responsible for absorption. Similarly, SP60AL showed considerable reductions in these 

variables and thicker roots compared to deep tillage with a subsoiler (SP80) and additional 

liming (SP80AL). These findings align with the higher PR values observed in the profiles of 
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SP40 and SP60AL (Figure 3), which negatively influenced root development. Previous 

studies conducted in the same experimental area, such as Barbosa et al. (2020), reported lower 

aeration, water availability, and structural physical quality due to higher soil density in SP40 

preparation. Additionally, lower macroporosity and permeability were observed at the depth 

influenced by the furrower (0.40 m), as Silva et al. (2021) noted. 

SP60 and SP80 exhibited superior root development up to a depth of 0.40 m, as 

depicted in figure 4. These soil preparations also demonstrated higher root numbers (RN) in 

the center of the planting furrow. Compared to SP40M, SP60, and SP80, they had lower 

calcium concentrations (Ca ≤ 0.55% vs. Ca ≤ 1.10%), as shown in figure 3 of the 

supplementary material. Das et al. (2021) have reported that roots can mitigate soil 

limestone's effects. Therefore, the findings from previous research support the results in figure 

4, where SP60 and SP80 had the highest root numbers (NR ≤ 119), while SP40 had NR ≤ 40. 

Notably, only SP60 was most effective in maintaining a mean geometric diameter (MGD) > 3 

mm (Supplementary Material Figure 2A). All treatments exhibited high soil aggregate 

stability index (IAS) values above 80% (Supplementary Material Figure 2B). This condition 

suggests that the implemented soil preparations, regardless of the agricultural implementation 

used, demonstrated low degradation potential after five years of cultivation. 

SP80 resulted in thinner roots (0.9 - 1.5 mm), essential for water and nutrient 

absorption (Carducci et al., 2015). Silva et al. (2021) highlighted that, 18 months after 

planting in the same coffee area, this specific preparation led to improvements in the 

hydraulic properties and porosity of the Cambisol, mainly when the soil homogenizer and 

subsoiler were used together, promoting the presence of macropores and mesopores up to a 

depth of 0.50 m. 

According to Carducci et al. (2015), based on the work of Motta et al. (2006), roots 

with a diameter between 1 and 3 mm are considered medium-sized and have a supportive 
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function but are less efficient in water absorption. In the present study, the most prominent 

root diameter observed was 2 mm, which differs from the findings of Carducci et al. (2015) in 

a more weathered soil profile (Oxisol), where medium and thick roots (Ø > 3 mm) were 

found. This difference can be attributed to the lower pedogenesis of Cambisols, resulting in a 

smaller network of pores than Oxisols. Additionally, root system characteristics may vary 

depending on plant age, root diameter, soil texture, and structure (Lynch, 1995). 

Carducci et al. (2015) and Silva et al. (2016b) address that soil management with 

machinery at up to 0.60 m and adding gypsum on the surface promoted good root 

development of Arabica coffee in an Oxisol at three years of age. However, the results of the 

present study show that, for the evaluated Cambisol, the deep preparations with additional 

liming (SP60AL and SP80AL) showed a significant reduction in root development compared 

to the same practices without limestone (SP60 and SP80). It was also noted that the additional 

liming did not affect the aggregation variables (Supplementary Material Figure 2) and did not 

show pronounced effects concerning the distribution of calcium and magnesium along the soil 

profile (Supplementary Material Figure 3) for five years after the planting. 

However, Barbosa et al. (2020) highlighted the efficiency of subsoiling with additional 

liming in improving aeration and water availability and reducing the density of this same 

Cambisol evaluated after two years of cultivation. However, our results, as also observed for 

PR, indicate that, after five years, this strategy related to the additional liming did not promote 

the best root development (Figure 4). Blumenschein et al. (2019), studying poorly drained and 

extremely acidic clayey soils in the USA's Midwest under corn and soybeans cultivation, 

address that the best effects of subsoil liming are obtained one year after application. On the 

other hand, Li et al. (2019) comprehensively analyzed multiple globally published studies 

from 1980 onwards, determining that the most suitable period for liming related to its duration 

is three years. This temporal efficacy is intricately associated with dynamic alterations in 
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environmental conditions. These research works may explain the positive results found by 

Barbosa et al. (2020) when relating attributes of the physical quality of the soil concerning the 

practice of additional liming. 

SP40 and SP60AL exhibited higher root concentrations up to a depth of 0.40 m 

(Figure 4). In contrast, the other preparations showed more uniform root distribution in deeper 

layers (0.60 to 0.80 m), particularly in the case of SP80AL (Figure 4), potentially due to the 

higher soil density observed in this layer (Figure 3). Beyond 0.50 m depth, both SP60 and 

SP80 significantly reduced root variables, particularly in RL for SP60 (Figure 4). These 

findings suggest soil compression near the equipment's maximum working depth (Silva et al., 

2021). Negatively impacting soil structure can occur if soil type, equipment, depth, and 

operating speed during preparation are not considered, as Ahmadi (2018) emphasized. 

Additionally, Nunes et al. (2021) state that soil compaction can lead to lateral root growth, 

which is supported by the observed trends in RV, RSA, and RL across all soil preparations 

(Figure 4). 

Partelli et al. (2020) found greater volume and surface area of Arabica coffee roots in 

the surface layers of an Oxisol, with a reduction at greater depths. However, despite their 

dense matrix, Serafim et al. (2013c) observed good root growth at depth in Cambisol. These 

authors underscore the importance of adopting deep soil management (preparation at 0.60 m) 

in conjunction with soil conservation practices, such as maintaining cultivated rows, as was 

also implemented in the present study's experimental setting. 

   

3.3. Spatiotemporal variation of soil water content 

During the study period from October 2019 to March 2021, rainfall distribution 

(Figure 5A) impacted the water content variability in the Cambisol profile, as shown by the 

map of the monitoring of moisture over time (MMOT) (Figure 5B). A drier period was 
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observed between April 2020 and September 2020, while two wetter seasons occurred 

between October 2019 and March 2020 and between October 2020 and March 2021. The total 

precipitation during the study period was 2718.2 mm, close to the standard climatological 

average for the region of 2705.6 mm. In the wet period, 1547 mm of rainfall was recorded in 

2020 and 1126 mm in 2021, while during the dry period, only 45 mm of rain occurred over 

183 days (Figure 5A). The period with the highest water deficit was between June and July 

2020, with precipitation ≤ 1 mm (Figure 5A). 
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Figure 5. Monthly precipitation and temperature for 2019 to 2021 and climatological standard 

normals from the period 1981 - 2010; and spatial and temporal variability maps of the soil 

water content monitoring over time for different soil preparations: SP40: planting furrow at 

0.40 m with conventional fertilization using a furrower; SP60: planting furrow at 0.60 m with 

conventional fertilization and with additional liming (SP60AL) using a soil homogenizer; 

SP80: planting furrow at 0.60 m and at 0.80 m with conventional fertilization and with 

additional liming (SP80AL) using both soil homogenizer and subsoiler.  
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Figure 5A indicates that water availability may be related to the water demand of 

coffee plants. According to Bernardo (2002), a coffee plant typically requires 800 to 1200 mm 

of water per production cycle without losing productivity. In figure 5, it can be observed that 

the 4th cycle (October 2019 to August 2020) had a rainfall of 1585 mm, while part of the 5th 

cycle (September 2020 to March 2021) recorded 1133 mm, indicating favorable conditions 

for the cultivation of Arabica coffee (Thomaziello et al., 2000).  

The data show a range of 12 to 32º C in terms of temperature, with the maximum limit 

(22.5° C) being exceeded by 42.22%. However, Thomaziello et al. (2000) indicate that 

arabica coffee tends to have better development in regions where the average annual 

temperature varies between 18 and 22º C. Assad et al. (2001) also note that the ideal yearly 

temperature for the coffee plant should be between 18 and 23° C. 

The average annual temperature for 2020 (4th cycle) was 22° C, as shown in the data 

(Figure 5A). This temperature falls within the range considered suitable for coffee cultivation, 

considering that this crop has a well-defined phenological cycle. High temperatures can 

hinder flowering and result in reduced fruiting, which affects production, especially during 

periods of prolonged drought (Camargo, 1995). 

Alvarenga et al. (2018) analyzed the Rio Grande watershed region in Minas Gerais, 

Brazil, the same region as this study. These authors observed that from 1961 to 1990, the 

negative water balance occurred between April and July. However, since 2006, the dry period 

has been extended, with the water deficit occurring from March to August. These changes in 

hydrological cycles highlight the need for better management of water resources, especially to 

anticipate problems arising from soil drought, which can significantly impact the agricultural 

sector. 

According to figure 5B, SP40 exhibits less variability in water content across the soil 

profile than deep tillage strategies. This condition results in higher water content up to a depth 
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of 0.40 m and homogeneity throughout the entire soil profile (up to 1 m depth). This condition 

can be attributed to the lower volume of roots present for water absorption in the furrower 

(Figure 4). The map in figure 5B shows variation with lighter colors indicating higher water 

content for the traditional preparation, with alternation between wet periods (from 

October/2019 to March/2020 and from October/2020 to March/2021: 0.15 ≤ θ ≤ 0.25 m3 m-3) 

and a dry period (from April to September/2020: 0.05 ≤ θ ≤ 0.20 m3 m-3). 

On the other hand, SP60 and SP80 exhibited lower values of stored water content in 

wet periods up to a depth of 0.40 m compared to SP40. These results agree with the 

observations in figure 4, where the deep preparations of the planting furrow without 

additional liming showed better root development, characterized by a more significant 

number, volume, and surface area of roots and a larger diameter of absorptive roots at that 

depth. These findings support the results of Silva et al. (2015), who observed a reduction in 

water content in an Oxisol profile under coffee cultivation and related these results to the 

extensive root system that occupied large volumes of the soil. Therefore, soil preparation 

influences the water storage capacity in the soil profile and, consequently, its release and 

absorption by the roots, especially in coffee crops. 

The research conducted by Jackson et al. (2000) emphasizes the influence of soil 

moisture and root water absorption on water fluxes in the soil. Pimentel (2004) also 

acknowledges the relationship between the amount of water plants absorb and the volume of 

soil occupied by roots, mainly when water is available. However, previous studies have not 

adequately addressed the interaction between soil type, physical properties, root system 

architecture, and their combined effects on agricultural management. Therefore, there is still a 

gap in our understanding of this aspect, which is crucial for a comprehensive understanding of 

the subject. 
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Regarding deep tillage strategies (SP60 and SP80) and tillage with additional liming 

(SP60AL and SP80AL), they exhibited more significant variability in water content across the 

soil profile compared to seasonal variation, especially for SP60 (Figure 5B). Generally, water 

content values were lower (0.05 ≤ θ ≤ 0.20 m3 m-3) in the superficial layers (0-0.40 m) and 

increased with depth (> 0.40 - 1 m), reaching up to 0.30 m3 m-3 during the rainy season and 

decreasing to 0.15 m3 m-3 during the driest period. Only SP60 and SP60AL showed water 

content above 0.30 m3 m-3 during the 2021 rainy season but at depths greater than 0.80 m. 

However, this condition does not necessarily indicate better water absorption by the roots, as 

at the same depth and for the same preparations, there is a high concentration of Al 

(approximately 11.32%) (Figure 3 of the supplementary material), which resulted in a 

reduction in root variables, particularly RSA ≤ 28 mm2 (Figure 4). 

Figure 5B suggests that SP60 maintains a relatively constant water volume throughout 

the year, starting from a depth of 0.50 m, indicating less seasonal variation in water content. 

Soil preparations with additional liming increase the water content starting from 0.60 m, 

particularly for SP80AL, which maintains a water content between 0.15 and 0.20 m3 m-3 up to 

0.40 m during the wettest periods. During the dry period, the subsoiler with additional liming 

is the only one with water content above 0.05 m3 m-3 in the top 0.10 m of soil. However, 

SP80AL also shows increased resistance to penetration from 0.10 m (Figure 3) and a lower 

number of roots in this region (Figure 4), which may hinder water absorption and promote its 

accumulation, as indicated in figure 5B. 

SP40 exhibited a water content below the plant's availability (< 0.25 m3 m-3) 

throughout the dry period in the soil profile (Figure 5B), which hampers the development of 

coffee plants, especially during flowering and fruit expansion phases, leading to reduced 

productivity and grain quality (Oliveira et al., 2012). Available water (0.25 - 0.35 m3 m-3) was 

concentrated in layers below 0.35 - 0.65 m for SP40 and below 0.60 m for the other deep 



113  

tillage strategies. In the surface layers, evapotranspiration influences water content more due 

to sunlight exposure and drainage. For depths greater than 0.60 m, the drying effect due to 

evapotranspiration becomes more pronounced, resulting in water retention in smaller pores 

during the dry period, while water passing through larger pores contributes to the water table 

(Silva et al., 2015). 

Most of the root system is concentrated in the surface layer (0 - 0.20 m) (Figure 4), 

contributing to water absorption. This region is the driest in the soil profile (Jackson et al., 

2000; Pimentel, 2004; Silva et al., 2015). As we move deeper into the soil, evaporation has a 

lesser effect, and water content is more influenced by drainage. This condition was observed 

mainly for SP60AL below 0.80 m during high precipitation and for SP60 in root absorption. 

In both cases, a larger volume of roots is expected to be associated with drier soil and vice 

versa. Arruda et al. (2000) suggest that water consumption by coffee plants ceases when 113 

mm of water is depleted along the 0-1 m soil profile. On the other hand, Camargo (1985) 

proposes a value of 150 mm/year as a water deficiency threshold and a limiting factor for 

coffee cultivation. Therefore, our data indicating an average annual precipitation of 139 mm 

for 2020 (Figure 5A) suggest a water deficit for coffee plants during the evaluated period. 

Deep furrow preparations with added liming showed significant potential to increase 

water content in deep layers of the soil profile (0.60 - 0.70 m) during the dry season (Figure 

5B). This water reserve can be utilized by plants since, regardless of the evaluated root 

variable, SP80AL mechanically developed up to a depth of 0.80 m (Figure 4). Carducci et al. 

(2015) indicate that coffee roots can reach depths greater than 1 m, and at the same depth, 

there is improved water availability to plants during the rainy season for SP80, SP60, and 

SP60AL (Figure 5B). 

 

3.4. The activity of the plant's antioxidant system 
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Comparing different soil preparation during the dry and wet periods, variations in 

antioxidant enzyme activity (APX, CAT, and SOD) were observed (Figure 8). In the dry 

period, SP60 showed higher activity for APX, CAT, and SOD than other soil preparations and 

SP40. On the other hand, SP80 and SP80AL exhibited lower activity for all antioxidant 

enzymes, although they did not statistically differ from traditional preparation. During the dry 

period, SP60 and SP80AL reduced hydrogen peroxide, lipid peroxidation, and protein levels 

in coffee leaves compared to SP60AL and SP80. In the wet period, SP60AL, which involved 

soil preparation up to 0.60 m with additional liming, showed higher APX enzyme activity and 

reduced hydrogen peroxide than other soil preparations and the traditional preparer (Figure 8). 
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Figure 6. Antioxidant enzymes: Ascorbate Peroxidase – APX (A); Catalase – CAT (B); 

Superoxide Dismutase – SOD (C); Hydrogen Peroxide (D), Lipid Peroxidation (E) and Total 

Protein (F) for different soil preparations: SP40: planting furrow at 0.40 m with conventional 



116  

fertilization using a furrower; SP60: planting furrow at 0.60 m with conventional fertilization 

and with additional liming (SP60AL) using a soil homogenizer; SP80: planting furrow at 0.60 

m and 0.80 m with conventional fertilization and with additional liming (SP80AL) using both 

soil homogenizer and subsoiler. Bars followed by the same lowercase letters do not differ by 

the Skott-Knott test (p < 0.05) and compare the preparations (SP60; SP60AL; SP80, and 

SP80AL) with each other. Bars followed by an * differ from each other by Dunnett's test (p < 

0.05), ns: not significant by the F test (p < 0.05) when compared to the reference preparation 

(SP40). 

SOD is a key enzyme that plays a crucial role in plant tolerance to oxidative stress by 

removing the superoxide radical (O2
-) and controlling reactive oxygen species (ROS). Its 

reaction produces hydrogen peroxide (H2O2) and O2
-, converting O2

- to H2O2 (Mittler, 2002; 

Verma, Dubey 2003). According to León et al. (2002), SOD is involved in plant defense 

mechanisms as it prevents the formation of the hydroxyl radical (OH)-. However, H2O2 is 

toxic to the cell and needs to be reduced by CAT and APX (Willekens et al., 1995; Asada, 

1999). CAT, found in peroxisomes, removes H2O2 when it is present in high concentrations in 

the cell (Mittler, 2002). On the other hand, APX is crucial in the ascorbate/glutathione cycle, 

reducing H2O2 when it is in low concentrations in the cell (Asada; Takahashi, 1987). These 

enzymes are essential in lowering ROS, especially under water deficit stress conditions, as 

this scenario rapidly leads to the generation of ROS such as O2
-, OH-, and H2O2, causing 

severe toxicity and imbalance between ROS and the antioxidant defense system (Campos et 

al., 2019; Cherono et al., 2021). 

The best adaptation and performance of coffee plants, resulting in higher enzymatic 

activity, were observed when the planting furrow was opened up to 0.60 m deep. However, 

this was not the case when the furrow was opened up to 0.80 m deep under adverse drought 

conditions (Figure 8A, B, and C). The improved physical properties of the soil and root 
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system development contributed to this better performance with SP60. The higher enzymatic 

activity in SP60 aligns with the discussed moisture maps. SP60 maintained a moisture range 

of 0.05 - 0.10 m3 m-3 up to 0.60 m depth throughout the dry period, whereas SP80AL had a 

0.10 - 0.20 m3 m-3 range (Figure 6B). This condition correlates with the findings of Campos et 

al. (2019) and Cherono et al. (2021), who studied oxidative stress through enzymatic activities 

in coffee leaves (Coffea arábica L.) and noted that increased SOD, CAT, and APX activities 

are beneficial under water stress as these enzymes detoxify ROS. Thus, the higher enzymatic 

activity observed in SP60 can be attributed to its lower water storage range of up to 0.60 m, a 

condition not marked in SP80AL. 

Under adverse drought conditions, both SP60 and SP80AL, with high and low 

enzymatic activity, reduced hydrogen peroxide and lipid peroxidation (Figure 8D and E). 

Only SP60AL showed increased APX activity during the wet period and reduced hydrogen 

peroxide (Figures 8A and D). These results are significant and indicate the coffee plant's 

stress condition, particularly with SP60, as an excess of ROS in the cell can damage cellular 

structures and biomolecules. Evaluating plant stress based on antioxidant activity is associated 

with combating ROS (Rejeb et al., 2014). 

Hydrogen peroxide is highly toxic to cells (Willekens et al., 1995; Asada, 1999) and, if 

left uncontrolled, can induce stomatal closure, especially under water stress conditions 

(Deuner et al., 2011). Stomatal closure is the primary strategy employed by coffee plants to 

minimize water loss through transpiration (Barros et al., 1997) or during periods of low water 

availability (DaMatta et al., 2000). Increased lipid peroxidation indicates cell membrane 

damage and ion leakage, affecting membrane functionality (Farooq et al., 2009). Cherono et 

al. (2021) support this by highlighting that reduced lipid peroxidation attenuates cellular 

membrane integrity and stability damage, enhancing plant resistance under water deficit 

conditions. 



118  

In adverse conditions, especially during the dry period, higher activity of the enzymes 

SOD, CAT, and APX is beneficial. Based on the data from Figure 8, the planting furrow 

opened up to 0.60 m without additional liming was the most advantageous preparation for 

coffee plant establishment in the evaluated field conditions. It was also the most cost-effective 

for producers, as it involved using only one agricultural equipment (Big Mix) and was linked 

to conventional fertility management, compared to two agricultural implements (Mig Mix + 

Dreno) and additional additional liming (200 g) in the SP80AL preparer. However, it is worth 

noting that SP80AL also improved water content (Figure 5). Still, it was not the most cost-

effective option since it provided similar results in reducing H2O2 and cell damage compared 

to SP60. 

The condition imposed by SP60 aligns with Figure 3 from the supplementary material, 

as this soil preparation showed lower Mg (%) concentrations than SP40 and SP80, despite 

receiving the same initial soil fertility levels for this specific element. However, the 

preparation up to 0.60 m without additional chemical correction exhibited higher NR > 119 

throughout the soil profile (Figure 4), attributed to lower penetration resistance (Figure 3), 

which likely facilitated more excellent nutrient absorption, favoring metabolic processes 

(Guarçoni; Sobreira, 2017). These findings justify the results observed in Figure 8. 

Faiz et al. (2022) state magnesium enhances antioxidant enzyme activity and detoxifies 

ROS. However, SP80AL also reduced hydrogen peroxide and lipid peroxidation despite 

having lower enzymatic activity than SP60AL, indicating that the soil preparation followed by 

drainage and additional liming benefitted the coffee plants in dry and wet periods. However, 

specific to calcium, Figure 3 from the supplementary material shows that SP80AL has lower 

levels than SP60AL. This result suggests that the additional limestone applied between 0.20 to 

0.60 m depth, incorporated through rotary hoeing followed by subsurface plowing (SP80AL), 

was absorbed by the plants, and activated alternative metabolic pathways, favoring above-
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ground growth since this preparation did not exhibit root growth throughout the Cambisol 

profile like SP60 (Figure 4). Garcia et al. (2019) highlight that ROS can be produced in 

chloroplasts, mitochondria, and peroxisomes, and their production rate varies with the plant's 

physiological state. ROS act as intercellular signals at low concentrations, regulating various 

physiological processes in response to environmental stimuli (Baxter et al., 2014). Therefore, 

these results may be associated with the coffee plant's genetic potential, as it possesses 

physiological and biochemical mechanisms that enable growth and development. Thus, the 

coffee plants adapted better by preparing up to 0.60 m in naturally dense Cambisols. 

The unexpected reduction in proteins and lipid oxidation indicates cellular damage 

caused by ROS (Deuner et al., 2011). According to DaMatta et al. (2018), coffee plants may 

suffer severe damage to cellular structures and proteins involved in physiological metabolism 

under extreme drought conditions. This scenario justifies the reduced protein levels during 

low precipitation for SP60, SP60AL, and SP80AL in the dry period but increased protein 

levels for SP80 in both dry and wet periods (Figure 8F). However, the protein reduction in 

SP60 was not detrimental; on the contrary, it can be justified by the high activity of SOD, 

CAT, and APX, which combat oxidative stress in plant cells and promote more excellent 

antioxidant protection. Additionally, the positive contributions highlighted in previous 

sections, such as soil structural physical quality, soil penetration resistance, and root system, 

support the outcome for SP60. These benefits were not observed for SP60AL and SP80. The 

soil preparation itself can explain this scenario and, as Sousa et al. (2022) suggested, the 

plants' acclimation, as they can adjust to changes according to their environment. 

 

4. Conclusions 

Compared to traditional soil preparation, the deep opening of planting furrows has 

shown promise in mitigating water stress caused by drought in naturally dense Cambisol. 
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Opening and homogenizing the soil up to 0.60 m (using the Big Mix implement) resulted in 

lower resistance to penetration in the subsurface layer (0.10 - 0.25 m), allowing for significant 

root growth up to 0.40 m. However, this preparation led to lower water storage during the dry 

period, triggering higher enzymatic activity of the antioxidant system, significantly reducing 

hydrogen peroxide and lipid peroxidation. On the other hand, soil preparation with a subsoiler 

up to 0.80 m to open the planting furrow, combined with additional liming up to 0.60 m, 

promoted the better distribution of calcium and magnesium in the soil profile due to lower 

aluminum levels. This preparation strategy improved deep water storage in the Cambisol 

during the dry period, resulting in lower hydrogen peroxide and lipid peroxidation levels, 

despite the lower enzymatic activity of the antioxidant system. However, it was not the most 

cost-effective option for producers since SP60 provided similar results, indicating greater 

drought tolerance due to its improvements in physical properties.  

The development of spatial variation maps for soil profile variables, including 

resistance to soil penetration, root system growth, water content, and nutrient content, 

revealed evidence of compaction at the bottom of the planting furrow due to machinery entry 

outside the friability zone during preparation. The root expansion reduction occurred at the 

equipment's expected working depth and persisted even after five years. This condition 

emphasizes the significance of meticulous planning and execution of initial soil preparation 

for perennial crops, as profound root growth is vital for mitigating water stress. 
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Figure 2. Soi aggregate stability index (IAS) and aggregate mean geometric diameter (MGD) 

as a function of different soil deep tillage strategies. SP40: planting furrow at 0.40 m with 

conventional fertilization using a furrower; SP60: planting furrow at 0.60 m with conventional 

fertilization and with additional liming (SP60AL) using a soil homogenizer; SP80: planting 

furrow at 0.60 m and at 0.80 m with conventional fertilization and with additional liming 

(SP80AL) using both soil homogenizer and subsoiler; Natural: a native savannah vegetation 

area from Cerrado biome and depths (0.05; 0.20; 0.40; 0.60; 0.70 and 0.80 m). Means 

followed by the same lowercase letter do not differ for treatments within the same depth, and 

the same capital letter does not differ from each other for depth within the same treatment by 

the Scott-Knott test (p < 0.05). 
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Figure 3. Element contents obtained by pXRF analysis of samples collected in the Cambisol 

profile (0.10 × 0.10 m grid) to characterize all soil preparations studied in terms of Ca (%), 

Mg (%), and Al (%) of this Cambisol for different soil preparations: SP40: planting furrow at 

0.40 m with conventional fertilization using a furrower; SP60: planting furrow at 0.60 m with 

conventional fertilization and with additional liming (SP60AL) using a soil homogenizer; 
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SP80: planting furrow at 0.60 m and at 0.80 m with conventional fertilization and with 

additional liming (SP80AL) using both soil homogenizer and subsoiler.  
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Deep tillage and chemical amendment modify the structural physical of dense Cambisol 

inferred from X-ray computed tomography 

  

Abstract: Successful coffee cultivation in Cambisol requires managing dense layers, nutrient 

restrictions, and water shortage. Therefore, deep tillage and chemical amendment strategies 

along the soil profile are necessary. This study aims to quantify changes and the impact of 

different soil preparation strategies on the structural quality of Cambisol by X-ray Computed 

Tomography (CT) and how these changes influence soil attributes correlated with coffee 

growth. The experiment was conducted on a commercial farm in Nazareno, Minas Gerais, 

Brazil, in a Cambisol area with a clay loam texture. A randomized block design experiment 

was performed with three blocks, and the following three soil preparations were investigated:  

SP40: soil preparation with a furrower was used to open the planting furrow at 0.40 m depth 

with conventional fertilization + a mixture of gypsum, serpentinite, and natural phosphate;  

SP60: Big Mix (Soil homogenizer) was applied at 0.60 m with conventional fertilization + a 

mixture of gypsum, serpentinite, and natural phosphate; SP80: Soil homogenizer was 

employed at 0.60 m, followed by a Dreno (subsoiler) at 0.80 m with conventional fertilization 

+ a mixture of gypsum, serpentinite, and natural phosphate. These soil preparations were 

compared to an area apart from the experimental site under native savannah vegetation from 

the Cerrado biome (Natural). Undisturbed samples using plexiglass cylinders were collected 

at depths of 0.175-0.225, 0.475-0.525, and 0.675-0.725 m six years after the initial soil 

preparation. These depths corresponded to the effective preparation of the furrower, soil 

homogenizer, and subsoiler (0.20, 0.50, and 0.70 m, respectively). In these samples, soil 

computer tomography analyses were investigated along with the correlation of plant 

measurements (stem diameter - SD, plant height - PH, and normalized difference vegetation 

index - NDVI). The experimental site also analyzed soil penetration resistance (PR), bulk 
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density (BD), root system growth variables, and chemical element contents with soil moisture 

monitoring and the NDVI data evaluated from October 2019 to March 2021. Analysis of 

variance and the Scott-Knott test (p < 0.05) was applied to all data analyzed. The surface 

mapping of the following PR, root variables, element contents, and the spatiotemporal 

mapping of soil water content were examined by kriging via geostatistical analysis, all done in 

the statistical software R. The CT technique revealed how different agricultural implements 

affected the structural quality of Cambisol. The subsoiler increased density, reducing inter-

aggregates and void space while enhancing aggregate stability and porosity. The SP80M 

preparation, effective at 0.70 m depth, positively influenced soil properties and coffee plant 

growth. It led to lower penetration resistance, allowing for better root elongation, reflected in 

coffee plants' stem diameter, height, and normalized difference vegetation index (NDVI). In 

addition, deep tillage by the subsoiler and chemical amendments by the mixture improved the 

distribution of calcium, magnesium, and phosphorus, contributing to the enhancement of 

Cambisol's structural physical quality when related to the preparation of the planting furrow 

up to 0.40 m with the furrower and up to 0.60 m with the soil homogenizer. 

 

Keywords: CT scan; Soil physics; Soil porosity; Soil structure; Subsoiler  

 

1. Introduction 

The Brazilian economy relies heavily on coffee, the most traded product globally 

(Silva et al., 2022). Minas Gerais is the leading producer of Coffea Arabica L., contributing 

over half of the country's total production (Conab, 2022). However, coffee-growing regions 

face environmental challenges, specifically dry periods, impacting plant development and 

production (Santos et al., 2014). In addition, climate change-induced drought is a significant 

concern (Silva et al., 2015). Therefore, implementing soil management strategies to address 
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edaphic drought becomes crucial (Silva et al., 2019; Barbosa et al., 2021; Silva et al., 2021). 

The prolonged drought periods have resulted in lower crop production for Arabica coffee 

(Silva et al., 2015; Conab, 2022).  

Deep tillage management strategies in Cambisols have received significant attention 

from researchers aiming to promote improved root system growth in crops (Medeiros et al., 

2013; Silva et al., 2016a and b; Barbosa et al., 2020; Silva et al., 2021). The root system is 

crucial in plant development as it utilizes soil resources, including water and nutrients. Root 

architecture determines how the soil profile is exploited (Hou et al., 2022), especially in 

nutrient-deficient and highly acidic soils like Cambisols (Teixeira et al., 2018). Studies have 

shown that favorable chemical and physical soil conditions are vital for the rapid development 

of plants (Silva et al., 2015; Silva et al., 2019; Barbosa et al., 2020). Deep soil preparation and 

chemical amendment create an environment that enhances water and nutrient absorption, 

which is particularly crucial in coffee-growing regions facing prolonged drought periods 

(Santos et al., 2014; Silva et al., 2015; Conab, 2022).    

Subsoiling practices have been employed to facilitate soil disruption, looseness, and 

root viability in the search for water availability (Medeiros et al., 2013; Barbosa et al., 2020; 

Silva et al., 2021), directly impacting coffee production (Santos et al., 2014). However, 

subsoiling practices can adversely affect subsoil structural modification (Carducci et al., 2017; 

Silva et al., 2021). Therefore, it is crucial to understand how roots respond to the spatial 

complexity of soils (Carducci et al., 2015), primarily when nutrient management strategies are 

implemented to enhance root exploration (Hou et al., 2022) and overall plant development 

(Barbosa et al., 2020). Additionally, the association between root behavior and penetration 

resistance (Carducci et al., 2015; Silva et al., 2019), as well as the influence of soil 

preparation on water storage (Silva et al., 2015), should be considered. 

To better understand the impact of management practices on soil structure in coffee 
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production, robust techniques like X-ray Computed Tomography (CT) imaging can assist 

(Carducci et al., 2014a and b; 2015; 2017; 2022). CT provides a detailed spatial 

characterization of soil components, allowing for a comprehensive understanding of soil 

structure and its functions (Dhaliwal and Kumar, 2022). This non-invasive technique has 

revolutionized soil science through 3D imaging (Carducci et al., 2015). Management practices 

in agricultural areas significantly influence soil structure dynamics, affecting root mobility, 

water storage, and plant nutrient availability (Carducci et al., 2015; Dhaliwal and Kumar, 

2022). Consequently, the morphology and porosity of voids within aggregates, including their 

size, shape, and orientation, are altered (Taina et al., 2013; Costa et al., 2018; Pires et al., 

2020; Carducci et al., 2022). Furthermore, understanding the effects of deep soil preparation 

and chemical amendment in coffee plantations on plant growth, particularly in height and 

vegetative vigor (NDVI), is crucial (Barbosa et al., 2020). 

Our hypothesis, supported by CT technology, examines the impact of different 

agricultural implements (furrower, soil homogenizer, and subsoiler) at specific depths (0.20, 

0.50, and 0.70 m) on the structural quality of Cambisols. The soil homogenizer and subsoiler 

aim to reduce soil density, improve porosity, and decrease penetration resistance by disrupting 

the dense layer. This condition will promote vigorous coffee plant growth and root expansion, 

facilitated by enhanced water storage and availability. Using X-Ray Computed Tomography 

and assessing physical properties, water storage, and coffee vigor, this study aims to evaluate 

changes in the structural quality of Cambisols resulting from different soil preparation 

strategies. 

 

2. Material and Methods 

2.1. Site of Study 

The study was conducted in an experimental coffee plantation located in Nazareno 
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municipality, part of the Alto Rio Grande Basin, Minas Gerais state, Brazil, with geographical 

coordinates latitude 21° 10' 52′′ S and longitude 44° 39′ 04′′ W (Figure 1) at an average 

altitude of 935 m. The soil at the site was classified as Cambissolo Háplico Tb distrófico 

(Santos et al., 2018), Typic Hapludept in Soil Taxonomy (Soil Survey Staff, 2014) and 

Dystric Cambisol (WRB, 2014). The soil had a clay loam texture with a moderate block 

structure and consisted of pelitic rocks and quartzite on granite gneiss (Figure 2). The local 

climate was classified as Cwb (Figure 1), indicating a humid temperate climate with dry 

winter and moderately hot summer (Köppen, 1936). The average annual temperature is 

18.5°C, and the rainy season occurs from November to March, with an average yearly rainfall 

of 1350 mm. Before the experiment, the soil was chemically and physically characterized 

(Table 1). 
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Figure 1. Location and design of the experimental area defined in UTM zones. SP40M: 

planting furrow at 0.40 m with conventional fertilization and a mixture of gypsum, 

serpentinite, and natural phosphate using a furrower; SP60M: planting furrow at 0.60 m with 

conventional fertilization and with a mixture of gypsum, serpentinite, and natural phosphate 

using a soil homogenizer; SP80M: planting furrow at 0.60 m and at 0.80 m with conventional 

fertilization and with a mixture of gypsum, serpentinite, and natural phosphate using both soil 

homogenizer and subsoiler.   



147  

  



148  

Figure 2. Schematic representation of the Cambisol profile under natural Cerrado vegetation 

and its main pedological characteristics (A); Representation of the coffee crop in the 

experimental area (B); Representation of the collection of samples with preserved structure 

(structural physical-hydric quality and aggregates) in the planting furrow area follow by the 

penetration resistance, root system, soil moisture monitoring, pXRF evaluation and plant 

measurements (stem diameter, plant height, and NDVI) (C); Summary of the operations 

conducted in the present study, in each management of the experimental area (D, E, and F). 

SP40M: planting furrow at 0.40 m with conventional fertilization and a mixture of gypsum, 

serpentinite, and natural phosphate using a furrower; SP60M: planting furrow at 0.60 m with 

conventional fertilization and with a mixture of gypsum, serpentinite, and natural phosphate 

using a soil homogenizer; SP80M: planting furrow at 0.60 m and at 0.80 m with conventional 

fertilization and with a mixture of gypsum, serpentinite, and natural phosphate using both soil 

homogenizer and subsoiler. Adapted from Silva et al. (2021). 
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Table 1. Mean values of soil fertility analyses and soil particle size distribution at the soil profile before planting the coffee crop in 2015. 

Depth pH K P Na Ca Mg Al H+Al SB t T V m M.O. P-Rem Zn Fe Mn Cu B S Clay Silt Sand 

(m) (H2O) mg dm-3 cmolc dm-3 % dag kg-1 mg l-1 mg dm-3 g kg-1 

0.00-0.20 5.1 22.7 0.4 2.0 0.4 0.1 0.2 3.2 0.6 0.8 3.7 15.9 28.8 2.3 13.4 0.9 61.1 5.8 1.8 0.7 6.0 33 16 51 

0.20-0.40 5.5 16.7 0.3 2.7 0.3 0.1 0.1 2.8 0.4 0.5 3.2 13.1 19.9 1.9 8.0 0.6 40.3 2.3 1.7 0.2 5.1 33 23 44 

0.40-0.60 5.8 11.3 0.1 2.0 0.3 0.1 0.0 1.9 0.4 0.4 2.3 18.9 0.0 1.5 3.4 1.0 27.2 1.6 1.5 0.2 5.0 35 22 43 

0.60-0.80 5.7 12.0 0.0 2.0 0.4 0.1 0.0 1.8 0.5 0.5 2.4 22.7 0.0 1.0 3.1 0.7 32.0 2.5 1.5 0.1 4.6 37 27 36 

pH: hydrogen potential determined in water; OM: Organic Matter; SB: Sum of bases; t: effective cation exchange capacity; T: potential cation 

exchange capacity; m: aluminum saturation; V: Base saturation; P-Rem: Remaining phosphorus. Adapted from Barbosa et al. (2020).
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2.2. Soil Preparation 

The soil chemical correction was performed based on the soil properties determined in 

table 1 before coffee planting. Sixty days before planting, dolomitic limestone was applied at 

3 Mg ha-1 (1.5 g dm-3) over the entire area. The dolomitic limestone had a total neutralizing 

relative power of 87 %, with CaO of 39.7 % and MgO of 13.38 %. Limig incorporation into 

the soil was done using a harrow implement with twenty discs, a cutting width of 0.35 m, and 

an average tractor power of 230 hp. 

Three soil preparation strategies were implemented in a homogeneous area for coffee 

crop planting. These included furrower + mixture of gypsum, serpentinite, and natural 

phosphate (SP40M), soil homogenizer + mixture of gypsum, serpentinite, and natural 

phosphate (SP60M), soil homogenizer + subsoiler + mixture of gypsum, serpentinite, and 

natural phosphate (SP80AL) (Figure 2). 

The furrower implement was used to create furrows with a width of 0.35 to 0.65 m and 

a depth of 0.40 m. It required a tractor with 60 hp and weighed around 105 kg. The Big Mix 

equipment, or soil homogenizer, had a rotary hoe tiller and a fertilizer box with a volume of 

270 dm3. It effectively blended and corrected the soil, operating at a width of 0.50 m and a 

depth of 0.60 m, with a tractor power of 85 hp (Mafes, 2017). The Dreno agricultural tool, 

designed to address deep-seated soil impediments, included a subsoiling rod with a 

preparation capacity of up to 0.90 m (effectively up to 0.80 m). It required a tractor with over 

180 hp and operated at speeds of up to 6 km per hour, with a load capacity of 450 kg or 1.2 

tons (Mafes, 2017). After opening the furrows to a depth of 0.40 m, they were closed using a 

two-rod subsoiler at 3 to 5 km per hour. In cases where furrows were opened to depths of 0.60 

and 0.80 m, the Big Mix equipment, equipped with a specific attachment tool, was used to 

close the furrows. 

All preparations received fertilization following coffee-growing recommendations 
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(Guimarães et al., 1999) and a mixture of 500 g of gypsum, 167 g of serpentinite, and 500 g of 

natural phosphate per linear meter of the furrow. This mixture was effectively mixed and 

incorporated from 0.20 to 0.60 m depth in each furrow using the soil homogenizer with a 

rotary hoe tiller and a coupling fertilizer box (Mafes, 2017). Exclusively for SP40M, the 

mixture was incorporated up to a depth of 0.40 m using a furrower, which limited the 

effective depth. The mixture's composition was determined based on the phosphorus 

concentrations, gypsum (calcium), and magnesium requirements outlined in table 1. 

Topdressing fertilizations were applied three times, with the first in February 2016, applying 

0.004 kg of N and K2O per plant every twenty days to increase nitrogen use efficiency and 

reduce losses, mainly through leaching. 

To mitigate the effects of water erosion on the Cambisol group under undulating relief, 

conservation practices were adopted. A combination of mechanical terracing and vegetative 

cultivation of Brachiaria decumbens L. (Syn. Urochloa) between crop rows was 

implemented. 

Cultural treatments were carried out to promote the coffee plant's overall development, 

including top-dressing fertilizers. In the 2018-2019 crop season, specific amounts of cover 

liming, N, K2O, and P2O5 were applied per plant. In the 2019-2020 crop season, only N and 

K2O were applied without cover liming. Finally, in the 2020-2021 crop season, cover liming 

and N, K2O were applied per plant, corresponding to this study's evaluation year. 

 

2.3. Experimental Arrangement 

The experiment followed a randomized block design with three soil preparation 

strategies (SP40M, SP60M, SP80M). Each plot consisted of crop strips measuring 10.8 m 

wide and 84 m long (907.2 m2), with fourteen plants along a planting line (10.5 m) for each 

soil preparation and three replications. The Catuaí Vermelho - IAC 99 coffee cultivar (Coffea 
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arabica L.) was planted in December 2015. The spacing between plants was 0.75 m, and the 

distance between planting lines was 3.6 m, resulting in a density of 3,703 plants per hectare. 

Nine total rows inside the testing area were considered borders and not evaluated to minimize 

environmental effects and plot interaction. Data collection for soil X-ray CT scan, root 

systems, penetration resistance, soil physical characterization, element contents, water 

content monitoring, and plant measurements were performed randomly in the central plot 

strips. 

 

2.4. Soil core sampling 

In September 2021, almost six years after coffee implantation, soil samples were 

collected from the experimental coffee area and a native vegetation reference area (Natural), a 

native savannah vegetation area from the Cerrado biome (Figures 1 and 2). Trenches were 

opened, and undisturbed soil core samples were collected using metallic rings at six depths 0-

0.05; 0.15-0.20; 0.35-0.40; 0.55-0.60; 0.60-0.70; 0.75-0.80 m. In addition, 54 samples were 

collected for physical-hydric characterization, considering three soil preparation strategies, six 

depths, and three blocks. 

The undisturbed soil samples were gradually saturated with distilled water and then 

subjected to different matric potentials (-2, -4, -6, -8, and -10 kPa) using suction units and (-

33, -100, -500, and -1500 kPa) in the Richards extractor (Teixeira et al., 2017). After reaching 

equilibrium, the samples were weighed and dried in a forced circulation oven. Soil density 

(BD) was calculated using the volumetric ring methodology (Teixeira et al., 2017), and the 

available water capacity was estimated based on the water content at field capacity (θFC) and 

permanent wilting point (θPWP) (Silva et al., 2015). The water content at field capacity was 

determined at a matric potential of -10 kPa (Lima et al., 2010). 



153  

Undisturbed soil samples were collected in plexiglass cylinders (0.06 m in diameter 

and 0.05 m in height) for CT scan analysis. The samples were collected at specific layers 

corresponding to the practical work of different agricultural machinery. The layers of interest 

were 0.175-0.225 m for the furrower, 0.475-0.525 m for the soil homogenizer, and 0.675-

0.725 m for the subsoiler, representing effective depths (the middle of the plexiglass cylinder) 

of 0.20, 0.50, and 0.70 m, respectively. 

Twenty-seven samples were collected inside the experimental area, including three 

depths, three soil preparation strategies, and three blocks. In the Natural area, only three 

cylinders were collected at the 0.175-0.225 m layer due to the presence of gravel, making 

sampling in the other layers unfeasible. This sampling only aiming at a depth of 0.20 m in the 

Natural is justified by the fact that this Cambisol has a naturally dense layer at a depth of 0.20 

m, and therefore its evaluation due to the alteration promoted by different agricultural 

implements used in opening the furrow is supported. Thus, four treatments were studied 

(SP40M, SP60M, SP80M, and Natural), resulting in 30 samples for the CT scan analysis. 

 

2.4.1. X-ray CT scanning 

The soil samples were prepared and dehydrated in an oven at 40º C to remove water 

content and minimize interference with X-ray propagation. Tomographic images were 

obtained using a third-generation microtomography system (NIKON XT H 225 ST) with 

specific settings (Nikon Metrology, NV). The X-ray generation involved a tungsten filament 

and tungsten target at voltages of 225 kV and currents of two microamperes (Costa et al., 

2016a and b).  

The tomographic images were generated with a voltage of 150 kV and a current of 200 

mA. Three thousand sixteen projections were acquired at an angular step of approximately 

0.12°, with a spatial resolution of 35 μm. Each projection had an integration time of 500 ms 
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and one frame per projection. The acquisition of each projection required two additional 

images and lateral displacement, resulting in a scan time of 1 hour and 45 minutes per sample. 

A copper filter of 0.5 mm thickness was used to minimize artifacts. 

The images were reconstructed to create a cube with dimensions of 30 mm edge and 

857 x 857 x 857 voxels (x, y, and z, respectively). The exact center of the reconstructed 

plexiglass cylinder was selected to ensure the evaluation of a uniform sub-volume for all 

samples and to correspond to the specific practical work depth of each machine under study 

(0.20, 0.50, and 0.70 m). The 3D model was created using specialized software, and X-ray 

attenuation in the CT scans was compared using VGStudio Max 2.2 program. The grey-scale 

values were converted to the Hounsfield scale (Carducci et al., 2014a), and image noise was 

reduced using a 3D Gauss filter. The final slices of the reconstructed images were generated 

in the same software program. 

 

2.4.2. Image segmentation and processing 

The segmentation process separates the region of interest, containing voids in the soil 

sample, from the rest of the image. This identification of voids, solids, and the soil matrix was 

made voxel by voxel, based on their radiodensity values using the Hounsfield scale (Costa et 

al., 2016a and b). Next, histograms were constructed for each image using the Batch 

processor, and an average histogram was generated from these individual histograms. 

Calculations and interpretations were then performed using the average histogram. Finally, 

individual semivariograms were computed for each image using the histogram data, and an 

average semivariogram was also generated for further analysis. 

The histograms obtained from the 30 images were analyzed using the Fityk software, 

with the Gaussian model being selected due to its 96.8% accuracy. Ranges of values for void, 

non-void, non-solid, and solid phases were determined based on the peaks and variances of 
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multimodal histograms constructed from the Gaussian curve. These values were then 

manually applied as thresholds in ImageJ using the threshold tool, allowing for a comparison 

with the original image. This step initiated the multiphase segmentation, identifying three 

distinct regions: voids, matrix, and solids. 

The image processing followed a five-step methodology developed by the Laboratory 

of Soil Imaging at the U of G (Jefferies et al., 2014). The first step involved converting the 

original image into an 8-bit binary image, assigning values 1 or 2 to represent voids and non-

voids, solids and non-solids, respectively. In the second step, a mask was created to analyze 

the soil matrix by assigning NaN values to voids and solids and 1 to the matrix. The third step 

multiplied the mask image with the original grayscale image, resulting in a matrix image with 

NaN values for voids and solids. The histogram of this segmented grayscale matrix image was 

then used to calculate the radiodensity of the soil matrix. In the fourth step, voids were 

identified using the "Particle Analysis" plug-in. The fifth and final step involved tabulating 

data from spreadsheets referencing tomographic data. 

 

2.4.3. Morphometric analysis of voids 

The void spaces in the soil samples were analyzed using a Batch processor and the 

"Particle Analyzer" plug-in. The plug-in created ellipsoids for each pore and determined their 

size and orientation based on their shape. The total voids were calculated by dividing the sum 

of small, medium, and large voids by the image size, multiplied by 100, where large voids 

(100001 - infinity voxels), medium voids (9 - 10000 voxels), and small voids (0 - 8 voxels). 

Large voids represented an inter-aggregate network of voids that spread across the soil 

aggregates. The intra-aggregate voids, categorized as medium and small voids, were 

calculated by dividing the sum of medium and small voids by the image size minus the 

number of large voids, multiplied by 100. The number of aggregates present in the sub-
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volume under study was determined by dividing the difference between the image size and 

the number of large voids by the image size, multiplied by 100. Finally, the surface area to 

volume ratio of inter-aggregate voids was calculated using the total surface area of the voids 

in pixels. 

The medium and small voids, designated as intra-aggregate voids, were classified 

based on their shape, size, and orientation using parameters such as the major (a), 

intermediate (b), and minor (c) axes of the ellipsoid. The b/a and c/b ratios were calculated 

following Zingg's research (1935) and modified from Bullock et al. (1985). The voids were 

classified into prolate, oblate, triaxial, and equant shapes. However, the classification method 

may have difficulty determining the shape of voids due to the limitations of accounting for the 

voxels that make up a void axis. Therefore, in this study, such voids were classified as 

unclassified. The intra-aggregate voids were further divided into macro, meso, and 

microvoids based on their equivalent sphere diameter (size), according to Passoni et al. 

(2015). In this work, macrovoids referred to volumes greater than 2,268.1 x 102, mesovoids 

ranged from 4.189 x 102 to 1.023 x 10-3, and microvoids were smaller than 1.278 x 10-4 mm3. 

The orientation of the voids was determined in different directions, including inclined-

horizontal (60-75° and 105-120°), near-horizontal (75-105°), inclined-vertical (15-30° and 

150-165°), near-vertical (0-15° and 165-180°) and inclined (30-60° and 120-150°) as 

described by Taina et al. (2013). Therefore, using the ImageJ "Particle Analyze" tool through 

the Batch processor, voids were identified based on their shape, size, and orientation. 

 

2.5. Root system 

Soil trenches measuring 0.70 m (width) x 0.80 m (length) x 0.80 m (depth) were 

excavated using the cultural profile method to study root development. A vertical trench wall 

was maintained at 0.10 m from the plant stem under the canopy projection of the coffee plant. 
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In addition, the soil was scarified up to 0.05 m towards the interior to expose the roots, which 

were painted with a thin layer of white paint to enhance visibility (Carducci et al., 2014; 

Carducci et al., 2015). 

A 0.2 x 0.2 m square grid was positioned parallel to the trench wall in front of the 

roots. Using a 14-megapixel digital camera, 2D images were captured. Considering the 

maximum depth of 0.80 m and the dimensions of the trench, 16 sampling points were 

generated. The images were processed and aligned in the free software ImageJ and then 

analyzed using the SAFIRA program (Jorge and Silva, 2010). This analysis provided 

variables such as root number (RN), root volume (RV) (mm³), root surface area (RSA) (mm²), 

root length (RL) (mm), and root diameter (RD) (mm). The root diameter was classified into 

fine roots (Ø <1 mm), medium roots (1 > Ø < 3 mm), and thick roots (Ø > 3 mm), according 

to Motta et al. (2006). 

 

2.6. Penetration resistance 

The pocket penetrometer CL-700 from Soil test 2205 Lee Street, Chicago, Illinois, 

USA, manually measured the penetration resistance (PR). The penetrometer has a fixed 

cylindrical probe of 3.0 mm, inserted perpendicularly into the soil up to the reference mark. 

The reading was recorded in kgf cm-2 (Ajayi et al., 2009). The PR measurements were 

conducted in the same soil trenches as the root development study, using a grid with 0.10 x 

0.10 m squares. Gravimetric soil water content U (g g-1) was determined for each grid square, 

resulting in 64 samples of moisture and PR readings (8 depths x 8 measurements) for all soil 

preparation strategies. 

The PR readings in kgf cm-2 were converted to MPa by multiplying them by 0.98066 

since 1.0 kgf cm-2 equals 0.98066 MPa. To understand the behavior of PR concerning the 

gravimetric water content at the time of measurement for each management and depth, U10kPa 
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(gravimetric water content at a matric potential of 10 kPa), which represents field capacity, 

was plotted. Soil density (BD) was also calculated using the data described in section 2.4. 

 

2.7. Soil moisture monitoring 

A profile probe PR2/6-SDI-12 from Delta-T Devices Ltd., Cambridge, UK was used 

to monitor the vertical distribution of soil moisture. This non-destructive method was applied 

at depths of 0.10, 0.20, 0.30, 0.40, 0.60, and 1 m to evaluate the temporal variability of soil 

moisture. In addition, four access tubes were installed in each soil preparation between the 

coffee plants in the planting row at the middle of the furrow. Readings were taken fortnightly 

from October 2019 to March 2021. The purpose was to identify periods and depths of water 

deficit, understand soil water storage variability, and examine its consumption by the coffee 

plants (Silva et al., 2015 subjected to different deep tillage practices.  

The readings from the profile probe were based on the permittivity of the soil water 

content, which measures the material's response to polarization in an electromagnetic field, 

resulting in a stable voltage output in millivolts (mV). These readings were converted to volts 

(V) and soil moisture (m3 m-3) using polynomial conversion combined with soil calibration. 

 

 

(Equation 1) 

 

Where: V is the value resultant in a stable voltage output in volts, a0 and a1 are the calibration 

coefficients, being a0 = 1.6 and a1 = 8.4 related to mineral soils with the organic matter 

content below 7% and bulk density above 1.0 Mg m–3 (Delta‑T Devices, 2016). 

A map of the monitoring of moisture over time (MMOT) was created based on the 

obtained soil moisture values. This map determined the available water classification using 



159  

the soil physical-hydraulic data described in section 2.4. The classification was based on the 

following criteria: soil moisture values greater than 0.35 m3 m-3 were considered easily 

drainable water, values between 0.35 and 0.25 m3 m-3 were classified as plant-available water, 

and values less than 0.25 m3 m-3 were considered strongly retained water. 

 

2.8. pXRF 

Soil chemical element contents were analyzed along the soil profile using a grid with 

0.80 m intervals horizontally and vertically, resulting in 64 soil samples (8 depths x 8 

samples). The samples were air-dried, sieved, and examined using pXRF Bruker, model S1 

Titan LE, which has an X-ray tube of 50 keV and 100 μA and a silicon drift detector with a 

resolution of < 145 eV. To ensure accuracy, certified samples from the pXRF manufacturer 

(check sample) and the National Institute of Standards and Technology (NIST) (2710a and 

2711) were scanned and compared with their certified contents. Recovery values (content 

obtained by pXRF/certified content) for different elements were measured, and a value of 0 

indicates the absence of an accredited value or the equipment's lack of results for that element. 

Each soil sample was analyzed in triplicate for 60 seconds using Geochem software in Trace 

mode (dual soil) (Weindorf; Chakraborty 2016). 

 

2.9. Plant measurement 

During soil sampling, measurements of stem diameter (SD) and plant height (PH) 

were taken for each plant (12 useful plants) under soil preparation strategies. In addition, the 

vegetative vigor was assessed using the Normalized Difference Vegetation Index (NDVI), 

which quantifies vegetation growth Bhandari et al. (2012).  

 The NDVI was assessed using a Green Seeker® sensor (model RT200) from Ntech 

Industries (Barbosa et al., 2020). Readings were taken fortnightly alongside soil moisture 
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monitoring, starting in October 2019 and ending in March 2021. The sensor was positioned 

0.40 m before each coffee plant in all studied soil preparations. Two readings were conducted 

for each plant in each plot of the planting line, totaling 12 readings per plot. 

 

2.10. Data analysis 

The data were treated as a split plot with two factors, soil preparer strategies (plot) and 

depths (split-plot). Furthermore, Natural was treated as a reference area to evaluate the effects 

of the other soil preparations, SP40M, SP60M, and SP80M. An analysis of variance was 

performed to compare the treatments studied. When significant, the Scott-Knott test (p < 0.05) 

was applied to compare the mean values between SP40M, SP60M, and SP80M, and the 

Dunnett test (p < 0.05) was applied to compare the SP40M, SP60M, and SP80M to the 

reference area (Natural), performed using the R statistical program (R Core Team, 2021). 

For the root data, was considered the maximum value for root number (RN), average 

for root diameter (RD), and sum for root volume (RV), root surface area (RSA), and root 

length (RL). Spatial analyses of the root system, PR, and soil elemental contents were 

conducted using the Multilevel B-splines interpolation (Lee et al., 1997) method in QGIS 

3.16.13 software (QGIS Development Team, 2021). The MMOT maps were generated using 

Surfer software version 13, employing the kriging module to interpolate soil water content 

values (Usman et al., 2022). The resulting surface response was imported into a geographic 

information system, categorizing water content classes based on volumetric water content 

ranging from < 0.05 to > 0.40 m3 m-3, following the minimum and maximum moisture values 

obtained from PR2/6-SDI-12 readings (Silva et al., 2015). 

The surface maps were created to visualize the distribution of root variables and soil 

penetration resistance along the soil profile for the proposed soil preparation strategies of the 

planting furrow after almost six years of coffee plantation. The water content maps aimed to 
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assess the variability in different deep tillage practices during the period of October 2019 to 

March 2021. For elemental contents mapping, only elements associated with the chemical 

amendment (mixture) and soil acidity conditions were selected (Ca, Mg, P, and Al). These 

maps provide insights into the disposition and concentrations of these elements resulting from 

adopting the practice and soil preparation over six years. Pearson correlation analysis 

evaluated the relationship between X-ray microtomography, physical properties, and coffee 

plant measurements using R's stats and corrplot packages (R Core Team, 2021; Wei and 

Simko, 2021). 

 

3. Results and discussion  

3.1. Radiodensity 

At a depth of 0.20 m, the use of the furrower in soil preparation resulted in lower soil 

radiodensity (9.93%) and matrix (3.39%) compared to other soil preparations (Figure 3). The 

furrower, commonly employed by coffee farmers in Minas Gerais state, Brazil, promotes soil 

preparation up to 0.40 m depth. Research conducted in the same area at the end of the second 

coffee cycle showed that the furrower improved aeration and drainage pores at 0.20 m depth, 

enhancing porosity (Barbosa et al., 2020). However, after 18 months, the furrower induced 

compaction at the bottom of the planting furrow from 0.35 to 0.55 m depth at this Cambisol 

(Silva et al., 2021). This condition explains the increased soil and matrix radiodensity at 0.50 

m depth compared to SP60M (8.27% and 2.76%, respectively). Still, no significant difference 

was observed at 0.70 m depth. 
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Figure 3. Soil and matrix radiodensity at different treatments and depths. SP40M: planting 

furrow at 0.40 m with conventional fertilization and a mixture of gypsum, serpentinite, and 
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natural phosphate using a furrower; SP60M: planting furrow at 0.60 m with conventional 

fertilization and with a mixture of gypsum, serpentinite, and natural phosphate using a soil 

homogenizer; SP80M: planting furrow at 0.60 m and at 0.80 m with conventional fertilization 

and with a mixture of gypsum, serpentinite, and natural phosphate using both soil 

homogenizer and subsoiler; Natural is a native savannah vegetation area from Cerrado biome. 

Bars followed by the same lowercase letters do not differ by the Skott-Knott test (p < 0.05) 

and compare the preparations (SP40M; SP60M, and SP80M) with each other. Bars followed 

by an * differ from each other by Dunnett's test (p < 0.05), ns: not significant by the F test (p 

< 0.05) when compared to the reference area (Natural). 

 

SP60M at a depth of 0.50 m exhibited lower soil radiodensity (9.42%) and matrix 

(3.68%) compared to the other soil preparations (Figure 3). However, it was found that the 

soil homogenizer, with the rotary hoe tiller, caused compaction at the furrow's bottom from 

0.55 to 0.80 m depth (Silva et al., 2021). The result obtained in this study is attributed to the 

chemical amendment applied until 0.60 m depth, which was not examined in the previous 

research. Additionally, combining additional liming with soil homogenizer until 0.60 m depth 

reduced soil density in the 0.40 to 0.60 m layers, unlike the same preparations without 

additional liming (Barbosa et al., 2020). Evidence suggests that deep tillage and chemical 

amendment improves the soil's structural integrity for coffee production by promoting root 

expansion and enhancing water accessibility (Carducci et al., 2015; Silva et al., 2016c), which 

is crucial in mitigating prolonged droughts expected in the Cerrado Mineiro region of Brazil 

(Silva et al., 2015). 

Unlike the other machinery investigated, the subsoiler did not demonstrate the 

expected structural relief response regarding subsoiler effectiveness at 0.70 m depth, as it 

resulted in increased soil and matrix radiodensities (8.06% and 3.45% on average, 
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respectively) in figure 3. However, it should be noted that these contributions are only evident 

when considering the different depths within each soil preparation strategy. At 0.70 m depth, 

SP80M exhibited lower matrix radiodensity compared to 0.50 m and 0.20 m depths, which 

may be attributed to the soil preparation response and the mixture's incorporation. This 

finding aligns with the results reported by Barbosa et al. (2020), where the use of the subsoiler 

in combination with chemical amendments in-depth led to a decrease in density throughout 

the soil profile (0.05 to 0.80 m), significantly improving the physical-hydraulic quality of the 

Cambisol. The authors noted that the same effect was not observed when using the subsoiler 

without chemical amendments. 

The density results in figure 3 of the soil and matrix, measured in Hounsfield units 

(HU), generally indicate a significant reduction in radiodensity as the depth of tillage 

increases using different machinery, particularly the subsoiler suggesting that as the planting 

furrow deepened, there was better loosening, turning, and breaking of the soil in depth. 

Cambisols inherently possess low effective depth (Medeiros et al., 2013) and high density 

(Pereira et al., 2010), which can range from 1.25 to 1.42 Mg dm3 (Silva et al., 2018). Failing 

to address these properties through deep tillage management strategies (Barbosa et al., 2020; 

Silva et al., 2021) can lead to crop yield losses due to insufficient soil aeration (Reynolds et 

al., 2009), thereby limiting the development of coffee plants (Silva et al., 2021). 

Managing the dense Cambisol layer is crucial for promoting the growth of coffee 

plants in terms of height and vigor (Barbosa et al., 2020). Adopting management practices 

that improve physical-hydric properties can enhance these outcomes (Silva et al., 2021). X-

ray CT imaging provides a three-dimensional perspective on the micrometric scale, allowing 

for a better understanding of how agricultural management affects soil structure (Carducci et 

al., 2014a). In addition, this method enables conclusions regarding the production system's 

sustainability (Carducci et al., 2022).  
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3.2. Void morphometry 

The total void volume analysis (Figure 4C) reveals that SP40M at a depth of 0.20 m 

exhibits a higher total void volume than SP60M and SP80M, with an average difference of 

13.64% and 108.33%, respectively, considering the range of treatments within each depth. At 

a depth of 0.50 m, SP60M has an average of 76.19% more void space than SP80M. Brewer 

(1976) states soil structure encompasses solid particles and voids' size, shape, and 

arrangement. Elliott and Coleman (1988) emphasize that void space refers to the volume of 

soil not occupied by solid particles and is closely related to pore size distribution, which is 

vital for the soil's physical properties, as highlighted by Houston et al. (2017). The void space, 

which pertains to pore size, shape, and connectivity, plays a crucial role in water movement, 

aeration, and root development, especially for coffee plants (Carducci et al., 2015; Silva et al., 

2015). Therefore, the quantitative characterization of porosity and voids for evaluating the 

soil's microstructure, as emphasized by Taina et al. (2008), holds significant relevance. 
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Figure 4. Void morphometry at different treatments and depths. SP40M: planting furrow at 

0.40 m with conventional fertilization and a mixture of gypsum, serpentinite, and natural 
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phosphate using a furrower; SP60M: planting furrow at 0.60 m with conventional fertilization 

and with a mixture of gypsum, serpentinite, and natural phosphate using a soil homogenizer; 

SP80M: planting furrow at 0.60 m and at 0.80 m with conventional fertilization and with a 

mixture of gypsum, serpentinite, and natural phosphate using both soil homogenizer and 

subsoiler; Natural is a native savannah vegetation area from Cerrado biome. Bars followed by 

the same lowercase letters do not differ by the Skott-Knott test (p < 0.05) and compare the 

preparations (SP40M; SP60M, and SP80M) with each other. Bars followed by an * differ 

from each other by Dunnett's test (p < 0.05), ns: not significant by the F test (p < 0.05) when 

compared to the reference area (Natural). 

 

In contrast, at a depth of 0.70 m, the SP80M exhibited a significant decrease in the 

total percentage of voids compared to SP40M and SP60M, with an average reduction of 60%. 

This decrease is attributed elaborately to the performance of the subsoiler. According to 

Wilding and Lin (2006), a reduction in void space indicates soil degradation caused by 

compaction. Xu et al. (2018) demonstrate that high pressure, such as the extreme action of the 

traffic-related passage under high moisture conditions, contributes to removing void space. 

They justify this phenomenon based on their study using CT techniques to assess 

hydrologically active pores. However, it is essential to note that the soil homogenizer and the 

subsoiler caused compaction at the bottom of the planting furrow, specifically from 0.55 to 

0.80 m and 0.75 to 0.80 m, respectively. This compaction has been confirmed by Silva et al. 

(2021) and described by Barbosa et al. (2020) as an operational error resulting from the entry 

of machinery outside the zone of soil friability. 

The decrease in void space observed in figure 4C corresponds to the higher 

radiodensity observed in SP80M (Figure 3) discussed previously. Botta et al. (2010) argue 

that intensive machine traffic can induce soil compaction, particularly under high moisture 
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conditions, which is supported by their research on soybean production and deep soil 

preparation using a plow and subsoiler. Carducci et al. (2017) discuss how intensive 

agricultural management strategies often alter soil structure, sometimes resulting in negative 

implications, with soil depth and evaluation methods critical factors in understanding this 

scenario. 

However, the changes in void space observed in figure 4C can be associated with the 

root number (RN) and root diameter (RD) shown in figure 5. The presence of roots tends to 

decrease the void proportion of the soil because roots play a crucial role in modifying the 

hydraulic properties of soil. This condition is attributed to the alterations that root tissues 

cause in the soil structure by occupying pore spaces and influencing pore size distribution (Ng 

et al., 2016). The decrease in void space for SP80M promoted an increase in RN (averaging ≤ 

190) and the development of fine roots (Ø < 1 mm). On the other hand, the increase in voids 

for SP60M led to a reduction in RN (averaging < 70) and the development of medium-sized 

roots (1 mm > Ø < 3 mm). Thick roots, on the other hand, verified mainly by the SP60M, 

indicate changes in the hydraulic properties of the soil. According to Alaoui and Helbling 

(2006) that 74 to 100% of the water flow can preferentially occur through the channels of 

thick roots. Corroborating with this result, the research by Pierret et al. (2007) states that the 

roots modify the physicochemical properties of the soil, producing exudates that form 

organomineral complexes that facilitate respiration and soil decompression. 
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Figure 5. Maps of spatial variability of the coffee root system (RN root number; RV root 

volume: mm3; RSA root surface area: mm2; RL root length: mm; RD root diameter: mm) for 

different managements: SP40M: planting furrow at 0.40 m with conventional fertilization and 

a mixture of gypsum, serpentinite, and natural phosphate using a furrower; SP60M: planting 

furrow at 0.60 m with conventional fertilization and with a mixture of gypsum, serpentinite, 

and natural phosphate using a soil homogenizer; SP80M: planting furrow at 0.60 m and at 

0.80 m with conventional fertilization and with a mixture of gypsum, serpentinite, and natural 

phosphate using both soil homogenizer and subsoiler. 

 

Moreover, SP80M was the only management approach that favored the occurrence of 

fine roots along the soil profile of this Cambisol, with a root diameter (Ø) of ≤ 0.8 mm. This 

association with the subsoiler's preparation has also been highlighted by Medeiros et al. 

(2013) in their study of deep subsoiling in a subsurface-compacted Typical Hapludult under a 
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citrus orchard. This finding is significant because fine roots are physiologically important 

(Jesus et al., 2006) and are commonly found in Cambisols under coffee crops (Serafim et al., 

2013b). Additionally, roots with a diameter of ≤ 0.8 mm are more efficient in water and 

nutrient absorption, making them essential for ecosystem functioning and soil properties due 

to their high membrane permeability (Campos-Cascaredo et al., 2021). Furthermore, intensive 

root exploration in the soil facilitates the search for nutrients and water (Hou et al., 2022). 

The analysis of figure 4E reveals that SP80M exhibits a higher total aggregate volume 

than Natural at 0.20 m and the other soil preparations (SP40M; SP60M) across different 

depths, with an average increase of 11.91%. Soil structure refers to the arrangement of sand, 

silt, and clay particles into aggregates of various sizes, and the stability of these aggregates is 

essential for supporting the soil under stress (Nunes et al., 2020). 

Evaluating soil structure quality often involves assessing the stability of soil 

aggregates, which can provide insights into the response of Cambisols to agricultural 

management practices and environmental factors (Silva et al., 2016a and b). Previous studies 

by Serafim et al. (2013b) and Carducci et al. (2015) support our findings, demonstrating that 

improvements in aggregation, particularly at deeper depths, can be attributed to factors such 

as gypsum percolation and the growth of coffee plant roots (Carducci et al., 2017). 

Understanding changes in porosity with depth, and their effects on intra-aggregates 

and inter-aggregates are crucial in soil research. This can be achieved through computed 

tomography (CT) technology, which enables examining soil properties at millimeter 

resolutions, as highlighted by Oliveira et al. (1998) in their study of Brazilian soils. By 

utilizing CT technology, researchers can gain valuable insights into the changes in porosity 

and aggregation within the soil profile, providing a comprehensive understanding of soil 

structure and its implications for agricultural systems.  

At a depth of 0.20 m, SP80M exhibited higher average intra-aggregates of 50.68% and 
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86.44% compared to SP40M and Natural, respectively (Figure 4D). Additionally, SP80M 

showed lower average inter-aggregates of 63.83% and 60.47% compared to SP40M and 

Natural, respectively (Figure 4A). At a depth of 0.50 m, SP80M (subsoiler) had lower inter-

aggregates than the soil homogenizer, with an average decrease of 46.58%. When considering 

the depth variation within each treatment, the isolated effect of SP80M contributed to a 

reduction of inter-aggregates. At 0.70 m, the subsoiler resulted in larger intra-aggregates and 

lower inter-aggregates than the other soil preparations. The strength of connections between 

aggregates, which constitute the pore space of the soil, plays a crucial role in determining the 

changes in soil structure. The integrity of aggregates is related to the saturation level of the 

pore space inside them (Aluko and Koolen, 2001). 

According to Othmer et al. (1991), intra-aggregates are responsible for water retention 

and availability to plants, while inter-aggregates play a role in root aeration and water 

drainage in the soil, particularly associated with fast water emptying and flow. Inter-

aggregates are also linked to structural pores and are relevant to soil structure. On the other 

hand, individualized or discontinuous pores, which can occur within intra-aggregates or 

between inter-aggregates, are not directly related to soil structure (Carducci et al., 2022). 

However, understanding the impact of management practices and plant growth on pore space 

and aggregate soil organization requires a comprehensive evaluation method such as 

Computed Tomography (Carducci et al., 2017). 

Despite a reduction in inter-aggregates, which could potentially affect aeration, root 

development (Figure 5) was not negatively impacted by soil preparations. The root growth 

parameters, such as RV, RSA, and RL, remained within acceptable ranges (< 14591 mm3, < 

22378 mm2, and < 7158 mm, respectively), regardless of the soil preparations studied. This 

condition suggests that soil aeration may not have been lower than the critical threshold of 

0.10 m3 m-3, which is known to limit root zone yield (Reynolds et al., 2009). Penetration 
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resistance - PR (Figure 6) reveals that the furrower and soil homogenizer resulted in 1.50 ≥ 

PR ≤ 2.00 MPa values from the 0.20 m layer to 0.80 m depth. However, PR values close to 

2.00 MPa were observed from 0.20 to 0.60 m. In contrast, the soil homogenizer followed by 

the subsoiler resulted in PR values ≤ 1.50 MPa along the soil profile. 

 

 
Figure 6. Maps of spatial variability of penetration resistance (PR) in MPa for different 

managements: SP40M: planting furrow at 0.40 m with conventional fertilization and a 

mixture of gypsum, serpentinite, and natural phosphate using a furrower; SP60M: planting 

furrow at 0.60 m with conventional fertilization and with a mixture of gypsum, serpentinite, 

and natural phosphate using a soil homogenizer; SP80M: planting furrow at 0.60 m and at 

0.80 m with conventional fertilization and with a mixture of gypsum, serpentinite, and natural 

phosphate using both soil homogenizer and subsoiler. 

 

A PR value of 2.00 MPa was found to be a limiting factor for root growth, especially 

when the soil moisture content (U%) was close to field capacity (UFC%). The spatial 
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distribution of root variables (Figure 5), particularly for SP40M and SP60M, did not coincide 

with the areas where higher PR values were recorded, indicated by darker-colored places on 

the PR maps (Figure 6). The limitation of root variables was observed corresponding to the 

layers where PR values approached 2.00 MPa and areas with bulk density (BD) values ≥ 1.3 

mg.dm-3. These findings align with the research by Saffari et al. (2021), where 2.0 MPa was 

identified as the permissible limit for PR in most crops. Therefore, soil management practices 

strongly influence PR and depend on soil characteristics and machinery used (Silva et al., 

2019). 

The deep tillage using the soil homogenizer at 0.60 m and the subsoiler at 0.80 m 

depth improved the soil's physical quality, particularly regarding aggregation and water 

retention. These changes in soil structure, influenced by equipment and soil chemical 

amendments, are particularly relevant in coffee plantations (Barbosa et al., 2020; Silva et al., 

2021; Carducci et al., 2021). The higher volume of intra-aggregates induced by the subsoiler 

(Figure 4C), despite a greater volume of aggregates (Figure 4E) overall, can be attributed to 

its higher radiodensity and reduced void space. This result is favorable if it does not hinder 

plant water availability (Barbosa et al., 2020). Increased soil water retention, especially in the 

surface layer (0-0.20 m), benefits coffee plants and promotes higher root activity (Silva et al., 

2015). The subsoiler's role in breaking dense soil layers makes the contributions of SP80M 

management significant. This preparation helps create more uniform pores, aids in the 

distribution of homogenous pores throughout the soil profile (Carducci et al., 2017; 2021), 

and promotes the formation of deep roots (Carducci et al., 2015). 

The subsoiler reduced aeration and drainage at 0.20 and 0.70 m depths by decreasing 

the inter-aggregates amount (Figure 4A). This result contradicts the findings of Barbosa et al. 

(2020), who found that using a subsoiler and chemical amendment improved aeration and 

water availability in this same Cambisol two years after planting. However, our results align 
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with Carducci et al. (2017), who studied Oxisol under coffee plantations and observed that 

soil preparation practices, such as subsoiling and mixing layers, can cause significant 

disruption to the soil structure, particularly between depths of 0.20 and 0.80 m. These 

practices act as a subsoiler when opening the soil and the Big Mix when mixing the layers, 

resulting in severe aggregate rupture (Carducci et al., 2014b). Thereby, soil preparation in 

agricultural regions modifies the soil structure to varying degrees depending on the 

management techniques, depth, cultivation duration, and climate zone (Carducci et al., 2017). 

The subsoiler's preparation at a depth of 0.70 m promotes higher water retention due to 

favoring intra-aggregates over inter-aggregate voids. This results in lower drainage and 

slower emptying of pores (Othmer et al., 1991). Figure 7B, MMOT supports this by showing 

increased soil water storage during the rainy season, particularly for θ values less than 0.25 m3 

m-3, starting from a depth of 0.70 m. However, θ values range from 0.20 to 0.25 m3 m-3 during 

the dry season. Additionally, figure 5 indicates that SP80M is the sole water source available 

for plants at a depth of 0.90 m, with a RN of 130 and a RL below 7158 mm until a depth of 

0.80 m (Figure 5). These findings are significant as the subsoiler ally with chemical 

amendments serves as a deep preparation strategy to mitigate issues caused by soil drought 

(Silva et al., 2015; Barbosa et al., 2020). 
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Figure 7. 2019 to 2021 data from São João del Rei weather station (21.25° S, 44.24° W) and 

climatological standard normals from the period 1981-2010. Source: INMET, 2022. Maps of 

spatial and temporal variability of the soil moisture monitoring over time (MMOT) of this 

Cambisol for different managements: SP40M: planting furrow at 0.40 m with conventional 

fertilization and a mixture of gypsum, serpentinite, and natural phosphate using a furrower; 

SP60M: planting furrow at 0.60 m with conventional fertilization and with a mixture of 

gypsum, serpentinite, and natural phosphate using a soil homogenizer; SP80M: planting 

furrow at 0.60 m and at 0.80 m with conventional fertilization and with a mixture of gypsum, 

serpentinite, and natural phosphate using both soil homogenizer and subsoiler. 

 

Still, regarding figure 4B, SP80M showed higher inter-aggregate voids surface 

area/volume than SP40M and SP60M, regardless of depth, with an average increase of 

45.57%. Aggregate size and stability, which can reflect soil composition, were discussed by 

Rabot et al. (2018). The specific surface area of aggregates is an indicator of soil structure 

condition. It has been used by Zhu et al. (2016) in CT analyses to assess microstructures after 

natural soil regeneration. Arthur et al. (2013) found that increased surface area signifies 

improved aggregate structure. This finding is important because Silva et al. (2021) noted that 

larger and more stable aggregates enhance soil resilience to erosion, which is crucial for 

Cambisols, as they are highly prone to this problem of soil loss and degradation.  

Consequently, despite the subsoiler causing higher radiodensity (Figure 3), reduced 

void space (Figure 4C), decreased inter-aggregate porosity (Figure 4A), and increased intra-

aggregate voids (Figure 4D), the soil's structural physical quality was not negatively affected. 

On the contrary, the aggregate surface area increased (Figure 4B), indicating improved 

aggregated structural quality (Arthur et al., 2013; Zhu et al., 2016). Therefore, changes in soil 

structure directly impact aggregate distribution, stability, and morphometry and subsequently 



177  

affect the porous system, water dynamics, air movement, penetration resistance, and root 

system (Barbosa et al., 2020; Silva et al., 2021). 

 

3.3. Intra-aggregate voids porosity 

The SP80M is the most favorable option for improving soil porosity, regardless of 

depth. It effectively classifies the size of intra-aggregate voids in the soil, resulting in lower 

microvoids and higher macrovoids compared to the Natural at a depth of 0.20 m 

(approximately 37.25% and 120%, respectively). Furthermore, the subsoiler surpasses the 

furrower and soil homogenizer by increasing mesovoids by an average of 6.25% at 0.20 m 

and 12.28% at 0.50 m. However, the SP60M exhibits the poorest condition at 0.50 m, with 

higher microvoids, lower mesovoids, and macrovoids than the other soil preparations 

(approximately 46.67%, 12.90%, and 70.83%, respectively). Conversely, at a depth of 0.70 m, 

the SP80M shows lower microvoids and higher macrovoids than SP40M and SP60M 

(approximately 37.28% and 146.15%, respectively) (Figure 8). 
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Figure 8 Intra-aggregate void size classification at different treatments and depths. SP40M: 

planting furrow at 0.40 m with conventional fertilization and a mixture of gypsum, 

serpentinite, and natural phosphate using a furrower; SP60M: planting furrow at 0.60 m with 

conventional fertilization and with a mixture of gypsum, serpentinite, and natural phosphate 

using a soil homogenizer; SP80M: planting furrow at 0.60 m and at 0.80 m with conventional 

fertilization and with a mixture of gypsum, serpentinite, and natural phosphate using both soil 

homogenizer and subsoiler; Natural is a native savannah vegetation area from Cerrado biome. 

Macrovoids refers to volume > 2,2681 x 102 mm3, Mesovoids 1,023 x 10-3 mm - 4,189 x 100 

mm3, and Microvoids < 1,278 x 10-4 mm3.  Bars followed by the same lowercase letters do 
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not differ by the Skott-Knott test (p < 0.05) and compare the preparations (SP40M, SP60M, 

and SP80M) with each other. Bars followed by an * differ from each other by Dunnett's test 

(p < 0.05), ns: not significant by the F test (p < 0.05) when compared to the reference area 

(Natural). 

 

The alteration of intra-aggregate voids porosity is influenced by the preparation and 

effectiveness of implementing operations at different depths. For example, at a depth of 0.50 

m, and 0.70 m, the soil homogenizer and subsoiler operations, respectively, have shown 

significant effects (Figure 4E) on aggregation and macroporosity (Figure 8) (Silva et al., 

2016a, b, and c). This condition indicates faunal activity and improved root development 

based on soil management practices (Carducci et al., 2017), as supported by figure 5. The 

increase in density (Figure 3), reduction of void space (Figure 4C), and lower inter-aggregate 

voids (Figure 4A) did not have a disadvantageous effect due to the enhancements in 

intermediate pores, which improved the physical-hydric properties of Cambisol (Silva et al., 

2021). Promoting macro and mesopores over micropores is crucial as it encourages significant 

root system growth and plant water uptake (Carducci et al., 2015; Silva et al., 2015). 

Improvements in macroporosity also lead to better water infiltration (Barbosa et al., 2020), 

while mesoporosity associated with inter-aggregate pores contributes to hydraulic 

conductivity, water storage, and plant availability (Dalmago et al., 2009). 

The subsoiler's deep preparation and adding chemical amendments through the 

mixture are associated with changes in soil porosity, size, and shape. Studies by Santos et al. 

(2014) and Silva et al. (2015) reveal that subsoiler and soil homogenizer tillage and chemical 

correction up to a depth of 0.60 m, mainly through adding Ca2+, improve physical and 

chemical properties. These improvements include enhanced structural quality and increased 

base saturation in the subsoil. Understanding the spatial geometry of pores is crucial in 
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comprehending the dynamics of water processes influenced by management practices in 

agricultural production systems, as highlighted by Carducci et al. (2015). 

 

3.4. Intra-aggregates voids shape 

Regarding the shape of intra-aggregate voids (Figure 9), the unclassified shape shows 

a higher occurrence than triaxial, prolate, oblate, and equant shapes, regardless of depth and 

treatments. However, at a depth of 0.20 m, where treatments varied within each depth, SP60M 

exhibited a higher proportion of oblate-shaped voids than the other soil preparations 

(averaging 14.77%). At a depth of 0.50 m, SP60M showed lower triaxial and higher prolate-

shaped voids (averaging 8.52%) compared to the different soil preparations. The oblate and 

equant shapes did not significantly differ among the soil preparations. At a depth of 0.70 m, 

both SP60M and SP80M contributed more to the morphometry of unidentified pores than 

SP40M (averaging 5.28%), while the triaxial shape remained unchanged. The subsoiler 

operation reduced the occurrence of prolate and equant-shaped voids at the same depth 

(averaging 33,97%) but favored oblate-shaped voids (averaging 20.37%) compared to the 

furrower and rotary hoe tiller operations. 
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Figure 9. Intra-aggregates voids shape classification at different treatments and depths. 

SP40M: planting furrow at 0.40 m with conventional fertilization and a mixture of gypsum, 

serpentinite, and natural phosphate using a furrower; SP60M: planting furrow at 0.60 m with 

conventional fertilization and with a mixture of gypsum, serpentinite, and natural phosphate 

using a soil homogenizer; SP80M: planting furrow at 0.60 m and at 0.80 m with conventional 

fertilization and with a mixture of gypsum, serpentinite, and natural phosphate using both soil 

homogenizer and subsoiler; Natural is a native savannah vegetation area from Cerrado biome. 

Unclassified: When not counting the voxels that make up an empty axis, which makes it 

difficult to determine its shape. Bars followed by the same lowercase letters do not differ by 

the Skott-Knott test (p < 0.05) and compare the preparations (SP40M, SP60M, and SP80M) 
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with each other. Bars followed by an * differ from each other by Dunnett's test (p < 0.05), ns: 

not significant by the F test (p < 0.05) when compared to the reference area (Natural). 

 

Unclassified voids have implications for root exploration (Borges et al., 2019), wetting 

and drying cycles, soil management impact (Pires et al., 2017), and water movement in the 

soil, as described by Pires et al. (2019b). Carducci et al. (2022) define unclassified voids as 

packing pores that do not meet the criteria established by Zingg (1935), as mentioned in 

Bullock et al. (1985), and these pores play a crucial role in determining soil structure. 

However, Costa et al. (2018) demonstrate that a lower proportion of pore complexity leads to 

reduced root development and decreased water infiltration rate. On the other hand, the 

presence of triaxial (laminar, planar, or ellipsoidal), oblate (irregular or discoid chamber), 

prolate (tubular or rod-like), and equant voids (spheroidal), as defined by Bullock et al. (1985) 

and Zingg (1935), indicates the soil's quality status, as highlighted by Carducci et al. (2022). 

Triaxial-shaped intra-aggregate voids are commonly found in expansive clays and are 

associated with block structures that have developed during soil formation (Taina et al., 2010; 

Taina et al., 2013). In addition, triaxial voids indicate the alteration and arrangement of soil 

particles (Pires et al., 2019b). Surprisingly, our data reveal that the soil homogenizer 

preparation reduced triaxial-shaped voids at a depth of 0.50 m, despite having lower soil and 

matrix radiodensity (Figure 3). However, this reduction can be attributed to the compaction 

induced by this implement at the bottom of the furrow (Barbosa et al., 2020; Silva et al., 

2021). Arasan et al. (2011) discussed the relationship between the increased prevalence of 

rod-like pores and elongated voids, which disrupts the continuity of complex voids and leads 

to the formation of isolated pores due to soil compaction, supporting our findings. However, 

contrary to the results of Barbosa et al. (2020), Silva et al. (2021), and Carducci et al. (2022), 

the subsoiler did not favor the development of rod-like pores, despite SP80M showing higher 
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radiodensity (Figure 3). This discrepancy may be due to Dreno's positive impact on structural 

physical quality, which includes decreasing soil density and promoting a beneficial 

reorganization of the soil structure, particularly concerning pores involved in water 

availability for plants, primarily through chemical amendments at greater depths. 

The presence of tubular pores is strongly correlated with increased burrowing fauna 

and root activity, influenced by pore connectivity (Carducci et al., 2014a; Pires et al., 2020). 

In SP40M, smaller tubular and larger irregular pores are observed, which can be attributed to 

the limited root expansion caused by the furrower management (Figure 5). However, the 

subsoiler did not promote the occurrence of tubular pores throughout the soil profile. 

According to Pires et al. (2020), pores' size and shape significantly impact plant water 

availability and root development, which can vary depending on soil type and management 

practices. Comparing SP80M to SP40M, the lowest occurrence of equant-shaped intra-

aggregate voids was observed at a depth of 0.70 m. Spherical pores are associated with soil 

structural deterioration and contribute to rounding aggregate edges (Lima et al., 2012). 

The presence of circular-shaped aggregates indicates the impact of agricultural 

implements on soil structure (Carvalho et al., 2010). "Aggressive" soil management strategies 

can lead to the circularity of aggregates, which can affect root development in coffee plants 

(Carducci et al., 2015; Silva et al., 2015; Silva et al., 2016c). However, in the current study, 

combining the subsoiler and mixture incorporation demonstrated beneficial effects, as it did 

not lead to excessive circularity. Previous research by Silva et al. (2016b) found that increased 

calcium in the soil, along with the reorganization of the soil structure, improved aggregate 

stability and promoted root development (Silva et al., 2016c). These findings are consistent 

with the study conducted by Silva et al. (2016a), which showed that applying high doses of 

gypsum as a top dressing in Cambisols prepared up to 0.60 m depth increased calcium levels 

and positively influenced coffee plants. 
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Costa et al. (2018) indicate that a lower occurrence of complex pores can lead to 

reduced root growth and slower water infiltration rates. This observation is consistent with the 

response of SP40M management at 0.50 m depth, where a higher volume of unclassified 

intra-aggregate voids shape was favored, affecting RV, RSA, and RL (≤ 43387 mm3; ≤ 66457 

mm2 and ≤ 10709 mm, respectively). The compaction caused by the Big Mix implementation 

resulted in reduced growth of all root variables (Figure 5), decreased storage capacity, and 

limited water availability (Figure 7), particularly when compared to SP40M. As compressive 

stresses can cause more significant damage to layers beyond the effective depth of agricultural 

implements (Silva et al., 2021), these outcomes directly affect pore size, reducing pore 

connectivity and altering water infiltration rates (Pires et al., 2020). Prolate-shaped intra-

aggregate voids indicate more excellent biological activity, improved water and airflow, and 

reduced penetration resistance, contributing to root development. This condition is 

demonstrated by the SP80M treatment, as shown in figures 5 and 6. 

 

3.5. Orientation of Intra-Aggregate Voids 

Figure 10 compares intra-aggregate void inclinations among the different soil 

preparations studied, considering the various treatments within each depth. At 0.20 m depth, 

SP80M showed an increase in inclined-vertical and inclined orientations (on average 14.35%) 

compared to the other management strategies and the natural condition. In contrast, the 

subsoiler reduced the inclined vertical at 0.50 m depth (on average, 11.57%). At 0.70 m depth, 

SP80M exhibited a higher frequency of near-vertical orientation (on average, 11.64%) and a 

decrease in inclined-horizontal intra-aggregate orientation (on average, 6.19%) compared to 

SP40M and SP60M. 
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Figure 10. Orientation of intra-aggregate voids at different treatments and depths. P40M: 

planting furrow at 0.40 m with conventional fertilization and a mixture of gypsum, 

serpentinite, and natural phosphate using a furrower; SP60M: planting furrow at 0.60 m with 

conventional fertilization and with a mixture of gypsum, serpentinite, and natural phosphate 

using a soil homogenizer; SP80M: planting furrow at 0.60 m and at 0.80 m with conventional 
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fertilization and with a mixture of gypsum, serpentinite, and natural phosphate using both soil 

homogenizer and subsoiler; Natural is a native savannah vegetation area from Cerrado biome. 

Bars followed by the same lowercase letters do not differ by the Skott-Knott test (p < 0.05) 

and compare the preparations (SP40M, SP60M, and SP80M) with each other. Bars followed 

by an * differ from each other by Dunnett's test (p < 0.05), ns: not significant by the F test (p 

< 0.05) when compared to the reference area (Natural). 

 

According to Costa et al. (2018), a preference for horizontal pores indicates more 

excellent soil compaction and higher penetration resistance. This observation aligns with the 

results shown in figure 10, where a lower occurrence of horizontal pores, particularly with 

SP80M management, was associated with enhanced root development (Figure 5), attributed to 

lower PR and BD values (Figure 6). The absence of physical barriers in the soil promotes 

increased root growth and macrofauna activity due to the vertical orientation of pores 

(Dowuona et al., 2009). This verticality directly affects water infiltration in the soil (Jassogne 

et al., 2007), as the pore orientation and tortuosity are crucial for the plant's ability to expand 

its root system in search of water and nutrients (Costa et al., 2018), as also confirmed by 

figure 7. Therefore, as Carducci et al. (2022) explained, our results demonstrate a diverse 

range of pore shapes and orientations throughout the soil profile resulting from management 

practices. Deep roots are necessary to access water and nutrients in the subsoil (Pires et al., 

2019a), and combined with the increased nutrient availability provided by the mixture's 

incorporation, they directly benefit the survival rate of coffee plants (Barbosa et al., 2020). 

Agricultural management practices significantly impact the soil's structural dynamics, 

influencing nutrient availability, which is crucial for plant growth (Rabot et al., 

2018Furthermore, SP80M shows the most favorable distribution of calcium (Ca) content 

within the optimal range (0.45% to 0.9%), significantly improving the soil's hydraulic 
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properties (Silva et al., 2015). Additionally, SP80M ensures appropriate levels of magnesium 

(Mg) (maximum level: 0.33%), which are crucial for coffee development, metabolism, and 

vegetative vigor, particularly for the Catuaí cultivar (da Silva et al., 2014). Moreover, 

phosphorus (P) levels (ranging from 0.01% to 0.13% up to 0.70 m depth) are effectively 

maintained within the optimal range, which is essential for coffee plant growth and associated 

with high yields (Dias et al., 2015) throughout the soil profile due to the mixture's 

incorporation. 

 
Figure 11. Maps of spatial variability of the elementary content with data provided by pXRF 

analysis of samples collected in the Cambisol profile (0.10 × 0.10 m grid) to characterize all 

management systems studied in terms of Ca (%); Mg (%), P (%) and Al (%). SP40M: 
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planting furrow at 0.40 m with conventional fertilization and a mixture of gypsum, 

serpentinite, and natural phosphate using a furrower; SP60M: planting furrow at 0.60 m with 

conventional fertilization and with a mixture of gypsum, serpentinite, and natural phosphate 

using a soil homogenizer; SP80M: planting furrow at 0.60 m and at 0.80 m with conventional 

fertilization and with a mixture of gypsum, serpentinite, and natural phosphate using both soil 

homogenizer and subsoiler. 

 

According to Teixeira et al. (2018), preparing Cambisols up to a depth of 0.20 m in 

coffee areas leads to significant fertility improvements compared to the native soil, which 

naturally lacks adequate Ca, Mg, and P levels. Cambisols possess distinct chemical and 

physical characteristics (Silva et al., 2018). If these characteristics are not properly managed, 

this soil type may not be suitable for coffee production (Barbosa et al., 2020; Silva et al., 

2021). High soil acidity in this class of soil has been highlighted by Teixeira et al. (2018). 

Therefore, creating suitable chemical conditions for optimal coffee establishment is essential 

(Barbosa et al., 2020). The subsoiler preparation at a depth of 0.80 m improved the 

availability of Ca, Mg, and P while reducing aluminum (Al) levels, resulting in enhanced root 

growth (Figure 5), improved aggregation (Figure 4E), and beneficial adjustments in structural 

quality (Figures 6, 10, and 8), as previously mentioned. As a perennial crop with high 

productivity, coffee cultivation requires significant labor, resources, and an intensive 

cultivation system in tropical agriculture (Carducci et al., 2017). These efforts enhance 

Cambisols' root environment and resource dynamics (Silva et al., 2021). 

 

3.6. Soil and plant measurements correlations 

The correlation matrix depicted in Figure 12 reveals that the reduction of void space 

and inter-aggregates caused by the subsoiler did not have a detrimental effect on the structural 
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properties of the Cambisol at depths of 0.20 m and 0.70 m. This condition is evident from the 

negative correlations observed between stem diameter (SD) and normalized difference 

vegetation index (NDVI). However, there was a significant positive correlation between the 

coffee plant's NDVI and the presence of macrovoids, indicating that the loss of microvoids 

was compensated by the favorable development of larger voids, ultimately improving coffee 

vigor. The depth of 0.20 m emerged as the most influential in describing various factors, 

including PR, root system, and Al content. The SP40M, characterized by the highest PR 

values (Figure 6), resulted in decreased coffee plant height (PL) and NDVI, demonstrating a 

negative correlation (Figure 12). 
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Figure 12. Correlations to X-ray microtomography soil parameters; root system; penetration 

resistance and elementary content with coffee plant measurements responses under different 

managements and depths. SP40M: planting furrow at 0.40 m with conventional fertilization 

and a mixture of gypsum, serpentinite, and natural phosphate using a furrower; SP60M: 

planting furrow at 0.60 m with conventional fertilization and with a mixture of gypsum, 

serpentinite, and natural phosphate using a soil homogenizer; SP80M: planting furrow at 0.60 

m and at 0.80 m with conventional fertilization and with a mixture of gypsum, serpentinite, 

and natural phosphate using both soil homogenizer and subsoiler.   

 

In contrast, SP80M exhibited the greatest SD and PL (positive correlation) due to its 

larger RV (Figure 5) and improved NDVI, attributed to the lower Al content (Figure 11), 

showing a negative correlation (Figure 12). Interestingly, soil and matrix radiodensity, 

independent of proportional frequency, distinguished tomographic parameters among the soil 

preparations. The positive correlation between NDVI at 0.20 m and SD at 0.70 m (Figure 12) 

indicates the beneficial effect of SP80M. The impact of the rotary hoe tiller at 0.50 m reduced 

soil and matrix radiodensity, irrespective of proportionate frequency (Figure 3), resulting in 

improved plant height and NDVI (negative correlation). However, this outcome was not 

observed when combining the soil homogenizer and subsoiler. It demonstrates that the 

increase in density associated with SP80M at a depth of 0.50 m adversely affects coffee plant 

growth (negative correlation, Figure 12). 

Increasing stem diameter is crucial as it indicates water deficit conditions, particularly 

in coffee plants (Ehrenbergerová et al., 2021). The reduction in stem diameter is directly 

linked to a decrease in temperature (Partelli et al., 2013), while the coffee plant's diameter and 

height tend to increase during the rainy season (Barros et al., 1997). NDVI is significantly 

correlated with water conditions, and deep soil preparation is vital in improving soil moisture 
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in the root zone (Santos et al., 2014). Improving water conditions is particularly important for 

Cambisols, where deep preparation has been found to enhance coffee plant development in 

height and vigor by promoting root growth (Barbosa et al., 2020; Silva et al., 2021). The 

contributions of SP80M are directly related to its effective promotion of root exploration and 

its associated benefits. Root systems significantly impact soil modification, particularly 

regarding pore changes (Carducci et al., 2015). Long-term assessments of coffee management 

systems have shown improvements in soil structure, including densified layers and root 

growth, even in mechanical disturbances caused by subsoiling at a depth of 0.60 m (Carducci 

et al., 2017). 

 

4. Conclusions 

Six years after establishing the coffee plantation, the structure of Cambisol samples 

was analyzed using X-Ray Computed Tomography, which was allowed to assess the impact 

of different deep tillage strategies. Qualitative data from 3D visual images revealed that the 

tillage practices (furrower, soil homogenizer, and subsoiler) at their respective depths (0.20, 

0.50, and 0.70 m) resulted in modifications to the soil structure. Contrary to expectations, 

subsoiler preparation did not reduce density at 0.70 m depth. However, our results showed 

that subsoiling positively influenced the structural characteristics of Cambisol by increasing 

density and decreasing the morphometry of voids, such as void space and inter-aggregates. 

This condition improved water availability and aggregate stability due to increased 

morphometry of voids, including intra-aggregate voids, aggregate volume, and inter-

aggregate voids surface area. These modifications facilitated the expansion of the root system, 

resulting in lower water storage but greater accessibility to water for plants at a depth of 0.90 

m, specifically for SP80M. In addition, the subsoiler enhanced mesovoids and macrovoids 

while reducing microvoids, thus improving porosity and size distribution along the Cambisol 



192  

profile. Vertical and inclined void orientations and lower penetration resistance observed in 

the Dreno preparation indicated good porosity without signs of aggressive tillage or 

compaction. The advantages of SP80M (soil homogenizer at 0.50 m, followed by the 

subsoiler at 0.70 m) can be attributed to the improved incorporation and distribution of 

elemental content (Ca, Mg, and P) for correcting Al through a chemical amendment by the 

mixture at depth. Despite using identical amounts of gypsum, serpentinite, and natural 

phosphate in each preparation, only SP80M achieved a better concentration of these elements, 

optimizing Al correction along the soil profile. The changes in Cambisol structure, supported 

by tomographic parameters, promoted the growth of coffee plants in terms of stem diameter, 

height, and vegetative vigor. It was determined that deep tillage with subsoilers allied with 

chemical amendments effectively modified shallow and naturally dense soils. 
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Final Considerations 

 

Investing in agricultural technologies for initial soil preparation, such as deep planting 

furrows, is crucial for successful coffee cultivation. It improves Cambisol's physical and water 

quality, creating favorable conditions for coffee plant development. Soil preparation up to 

0.80 m with additional liming up to 0.60 m has proven beneficial in the medium and long 

term, improving physical quality indicators. On the other hand, a planting furrow depth of up 

to 0.60 m without additional liming is also advantageous, leading to better root development, 

water storage, and antioxidant protection, making it a cost-effective option for coffee 

producers under drought conditions. Furthermore, deep soil preparation at 0.80 m and 

appropriate chemical correction using gypsum, serpentinite, and natural phosphate effectively 

modified naturally dense Cambisol, enhancing physical and water conditions for coffee plant 

growth and establishment under rainfed conditions. 

Concerning water storage, the study of soil moisture along the soil profile is 

influenced by various factors, such as soil attributes, management, chemical correction, and 

root system distribution. Therefore, new research experiments are needed to provide a more 

conclusive assessment of soil water movement, availability, and root absorption. In addition 

to mapping the physical and chemical properties of the soil, it is essential to correlate plant 

development variables and productivity to make decisions and propose better soil 

management practices, considering the timely introduction of agricultural implements. This 

research will ensure greater food security and guarantee economically viable and sustainable 

approaches in conjunction with water resource management. 

 

 

 


