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ABSTRACT 

 

CIPRIANI, H. N. Soil quality and microbiota associated with integrated production and 

pasture systems in Western Amazonia. 2026. 163 p. Thesis (PhD in Sciences) – Centro de 

Energia Nuclear na Agricultura, Universidade de São Paulo, Piracicaba, 2026. 

 

The conversion of Amazonian forests into extensive pastures has driven soil degradation, biotic 

homogenization and carbon losses. To tackle these challenges, integrated production systems 

have emerged as an important strategy. This thesis analyzed the impact of different land-use 

systems, including integrated livestock-forestry (ILF) with native (Samanea tubulosa) and 

exotic (Eucalyptus pellita) trees, integrated crop-livestock (ICL), integrated crop-livestock-

forestry (ICLF), and treeless pastures, on the structure and function of the soil microbiome, soil 

quality indices (SQI), and carbon (C) sequestration potential in Western Amazonia (Porto 

Velho, Rondônia State, Brazil). The first study characterized the soil microbiota in vertical 

profiles (up to 40 cm). Results showed that the integration of the native legume S. tubulosa 

(ILF-ST) promoted greater recovery of microbial diversity and functional connectivity 

compared to eucalyptus and monoculture pastures. The ILF-ST system was enriched with 

nitrogen-fixing bacteria and favored complex carbon degradation pathways. In contrast, ILF 

with E. pellita (ILF-EP) created a niche dominated by ectomycorrhizal fungi, reflecting niche 

filtering rather than broad ecosystem restoration. Cross-kingdom co-occurrence networks 

indicated that, although monoculture pasture exhibited high connectivity, it lacked the modular 

stability and fungi/prokaryote ratio seen in integrated systems and native forest, suggesting 

greater structural fragility. The second study assessed soil health by integrating chemical, 

physical and biological indicators into composite SQIs over two years (2023 and 2024). All 

systems maintained high functional stability, decoupling livestock production from the 

traditional cycle of soil exhaustion. In 2024, the ILF-ST system stood out as the most resilient, 

with better scores for acidity regulation and organic matter, avoiding compaction observed near 

eucalyptus in ILF-EP. Well-managed treeless pastures (e.g., ‘Ipyporã’) demonstrated 

competitive quality, indicating viability for sustainable intensification when well managed. The 

third study assessed the potential for soil C sequestration. The ILF-ST system, at 21 m from the 

tree line, achieved the highest C content (4.35 dag kg⁻¹) and stocks (95.3 t ha-1), surpassing the 

native forest (78.1 t ha-1) in deeper layers. The Carbon Management Index (CMI) confirmed 

that only ILF-ST reached or exceeded the carbon quality of native forests (CMI ≥ 100). The 
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isotopic composition (δ¹³C) indicated faster carbon renewal in ICLF, while ILF systems 

provided more stable environments. In summary, although all systems evaluated offer 

improvements over degraded pastures, the choice of tree species is crucial. The integration of 

native legumes such as S. tubulosa is superior for restoring soil biological quality, maintaining 

spatial resilience, and optimizing carbon sequestration. These results indicate that the transition 

to sustainable livestock in the Amazon must prioritize native species and maintain the 

conservation of natural ecosystems to ensure long-term ecological resilience. 

 

Keywords: Carbon sequestration. Samanea tubulosa. Soil health. Soil microbiome. 

Silvopastoral systems. 
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RESUMO 

 

CIPRIANI, H. N. Qualidade do solo e microbiota associada a sistemas integrados de 

produção e pastagens na Amazônia Ocidental. 2026. 163 p. Tese (Doutorado em Ciências) 

– Centro de Energia Nuclear na Agricultura, Universidade de São Paulo, Piracicaba, 2026. 

 

A conversão de florestas amazônicas em pastagens extensivas tem impulsionado a degradação 

do solo, homogeneização biótica e perdas de carbono. Para enfrentar esses desafios, sistemas 

integrados de produção surgem como estratégia importante. Esta tese analisou o impacto de 

diferentes sistemas de uso da terra, incluindo integração pecuária-floresta (IPF) com árvores 

nativas (Samanea tubulosa) e exóticas (Eucalyptus pellita), integração lavoura-pecuária (ILP), 

integração lavoura-pecuária-floresta (ILPF) e pastagens sem árvores, sobre a estrutura e função 

do microbioma do solo, índices de qualidade do solo (IQS) e potencial de sequestro de carbono 

(C) na Amazônia Ocidental (Porto Velho, Rondônia, Brasil). O primeiro estudo caracterizou a 

microbiota do solo em perfis verticais (até 40 cm). Os resultados mostraram que a integração 

da leguminosa nativa S. tubulosa (IPF-ST) promoveu maior recuperação da diversidade 

microbiana e conectividade funcional em relação ao eucalipto e às pastagens em monocultivo. 

O sistema IPF-ST foi enriquecido com bactérias fixadoras de nitrogênio e favoreceu vias 

complexas de degradação de carbono. Em contraste, a IPF com E. pellita (IPF-EP) criou um 

nicho dominado por fungos ectomicorrízicos, refletindo filtragem de nicho em vez de 

restauração ecossistêmica ampla. Redes de coocorrência multirreinos indicaram que, embora a 

pastagem em monocultivo apresentasse alta conectividade, faltava estabilidade modular e 

relação fungos/procariontes vistas nos sistemas integrados e floresta nativa, sugerindo maior 

fragilidade estrutural. O segundo estudo avaliou a saúde do solo integrando indicadores 

químicos, físicos e biológicos em IQS compostos durante dois anos (2023 and 2024). Todos os 

sistemas mantiveram alta estabilidade funcional, desvinculando a produção pecuária do ciclo 

tradicional de exaustão do solo. Em 2024, o sistema IPF-ST destacou-se como o mais resiliente, 

com melhores escores de regulação de acidez e matéria orgânica, evitando compactação 

observada próximo ao eucalipto no IPF-EP. Pastagens sem árvores, bem manejadas  

(ex.: ‘Ipyporã’), demonstraram qualidade competitiva, indicando viabilidade para 

intensificação sustentável quando bem manejadas. O terceiro estudo avaliou o potencial de 

sequestro de C no solo. O sistema IPF-ST, a 21 m da linha de árvores, atingiu o maior teor de 

C (4,35 dag kg⁻¹) e estoques (95,3 t ha-1), superando a floresta nativa (78,1 t ha-1) nas camadas 
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profundas. O Índice de Manejo de Carbono (IMC) confirmou que apenas o IPF-ST atingiu ou 

superou a qualidade de carbono das florestas nativas (IMC ≥ 100). A composição isotópica 

(δ¹³C) indicou renovação mais rápida de carbono no ILPF, enquanto os sistemas IPF 

proporcionaram ambientes mais estáveis. Em síntese, embora todos os sistemas avaliados 

ofereçam melhorias sobre pastagens degradadas, a escolha da espécie arbórea é determinante. 

A integração de leguminosas nativas como S. tubulosa é superior para restaurar a qualidade 

biológica do solo, manter resiliência espacial e otimizar o sequestro de carbono. Esses 

resultados indicam que a transição para pecuária sustentável na Amazônia deve priorizar 

espécies nativas e manter a conservação dos ecossistemas naturais para garantir resiliência 

ecológica a longo prazo. 

 

Palavras-chave: Microbioma do solo. Samanea tubulosa. Saúde do solo. Sequestro de carbono. 

Sistemas silvipastoris. 
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1 INTRODUCTION 

The Amazon rainforest plays a critical role in global climate regulation and biodiversity 

conservation. However, over the past decades, the expansion of extensive cattle ranching has 

been a primary driver of land-use change in the region. In states like Rondônia, in Western 

Amazonia, livestock production is not merely an agricultural activity but a cornerstone of the 

regional economy, providing livelihoods, food security, and driving local development. Given 

its socio-economic importance, the challenge is not to abolish cattle ranching, but to transition 

from traditional, low-productivity models to sustainable intensification strategies. 

Historically, the conversion of primary forests into extensive, unmanaged pastures has 

led to severe environmental consequences, including soil degradation and significant losses of 

soil organic carbon. However, monoculture pasture systems should not be overlooked; when 

coupled with appropriate management practices, such as soil fertility correction, the use of 

improved forage cultivars, and controlled grazing, they can maintain high productivity and 

ensure soil stability. Therefore, sustainable intensification in the Amazon encompasses a 

spectrum of solutions, ranging from well-managed specialized pastures to high-complexity 

integrated systems. 

A key element in these intensified systems is the inclusion of the forest component. 

While exotic species like Eucalyptus spp. are widely used due to their rapid growth, there is a 

growing interest in using native tree species, such as the legume Samanea tubulosa (bordão-de-

velho). Native trees may offer superior ecological benefits, including nitrogen fixation and the 

creation of favorable microclimates for soil life, yet their specific impact on soil health and 

microbial dynamics compared to exotic species remains under-researched. 

Soil health is a multi-dimensional concept, and the soil microbiome is a sensitive 

indicator of environmental change. Understanding how different integrated systems reshape the 

taxonomic and functional architecture of the soil microbiome, especially across vertical soil 

profiles, is essential to ensure the long-term viability of sustainable livestock. Furthermore, the 

potential for soil carbon (C) sequestration is a vital ecosystem service that can transform the 

image of Amazonian ranching from a source of emissions to a potential carbon sink. 

Therefore, the general objective of this thesis is to evaluate the potential of sustainable 

intensification strategies, ranging from well-managed pastures to complex integrated crop-

livestock-forestry systems, as a pathway to reconcile beef production with soil health 
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restoration, microbial diversity recovery, and carbon sequestration in Western Amazonia, with 

a special emphasis on the functional role of the native legume S. tubulosa. 

To achieve this objective, three interconnected studies are presented: Chapter 1 explores 

how the transition from forest to integrated systems affects the diversity, functional potential, 

and co-occurrence networks of the soil microbiota; Chapter 2 integrates chemical, physical, and 

biological indicators into holistic soil quality indices (SQI) to assess the overall health and 

resilience of these systems over time; and Chapter 3 quantifies the potential for soil carbon 

sequestration and evaluates the quality of soil organic matter, comparing native forest fragments 

with intensified and conventional production models. By integrating these perspectives, this 

research seeks to demonstrate that sustainable intensification through integrated systems is a 

robust strategy to maintain the economic vitality of Amazonian ranching while restoring soil 

health and mitigating climate change. 
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2 STRUCTURE, DIVERSITY AND ECOLOGICAL FUNCTIONS OF SOIL 

MICROBIOTA IN INTEGRATED PRODUCTION AND PASTURE SYSTEMS IN 

WESTERN AMAZONIA 

ABSTRACT 

 

The conversion of primary Amazonian forests into extensive pastures has driven significant soil 

degradation and biotic homogenization. Integrated livestock-forestry (ILF) systems are 

emerging as sustainable alternatives to restore soil health, yet the specific role of different tree 

species, such as native legumes versus exotic eucalyptus, in reshaping the taxonomic and 

functional architecture of the soil microbiome remains poorly understood, especially across 

vertical soil profiles in Western Amazonia. This study aimed to evaluate the impact of land-use 

change and the integration of Samanea tubulosa (legume) and Eucalyptus pellita into pastures 

on the soil prokaryotic and fungal communities. We hypothesized that the native legume would 

promote a more robust recovery of microbial diversity and functional connectivity compared to 

eucalyptus and monoculture pastures. Soil samples were collected at three layers (0-10, 10-20, 

and 20-40 cm) across four systems: native forest (NF), monoculture pasture (MP), and two ILF 

systems (ILF-ST and ILF-EP). In addition, In the ILF systems, two distances from the tree rows 

were considered: 0.00 and 5.25 m. High-throughput sequencing of 16S rRNA and ITS regions 

was combined with LEfSe, FAPROTAX/FungalTraits, and co-occurrence network analysis to 

characterize the microbial community structure, potential functions, and interaction patterns. 

Alpha diversity analysis revealed that the prokaryotic diversity was higher in MP and ILF-ST, 

compared to NF and ILF-EP, whereas fungal diversity was higher in NF and ILF-ST, and lower 

in MP and ILF-EP. Beta diversity indicated a clear separation of microbial communities by land 

use, with the legume tree row exerting a spatially broader influence than the eucalyptus. 

Taxonomic biomarkers identified via LEfSe showed that ILF-ST was enriched with nitrogen-

fixing bacteria (e.g., Bradyrhizobium) and soft rot decomposers, while ILF-EP was uniquely 

characterized by a symbiotic footprint of ectomycorrhizal fungi (e.g., Tomentella and 

Pisolithus), particularly in the subsoil (LDA > 4.0). Functional prediction confirmed that ILF-

ST promoted complex carbon degradation and nitrate reduction pathways, contrasting with the 

simplified cellulolysis signature of the MP. Co-occurrence networks revealed a complexity-

stability paradox: while the MP exhibited the highest connectivity (average degree of 86.665 in 

the topsoil), it lacked modularity and was dominated by positive correlations, suggesting 

structural fragility. Conversely, forested systems maintained more partitioned, modular 
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architectures. Notably, the universal core microbiota for fungi was only 0.5 %, highlighting the 

extreme sensitivity of fungal guilds to tree species selection. The integration of S. tubulosa is 

superior to E. pellita for restoring the biological quality of Amazonian soils. While eucalyptus 

creates a specialized niche for nutrient mining, the native legume fosters a more diverse and 

functionally integrated microbial network. These results emphasize that the transition to 

sustainable livestock intensification in the Amazon must prioritize native tree species, while 

comprising conservation of native ecosystems, to ensure the restoration of soil biodiversity and 

long-term ecosystem resilience. 

 

Keywords: microbial networks, Samanea tubulosa, silvopastoral systems, soil health, soil 

microbiome. 

2.1 Introduction 

The Amazon rainforest is a global biodiversity hotspot where soil microbial 

communities, comprising bacteria, archaea, and fungi, act as the biological engine for nutrient 

cycling and organic matter decomposition (Danielson and Rodrigues 2022). However, Western 

Amazonia, particularly the state of Rondônia, has faced significant deforestation driven by the 

conversion of primary forests into cattle pastures and agricultural crops (P. C. S. de S. Oliveira 

et al. 2019; Piontekowski et al. 2019). This land-use change fundamentally alters soil physical 

and chemical properties, often leading to biotic homogenization (Danielson and Rodrigues 

2022). In this process, the loss of forest-specialist taxa is accompanied by the proliferation of 

generalists, resulting in a net decline in regional microbial diversity and potential shifts in 

ecosystem functioning (Venturini et al. 2023; Mandro et al. 2026; Rodrigues et al. 2013). 

In response to soil degradation, integrated production systems like integrated livestock-

forestry (ILF) have emerged as promising alternatives for sustainable intensification. By 

incorporating trees into agricultural landscapes, these systems enhance organic matter inputs 

and increase habitat heterogeneity (Shi and Conway-Anderson 2022; Maracaípe et al. 2025; 

Perez-Alvarez et al. 2023). A critical factor in Western Amazonia is the choice between native 

tree species, such as Samanea tubulosa, and exotic species like Eucalyptus pellita. These 

species differ in shading, litter quality and root exudation patterns, which can differentially 

influence soil microbiota and their associated ecological functions (Bieluczyk et al. 2024; 

Kerdraon et al. 2019; Cipriani, Salman, Pellegrinetti, et al. 2025). 
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Beyond taxonomic diversity, the functional potential of these communities is vital for 

ecosystem services, including carbon sequestration and nitrogen fixation. Integrated systems 

have shown promise in enhancing microbial biomass and enzyme activities compared to 

degraded pastures, suggesting improved functional resilience through higher niche availability 

(Brewer and Gaudin 2020; Cipriani et al. 2025; Deng et al. 2022). 

Moreover, the complexity of microbial interactions is a vital indicator of ecosystem 

stability. Co-occurrence networks identify microbial hubs and interaction patterns, such as 

cooperation (positive correlations) or competition (negative correlations), that are not visible 

through abundance metrics alone (Karimi et al. 2017; Gong et al. 2022). In integrated systems, 

environmental heterogeneity may foster more complex microbial networks compared to 

monocultures, potentially enhancing the resistance of the soil microbiome to environmental 

stressors (Peng et al. 2024; Tahir et al. 2026; Costa et al. 2024). 

Despite the known benefits of integrated systems, significant gaps remain regarding 

their ability to maintain or restore microbial communities in Western Amazonia, particularly 

concerning the simultaneous response of bacterial and fungal communities across different 

depths, the comparative influence of native versus exotic tree species in integrated 

configurations, and the functional implications of these changes for sustainable agricultural 

intensification (Beule and Vaupel et al. 2022; Vaupel et al. 2025; Venturini et al. 2023). 

Therefore, this study investigated the structure, diversity, and ecological functions of 

soil microbiota across various land-use systems (ILF, monoculture pasture, and native forest) 

to: characterize bacterial and fungal diversity across systems and soil depths; assess the 

functional potential of these communities in relation to soil health; evaluate the potential of 

integrated systems to enhance soil biodiversity and ecosystem functioning compared to 

conventional management; analyze the topological properties of microbial co-occurrence 

networks, identifying the influence of land-use change on stability and interaction patterns; and 

compare the relative performance of native (S. tubulosa) and exotic (E. pellita) tree species in 

maintaining soil microbial diversity. 

2.2 Materials and Methods 

2.2.1 Site description 

Samples were taken from three cattle ranching experimental areas and a native forest 

(NF) fragment located within the Empresa Brasileira de Pesquisa Agropecuária (Embrapa) 
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experimental field in Porto Velho, Rondônia State, Brazil (8° 48’ S, 63° 51’ W; 95 m altitude). 

According to the Köppen climate classification system, the climate is Am, or tropical monsoon 

(Alvares et al. 2013). The area has an average annual rainfall of 2,216 mm, with average annual 

maximum and minimum temperatures of 30.4 °C and 23.3 °C, respectively (Climate-Data.org 

2022). 

The predominant soil in the area is classified as a Latossolo Vermelho-Amarelo 

distrófico (LVAd) according to the Brazilian soil classification system (Valente et al. 1998; H. 

G. dos Santos et al. 2025), which corresponds to a Ferralsol in the World Reference Base 

(WRB) soil classification system (IUSS Working Group WRB 2022), or a Hapludox under the 

USDA Soil Taxonomy (Soil Survey Staff 2022). The soil has a predominant clay texture (Table 

2.1). 

Table 2.1 – Mean ± standard deviation of soil pHH2O, available phosphorus (P), base saturation (BS), organic 

matter (OM), bulk density (BD), and clay content for soil layers (0-10, 10-20 and 20-40 cm) in the studied land-

use systems†. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry 

with Eucalyptus pellita; MP: Urochloa brizantha ‘Marandu’ pasture; NF: native forest. 

Distance‡ Area pHH2O P BS OM BD Clay 

   mg dm-3 % dag kg-1 g cm-3 dag kg-1 

  ---------------------------------------------- 0-10 cm ---------------------------------------------- 

0.00 m 
ILF-ST 5.84±0.09 2.56±0.80 52.52±0.47 3.99±5.81 1.02±0.09 56.50±11.26 

ILF-EP 5.11±0.47 2.36±0.30 29.93±0.24 3.13±13.28 1.07±0.04 67.50±8.29 

5.25 m 
ILF-ST 5.56±0.42 1.60±1.17 41.02±0.29 3.39±14.95 1.11±0.15 54.50±6.94 

ILF-EP 5.35±0.43 0.83±0.37 35.88±0.15 2.88±13.97 1.10±0.09 63.50±5.76 

 MP 4.90±0.58 1.39±0.47 22.25±1.16 4.02±16.44 0.98±0.20 59.50±4.47 

 NF 4.46±0.09 1.74±0.34 4.46±0.69 3.19±0.24 0.83±0.14 54.00±3.35 

  ----------------------------------------------10-20cm--------------------------------------------- 

0.00 m 
ILF-ST 5.74±0.13 2.41±0.66 48.59±0.26 3.73±6.95 0.98±0.09 61.50±4.18 

ILF-EP 4.85±0.40 2.08±0.52 21.60±0.38 3.00±12.28 1.02±0.11 71.90±3.52 

5.25 m 
ILF-ST 5.40±0.47 1.60±1.15 34.50±0.30 3.00±18.36 1.05±0.09 58.50±5.48 

ILF-EP 4.85±0.38 0.93±0.23 19.04±0.19 2.63±11.72 1.03±0.09 66.50±6.98 

 MP 4.92±0.44 1.15±0.66 18.84±0.93 3.40±16.71 1.04±0.05 61.50±5.48 

 NF 4.45±0.08 1.53±0.27 4.39±0.61 3.08±0.76 0.90±0.08 58.50±4.18 

  ---------------------------------------------20-40cm---------------------------------------------- 

0.00 m 
ILF-ST 5.55±0.36 2.20±0.57 41.73±0.28 3.33±12.20 1.03±0.14 67.50±3.06 

ILF-EP 4.83±0.39 1.74±0.68 15.58±0.51 2.59±12.00 1.07±0.11 72.40±6.43 

5.25 m 
ILF-ST 4.94±0.51 1.17±0.47 20.73±0.35 2.58±18.30 1.12±0.13 65.50±4.11 

ILF-EP 4.69±0.12 0.83±0.55 9.27±0.33 2.26±3.15 1.16±0.18 70.00±5.30 

 MP 4.69±0.08 1.08±0.37 9.90±0.38 2.71±5.42 1.01±0.06 65.00±3.95 

 NF 4.40±0.02 1.25±0.11 5.04±0.56 2.68±0.50 0.87±0.09 50.00±7.71 

† The soil properties were determined by the methods described in Teixeira et al. (2017). Clay contents for ILF-

ST, ILF-EP and NF were sourced from Cipriani, Salman, da Cruz, et al. (2025), whereas MP values were directly 

measured. ‡ Distance from the trees in the tree-integrated systems. 
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The experiments were initiated in February 2018 with the establishment of trees in a 

palisade grass pasture [Urochloa brizantha (Hochst. Ex A. Rich.) R. Webster ‘Marandu’], 

resulting in two low-tree-density integrated livestock–forestry (ILF) systems: one with 

Eucalyptus pellita F. Muell (ILF-EP) and another with Samanea tubulosa (Benth.) Barneby & 

J.W. Grimes (ILF-ST). The third system is composed solely of ‘Marandu’ pasture (MP). 

In each ILF system, trees were planted in a single tree strip functioning primarily as a 

windbreak, composed of two rows approximately 300 m long, with spacing of 6.0 m between 

rows and 3.5 m between trees within rows, oriented along an azimuth of 320° (NW–SE). 

Considering the total area of each ILF system (12.8 ha), the initial tree density was 

approximately 13 trees ha-1, with 171 trees planted in each system. The E. pellita and S. tubulosa 

strips were separated by approximately 240 m (Figure 2.1). 

The planting was done manually, using post hole diggers and 30 cm-tall cuttings (E. 

pellita) and seedlings (S. tubulosa), 30 days after desiccating the pasture in the strip area with 

glyphosate. Fertilization was done with chemical NPK + micronutrients fertilizer  

(350 g plant-1) applied in the holes, just before planting, and as top-dressing applications (twice 

annually in 2018 and 2019, and once annually from 2020 to 2023). The mean total height of the 

trees was 5.9 m (S. tubulosa), and 19.8 m (E. pellita), and mean canopy diameter was 8.4 m (S. 

tubulosa), and 5.8 m (E. pellita), at the time of soil sampling (Cipriani et al. 2023; Oliveira et 

al. 2021; Welke et al. 2022). 

 

 

Figure 2.1 - Layout of the integrated livestock-forestry (ILF) systems. Left: ILF-EP (Eucalyptus pellita); right: 

ILF-ST (Samanea tubulosa). 
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The palisade grass was established before 1970, i.e., more than 40 years before tree 

planting, and its grazing management was carried out using 4 paddocks of 3.2 ha. The animals 

used were of the Girolando breed (dry cows and heifers) with ad libittum intake of salt and 

water. Grazing management followed a mob grazing strategy, in which animals were 

maintained at high stocking density for short occupation periods followed by adequate pasture 

recovery intervals. Average annual stocking rate was approximately two animal units per 

hectare in both ILF-ST and ILF-EP systems. Whole-area pasture fertilization and liming were 

rare, with the most recent application occurring five years before the planting of the trees. 

An unmanaged NF fragment from the same experimental field was included as a 

reference area to represent baseline conditions without human intervention. The fragment spans 

41 ha of primary tropical rainforest, containing 99 woody species and 258 individuals per 

hectare. Sclerolobium paniculatum, Psidium araca, Eschweilera grandiflora, Licania 

heteromorpha, and Protium puncticulatum comprise 35 % of the relative density in the 

fragment (Bentes-Gama et al. 2009). The NF soil was assigned the same classification as the 

ILFSs. 

2.2.2 Soil sampling 

Soil samples were collected with a Dutch auger in April 2024 (rainy season) from the 

0-10, 10-20, and 20-40 cm layers. In the ILF systems, samples were taken at two distances from 

the tree rows: 0.00 m (the planting line) and 5.25 m, and 21.00 m. The 5.25 m distance was 

chosen for standardization, as it corresponds to one-eighth of the 42 m inter-row spacing used 

in previous studies conducted in an integrated crop-livestock-forestry system experimental area 

(Feitosa et al. 2019, 2022). Furthermore, this distance is representative of an intermediate zone 

among those adopted by studies assessing the influence of trees on pasture and soil attributes 

in integrated systems. 

The spatial distribution of sampling points was planned to ensure representativeness and 

minimize edge effects within the experimental areas. In NF, the five sampling points were 

established along a transect parallel to the boundary road, with each point located more  

than 30 m from the edge to avoid external influences. Successive samples were collected 

approximately every 30 m along this transect to ensure spatial independence. In the treeless 

system (MP), the five sampling points were distributed randomly across the area, while 

maintaining a minimum distance of 30 m from the edges and between points. In the ILF 

systems, the five sampling points for each distance (0.00 and 5.25 m) were positioned along the 
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tree rows. A 30 m buffer zone was maintained from both the start and the end of the rows. 

Samples were collected at intervals of approximately 30 m along the row, alternating the 

collection between the NE and SW sides of the planting line. 

Five composite samples (prepared from two simple samples each) were taken per area, 

depth and distance, summing up 90 composite samples per year. Specifically, MP and NF areas 

contributed with 15 samples each (3 depths x 5 replicates), while the two ILF areas contributed 

with 30 samples each, factoring in the two distance levels (2 distances x 3 depths x 5 replicates). 

Subsamples for DNA extraction were placed in a cooler and stored at -20 °C, while soil samples 

for chemical analysis were air-dried, ground, sieved (2 mm) and stored at room temperature. 

2.2.3 Soil DNA extraction and sequencing 

The total DNA from soil samples was extracted using the DNeasy PowerSoil Pro kit 

(Qiagen, Hilden, Germany) following the manufacturer’s instructions. Briefly, the soil sample 

was homogenized, and the microbial cells were lysed by mechanical and chemical methods. 

After that, the total genomic DNA was captured on a silica membrane in a spin column format, 

washed, and eluted from the membrane to obtain the extract. In addition, the DNA 

concentration and quality were measured using the NanoDrop 2000c spectrophotometer 

(Thermo Scientific, Waltham, Massachusetts, EUA) according to the manufacturer’s protocol. 

The V3-V4 region of the 16S rDNA was amplified to access the abundance of 

prokaryotes (bacteria and archaea) from samples by using the updated primers 341F  

(5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) 

(Caporaso et al. 2011). To determine the abundance of fungi, the ITS region was amplified 

using the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2R  

(5’-GCTGCGTTCTTCATCGATGC-3’) (White et al. 1990). The paired-end sequencing with 

2 x 250 bp reads was performed in Illumina NextSeq 2000 platform. Both amplification and 

sequencing were performed by Centro de Genômica Funcional (USP/ESALQ, Piracicaba, São 

Paulo, Brazil) using standard approaches as defined by the Earth Microbiome Project (Gilbert 

et al. 2014). The raw reads from this sequencing were deposited in the Sequence Read Archive 

(SRA) under the Bioproject PRJNA1215384. 

Raw reads were analyzed using the DADA2 pipeline (Callahan et al. 2016), considering 

acceptable sequences with a quality score greater than 20, maximum expected errors per read 

of 2, and minimum length of 50. Filtered reads were grouped into amplicon sequence variants 

(ASVs) and matched to taxonomy using the databases SILVA v. 138.2 (Quast et al. 2013), for 
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prokaryotes, and UNITE 10.0 (Abarenkov et al. 2025), for fungi. The resulting ASV table was 

imported into a phyloseq object (McMurdie and Holmes 2013) for downstream analysis in the 

microeco package for R (Liu et al. 2021). For prokaryotes, ASVs not assigned to the Bacteria 

nor the Archaea kingdoms or classified as chloroplast or mitochondria, were removed. Count 

data was normalized by the scaling with ranked subsampling (SRS) method (Beule and 

Karlovsky 2020), using the minimum number of reads across samples: 40,096 for prokaryotes 

and 32,666 for fungi. 

2.2.4 Data analysis 

2.2.4.1 Alpha diversity 

Richness and Shannon Index were calculated from the taxonomic relative abundance 

matrix at the ASV level. After checking for the assumptions of homoscedasticity and normality, 

outlier removal, and application of the Box-Cox transformation (when necessary), the means 

of alpha diversity (number of different ASVs and Shannon Index) were compared among areas 

through ANOVA or Dunnett’s test (for comparisons of ILF systems with MP and NF),  

with the aid of Minitab 22 software and Tratamentos.ad package for R (Azevedo 2022). The 

following experimental design was used: 2 ILFSs (ILF-EP and ILF-ST) × 2 distances from the 

trees (0 and 5.25 m) + 2 additional treatments (MP and NF), with 5 replicates in CRD. Each 

soil layer (0-10, 10-20 and 20-40 cm) was analyzed separately. 

2.2.4.2 Beta diversity 

To visualize shifts in microbial community structure across treatments, Principal 

Coordinate Analysis (PCoA) was performed based on Weighted UniFrac distances at the ASV 

level using the microeco R package (Liu et al. 2021). Unlike non-phylogenetic metrics, 

Weighted UniFrac accounts for the relative abundance of taxa and their phylogenetic 

relationships, providing a deeper resolution of community transitions between land-use 

systems. The statistical significance of observed clusters (areas and distance from trees) was 

assessed using Permutational Multivariate Analysis of Variance (PERMANOVA) with  

999 permutations, applied directly to the Weighted UniFrac distance matrix. The phylogenetic 

trees required for UniFrac distances were constructed using the Neighbor-Joining (NJ) method 

based on a Maximum Likelihood (ML) distance matrix calculated via the phangorn package 
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(Schliep 2011). Sequences were previously aligned using the DECIPHER R package (Berry 

and Widder 2014). To allow for phylogenetic distance calculations, the phylogenetic tree was 

rooted by the midpoint method using the phytools package (Revell 2024) in the R environment. 

2.2.4.3 Taxonomic biomarkers and community composition 

The linear discriminant analysis (LDA) effect size (LEfSe) method (Segata et al. 2011) 

was employed to identify differentially abundant ASVs (biomarkers) specific to each 

management area and soil layer. This analysis was performed using the microeco package in 

R, adopting a significance level of 0.05 (with FDR correction for multiple comparisons) and a 

minimum LDA score threshold of 2.000. To visualize the distribution of unique and shared 

ASVs among treatments across the three soil layers, Venn diagrams were generated using the 

InteractiVenn web tool (Heberle et al. 2015). Furthermore, the taxonomic composition was 

assessed through a descriptive visual analysis of relative abundance at the phylum level, 

separately for prokaryotes (including a detailed assessment of Archaea) and fungi. 

2.2.4.4 Functional prediction and profile analysis 

Functional profiles of the soil microbial communities were predicted based on the 

taxonomic data using automated functional classifiers within the microeco environment. For 

prokaryotes, ecological functions were assigned using the FAPROTAX v.1.2.6 database (Louca 

et al. 2016). For the fungal community, ecological traits and guilds were predicted using the 

FungalTraits database (Põlme et al. 2020). To generate the functional output tables, the 

trans_func class in microeco was utilized, with the abundance_weighted argument set to TRUE 

to calculate the functional percentages based on the relative abundance of each assigned taxon. 

Subsequently, the LEfSe test was applied to the predicted functional groups to identify 

significant functional biomarkers for each treatment (LDA score ≥ 2.000; p-adjusted < 0.05). 

This approach allowed for the identification of ecological functions and fungal lifestyles 

specifically enriched in response to management systems and soil layers. 

2.2.4.5 Co-occurrence networks 

To investigate the interactions between soil prokaryotic and fungal communities across 

different management systems and soil depths, co-occurrence networks were constructed using 
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the SparCC (Sparse Correlations for Compositional Data) algorithm (Friedman and Alm 2012). 

The analysis was performed at the ASV level using the microeco package in R (Liu et al. 2021), 

with the SpiecEasi method implementation (Kurtz et al. 2015). 

A total of 18 networks were generated, representing each combination of area  

(ILF-ST 0.00 m, ILF-ST 5.25 m, ILF-EP 0.00 m, ILF-EP 5.25 m, MP, and NF) and soil layer 

(0-10, 10-20, and 20-40 cm). To ensure comparability between the domains, the prokaryotic 

and fungal ASV tables were first merged into a single global matrix. Subsequently,  

SRS normalization was applied to the integrated table to account for differences in sequencing 

depth while maintaining the relative abundance ratios between fungi and prokaryotes. 

Following normalization, a filtering step was applied to reduce noise and computational 

complexity: only ASVs accounting for 90 % of the cumulative relative abundance (without 

discriminating between domains) and occurring in at least three replicates per treatment were 

retained. Only correlations with a SparCC coefficient (r) ≤ -0.7 or ≥ 0.7 and a p-value < 0.01 

(after FDR correction) were considered for further analysis. 

The topological properties of the networks, including nodes, edges, average degree, 

diameter, density, modularity, average clustering coefficient, and average path length, were 

calculated using Gephi software v. 0.10.1 (Bastian et al. 2009). Additionally, the ratios of 

fungi/prokaryote nodes and positive/negative correlations were determined to assess 

community balance and potential biotic interactions. 

2.3 Results 

2.3.1 Alpha diversity 

The alpha diversity of soil prokaryotes and fungi was significantly influenced  

by the management systems, sampling distances, and soil depths (Table 2.2). In the surface 

layer (0-10 cm), prokaryotic richness was significantly higher in the ILF-ST system compared 

to ILF-EP at both 0.00 m and 5.25 m distances. At the tree row (0.00 m), ILF-ST reached a 

richness of 1,129.80 ASVs, while ILF-EP presented 937.00 ASVs. This pattern of superiority 

for the S. tubulosa system was maintained across the deeper layers (10-20 and 20-40 cm). 

Regarding the Shannon index, ILF-ST consistently outperformed ILF-EP at the 0.00 m distance 

in all layers, indicating a more even and diverse prokaryotic community under the legume tree. 

When compared to the controls, the prokaryotic diversity was generally lower in the native 

forest (NF) and higher in the treeless pasture (MP). 
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Table 2.2 - Alpha diversity measures (mean ± standard deviation) at the ASV level of soil prokaryotes and fungi 

across different management systems, sampling distances, and soil layers (0-10, 10-20, and 20-40 cm). ILF-ST: 

integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus 

pellita; MP: Urochloa brizantha ‘Marandu’ pasture; NF: native forest. 

Distance Area Prokaryotes Fungi 

  Richness Shannon index Richness Shannon index 

  -------------------------------------------- 0-10 cm ----------------------------------------------- 

0.00 m 
ILF-ST 1,129.80±94.44 Aa‡ 6.34±0.12 Aa‡ 749.60±65.66 Aa†‡ 5.21±0.13 Aa 

ILF-EP 937.00±43.98 Ab† 5.98±0.10 Ab† 692.20±43.01 Aa‡ 4.79±0.42 Ab‡ 

5.25 m 
ILF-ST 1,137.80±81.33 Aa‡ 6.28±0.11 Aa‡ 664.40±17.37 Ba‡ 4.78±0.21 Ba‡ 

ILF-EP 932.40±87.89 Ab† 5.96±0.17 Ab† 634.80±58.88 Aa‡ 4.85±0.41 Aa‡ 

 
MP 1,244.60±121.61 α 6.34±0.17 α 624.40±43.29 β 4.77±0.25 β 

NF 835.80±97.78 β 5.95±0.17 β 974.40±28.39 α 5.62±0.25 α 

  -------------------------------------------- 10-20 cm ----------------------------------------------- 

0.00 m 
ILF-ST 1,136.20±65.97 Aa‡ 6.33±0.05 Aa‡ 835.40±170.35 Aa† 5.25±0.23 Aa 

ILF-EP 942.40±78.77 Ab† 5.98±0.10 Ab† 682.80±48.25 Ab‡ 4.82±0.37 Ab‡ 

5.25 m 
ILF-ST 1,023.00±42.40 Aa†‡ 6.23±0.08 Aa‡ 638.00±78.59 Ba‡ 4.81±0.42 Ba‡ 

ILF-EP 912.20±107.67 Aa† 5.91±0.16 Ab† 590.60±68.06 Ba‡ 4.57±0.48 Aa‡ 

 
MP 1,253.40±139.89 α 6.33±0.19 α 635.80±59.79 β 4.78±0.21 β 

NF 863.40±72.69 β 5.98±0.15 β 998.00±90.45 α 5.50±0.14 α 

  -------------------------------------------- 20-40 cm ----------------------------------------------- 

0.00 m 
ILF-ST 1,111.20±81.24 Aa‡ 6.26±0.11 Aa‡ 785.00±65.43 Aa† 5.33±0.14 Aa† 

ILF-EP 939.00±16.99 Ab† 6.01±0.09 Ab 651.40±39.26 Ab‡ 4.67±0.28 Ab‡ 

5.25 m 
ILF-ST 1,012.40±108.16 Aa‡ 6.14±0.12 Aa 671.60±82.28 Aa‡ 4.88±0.34 Ba‡ 

ILF-EP 899.60±81.88 Aa† 5.90±0.15 Ab† 607.20±69.45 Aa‡ 4.83±0.26 Aa‡ 

 
MP 1,139.20±180.08 α 6.19±0.21 α 608.20±128.67 β 4.69±0.52 β 

NF 798.20±98.07 β 5.91±0.15 β 878.00±124.25 α 5.44±0.20 α 

Data were analyzed by factorial ANOVA at a 5 % significance level. Capital letters compare distances from the 

tree row (0.00 m vs. 5.25 m) within the same tree-integrated system and soil layer. Lowercase letters compare tree-

integrated systems (ILF-ST vs. ILF-EP) within the same distance and soil layer. Greek letters compare the treeless 

system (MP) with the native forest (NF) within each soil layer. Systems followed by the same letter do not differ 

statistically. The symbols † and ‡ indicate a significant difference relative to MP and NF, respectively, according 

to Dunnett’s test. 

 

For the fungal community, the responses to distance and management were more 

variable. In the 0-10 cm layer, there were no significant differences in fungal richness between 

ILF-ST and ILF-EP at the 0.00 m distance. However, the Shannon index for fungi was 

significantly higher in ILF-ST (5.21) than in ILF-EP (4.79) at the tree row. In the intermediate 

layer (10-20 cm), a significant spatial effect was observed for ILF-EP, where fungal richness 

was higher at the 0.00 m distance (682.80 ASVs) compared to the 5.25 m distance  

(590.60 ASVs). In the deepest layer (20-40 cm), the ILF-ST system maintained significantly 

higher fungal richness and Shannon diversity at the 0.00 m distance compared to ILF-EP. 

Notably, fungal richness and Shannon index in NF was consistently superior to the managed 
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systems across all depths (except for ILF-ST at 0.00 m), while the Shannon index of the NF 

remained the highest overall, but equivalent to ILF-ST at 0.00 m. 

2.3.2 Beta diversity 

Principal Coordinate Analysis (PCoA) revealed distinct clustering patterns for both 

prokaryotic and fungal communities across the three soil layers (Figure 2.2). The first two 

principal coordinates explained a substantial portion of the total variance, with prokaryotes 

showing more pronounced segregation between management systems than fungi. The native 

forest (NF) formed a highly cohesive and isolated group in all depths, underscoring a unique 

microbial signature compared to all managed systems. 
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Figure 2.2 - Principal Coordinate Analysis (PCoA) based on weighted UniFrac distances for soil prokaryotic 

(Archaea and Bacteria) and fungal communities across three soil layers (0-10, 10-20, and 20-40 cm) under 

different management systems. Percentages on axes indicate the variance explained by each coordinate. Ellipses 

represent 95 % confidence intervals for each group). Statistical significance among groups can be found in Table 

2.3. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with 

Eucalyptus pellita; MP: Urochloa brizantha ‘Marandu’ pasture; NF: native forest; 0.00 and 5.25 m: distance from 

the tree row in the ILF systems. 

 

The PERMANOVA pairwise comparisons confirmed that the native vegetation 

supports a markedly different microbial assembly than the managed systems, since the 

microbial community composition of NF differed significantly from all managed systems 

across soil layers (Table 2.3). Moreover, ILF-ST at 0.00 and 5.25 m was significantly different 

from ILF-EP at 0.00 and 5.25 m in every soil layer for prokaryotes and fungi. The communities 

of ILF-ST did not differ significantly between the 0.00 m and 5.25 m distances across layers 

for prokaryotes and fungi, suggesting a more homogeneous influence of the S. tubulosa tree on 

the soil microbiome. 

At 0.00 m from the tree row, prokaryotic and fungal communities of both ILF systems 

differed significantly from the treeless pasture (MP) across soil layers, except for ILF-EP at 20-

40 cm (for prokaryotes). However, at 5.25 m from the tree row, fewer significant differences 

from MP were observed. For prokaryotic community, a significant difference was observed 

only for ILF-EP at the 10-20 cm layer. Whereas, for fungal communities, significant differences 

were observed for ILF-ST at the 0-10 and 20-40 cm layers. 
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Table 2.3 - Pairwise PERMANOVA comparisons of soil prokaryotic (Archaea and Bacteria) and fungal 

community compositions based on the weighted UniFrac distance matrix across management systems and 

sampling distances for three soil layers (0-10, 10-20, and 20-40 cm). The F-statistic indicates the strength of the 

separation between groups, and the R² value represents the proportion of variation explained by the specific 

comparison. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry 

with Eucalyptus pellita; MP: Urochloa brizantha ‘Marandu’ pasture; NF: native forest; 0.00 and 5.25 m: distance 

from the tree row in the ILF systems. 

Comparison Prokaryote Fungi 

 F R² p adj.† F R² p adj.† 

 ------------------------- 0-10 cm ------------------------- 

ILF-ST 0.00 m vs. 

ILF-ST 5.25 m 0.966 0.108 0.418 1.298 0.140 0.147 

ILF-EP 0.00 m 7.377 0.480 0.023 3.985 0.332 0.021 

ILF-EP 5.25 m 6.533 0.450 0.039 3.771 0.320 0.021 

MP 4.229 0.346 0.023 2.723 0.254 0.021 

NF 22.228 0.735 0.023 6.201 0.437 0.021 

ILF-EP 0.00 m vs. 

ILF-EP 5.25 m 0.759 0.087 0.609 1.277 0.138 0.167 

ILF-ST 5.25 m 3.672 0.315 0.023 2.555 0.242 0.021 

MP 2.669 0.250 0.023 1.757 0.180 0.030 

NF 14.964 0.652 0.023 5.507 0.408 0.021 

ILF-ST 5.25 m vs. 

ILF-EP 5.25 m 3.260 0.290 0.040 2.421 0.232 0.021 

MP 1.651 0.171 0.149 1.674 0.173 0.043 

NF 14.386 0.643 0.023 5.074 0.388 0.021 

ILF-EP 5.25 m vs. 
MP 1.933 0.195 0.070 1.303 0.140 0.208 

NF 11.979 0.600 0.023 4.642 0.367 0.021 

MP vs. NF 12.040 0.601 0.023 3.877 0.326 0.021 

   ------------------------- 10-20 cm ------------------------- 

ILF-ST 0.00 m vs. 

ILF-ST 5.25 m 0.588 0.068 0.716 1.244 0.135 0.171 

ILF-EP 0.00 m 7.125 0.471 0.016 3.904 0.328 0.015 

ILF-EP 5.25 m 7.703 0.490 0.015 3.854 0.325 0.015 

MP 3.922 0.329 0.025 2.597 0.245 0.015 

NF 18.684 0.700 0.015 5.414 0.404 0.015 

ILF-EP 0.00 m vs. 

ILF-EP 5.25 m 1.139 0.125 0.336 1.663 0.172 0.033 

ILF-ST 5.25 m 3.887 0.327 0.015 2.517 0.239 0.015 

MP 3.605 0.311 0.015 1.797 0.183 0.015 

NF 12.498 0.610 0.015 4.977 0.384 0.015 

ILF-ST 5.25 m vs. 

ILF-EP 5.25 m 4.084 0.338 0.015 2.448 0.234 0.015 

MP 1.908 0.192 0.072 1.662 0.172 0.067 

NF 11.398 0.588 0.015 4.093 0.338 0.015 

ILF-EP 5.25 m vs. 
MP 2.960 0.270 0.025 1.262 0.136 0.184 

NF 10.912 0.577 0.015 3.657 0.314 0.015 

MP vs. NF 10.740 0.573 0.015 3.167 0.284 0.020 

   ------------------------- 20-40 cm ------------------------- 

ILF-ST 0.00 m vs. 

ILF-ST 5.25 m 1.578 0.165 0.197 1.090 0.120 0.321 

ILF-EP 0.00 m 3.217 0.287 0.026 2.926 0.268 0.023 

ILF-EP 5.25 m 5.995 0.428 0.026 3.288 0.291 0.027 

MP 3.673 0.315 0.036 2.361 0.228 0.023 

NF 18.413 0.697 0.026 5.383 0.402 0.023 

ILF-EP 0.00 m vs. 

ILF-EP 5.25 m 1.442 0.153 0.205 1.924 0.194 0.030 

ILF-ST 5.25 m 3.405 0.298 0.033 2.073 0.206 0.023 

MP 3.315 0.293 0.054 1.739 0.179 0.031 

NF 9.947 0.554 0.026 4.422 0.356 0.023 

ILF-ST 5.25 m vs. 

ILF-EP 5.25 m 4.317 0.350 0.026 2.356 0.228 0.023 

MP 1.361 0.145 0.205 1.620 0.168 0.026 

NF 11.059 0.580 0.026 4.177 0.343 0.023 

ILF-EP 5.25 m vs. 
MP 2.745 0.255 0.110 1.282 0.138 0.141 

NF 12.599 0.612 0.026 3.660 0.314 0.023 

MP vs. NF 8.228 0.507 0.026 3.208 0.286 0.023 
† Bold values indicate significant difference at the 5 % level with FDR correction for multiple comparisons. 
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2.3.3 Taxonomic biomarkers and community composition 

The LEfSe analysis revealed significant taxonomic biomarkers (prokaryotic and fungal 

ASVs) that characterize each management system and the native forest (Table 2.4 and  

Table 2.5). There was a dramatic vertical stratification of microbial communities, with 

biomarker diversity declining sharply with depth: 148 >141 > 31 prokaryotic ASVs, and 130 > 

106 > 37 fungal ASVs. Only 8.4 % of the prokaryotic biomarkers and 9.5 % of the fungal 

biomarkers were shared among the three layers, reinforcing vertical niche partitioning  

(most taxa are layer-specific). The native forest maintained dominance across all soil layers, 

with 84.1 % of total (320) prokaryotic biomarkers and 74.0 % of total (273) fungal biomarkers. 

Table 2.4. Taxonomic biomarkers of soil prokaryotic communities across management systems, sampling 

distances from the trees in the ILF systems (0.00 and 5.25 m), and soil layers (0-10, 10-20 and 20–40 cm) †. LDA: 

linear discriminant analysis score. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: 

integrated livestock-forestry with Eucalyptus pellita; MP: Urochloa brizantha ‘Marandu’ pasture; NF: native 

forest. 

Area Taxa LDA 

 ----------------------------------------------------------- 0-10 cm ---------------------------------------------------------- 

ILF-ST 

0.00 m 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Methyloligellacea

e|g_|s_|ASV_580 
2.952 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_|f_|g_Hypericibacter|s_|ASV_522 2.836 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Micromonosporales|f_Micromonosporaceae|g

_|s_|ASV_576 
2.800 

k_Bacteria|p_Acidobacteriota|c_Vicinamibacteria|o_Vicinamibacterales|f_|g_|s_|ASV_2453 2.707 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_Acidobacteriaceae (Subgroup 

1)|g_|s_|ASV_1625 
2.681 

k_Bacteria|p_Acidobacteriota|c_Vicinamibacteria|o_Vicinamibacterales|f_|g_|s_|ASV_1610 2.667 

k_Bacteria|p_Myxococcota|c_bacteriap25|o_|f_|g_|s_|ASV_1716 2.635 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Hyphomicrobiace

ae|g_Hyphomicrobium|s_|ASV_1481 
2.631 

ILF-ST 

5.25 m 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_Aci

diferrimicrobium|s_|ASV_1001 
2.876 

ILF-EP 

0.00 m 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Subgroup 2|f_|g_|s_|ASV_179 3.264 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Subgroup 2|f_|g_|s_|ASV_1171 2.921 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_518 
2.653 

ILF-EP 

5.25 m 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_1 
4.331 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_Solirubrobacteraceae|

g_Conexibacter|s_|ASV_127 
3.418 

k_Bacteria|p_Verrucomicrobiota|c_Verrucomicrobiia|o_Chthoniobacterales|f_Xiphinematobacte

raceae|g_Candidatus Xiphinematobacter|s_|ASV_521 
2.871 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_B12-WMSP1|f_|g_|s_|ASV_284 2.850 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_B12-WMSP1|f_|g_|s_|ASV_405 2.795 

MP 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Micromonosporales|f_Micromonosporaceae|g

_|s_|ASV_53 
3.337 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_|s

_|ASV_1978 
2.507 

NF 
k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_2 
4.089 
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k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_72 
3.861 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_65 3.756 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_31 3.602 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_124 
3.582 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_167 
3.564 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_129 
3.562 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_192 
3.557 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Solibacterales|f_Solibacteraceae|g_Candidatu

s Solibacter|s_|ASV_82 
3.557 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_121 
3.547 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_207 
3.544 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_219 
3.536 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Bryobacterales|f_Bryobacteraceae|g_Bryobac

ter|s_|ASV_61 
3.522 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_256 
3.494 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_164 3.446 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_221 3.437 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Acetobacterales|f_Acetobacteraceae|g_

Acidicaldus|s_|ASV_303 
3.424 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_Solirubrobacteraceae|

g_Conexibacter|s_|ASV_16 
3.417 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_253 
3.389 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_|s_|

ASV_298 
3.344 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Solibacterales|f_Solibacteraceae|g_Candidatu

s Solibacter|s_|ASV_144 
3.321 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_429 
3.291 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_182 3.271 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_338 
3.248 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_333 3.246 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Acetobacterales|f_Acetobacteraceae|g_

Acidicaldus|s_|ASV_437 
3.224 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_Solirubrobacteraceae|

g_Conexibacter|s_|ASV_462 
3.204 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_328 
3.203 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_473 3.198 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_277 3.192 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Acetobacterales|f_Acetobacteraceae|g_

Acidicaldus|s_|ASV_455 
3.186 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_412 3.178 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Solibacterales|f_Solibacteraceae|g_Candidatu

s Solibacter|s_|ASV_530 
3.144 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_485 3.138 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_588 
3.123 

k_Bacteria|p_Acidobacteriota|c_Subgroup 5|o_|f_|g_|s_|ASV_551 3.120 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_356 
3.116 
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k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_382 
3.102 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_458 
3.101 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_Acidobacteriaceae (Subgroup 

1)|g_Terracidiphilus|s_|ASV_235 
3.089 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_488 
3.064 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_675 
3.059 

k_Bacteria|p_Bacillota|c_Bacilli|o_Paenibacillales|f_Paenibacillaceae|g_Cohnella|s_|ASV_553 3.055 

k_Bacteria|p_Chloroflexota|c_TK10|o_|f_|g_|s_|ASV_418 3.052 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_581 
3.021 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_716 3.013 

k_Bacteria|p_Acidobacteriota|c_Vicinamibacteria|o_Vicinamibacterales|f_|g_|s_|ASV_417 3.012 

k_Bacteria|p_Chloroflexota|c_TK10|o_|f_|g_|s_|ASV_568 3.011 

k_Bacteria|p_Acidobacteriota|c_Vicinamibacteria|o_Vicinamibacterales|f_|g_|s_|ASV_899 3.002 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_620 
2.992 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_613 
2.989 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_645 2.942 

k_Bacteria|p_Chloroflexota|c_TK10|o_|f_|g_|s_|ASV_626 2.940 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Acetobacterales|f_Acetobacteraceae|g_|

s_|ASV_717 
2.939 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Mycobacteriales|f_Mycobacteriaceae|g_Myco

bacterium|s_|ASV_730 
2.929 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_857 
2.927 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_803 
2.902 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_701 2.894 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_797 2.893 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_531 
2.870 

k_Bacteria|p_GAL15|c_|o_|f_|g_|s_|ASV_614 2.865 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Bryobacterales|f_Bryobacteraceae|g_Bryobac

ter|s_|ASV_1007 
2.854 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_959 2.820 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_1015 2.804 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_1028 2.779 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_|s

_|ASV_1367 
2.774 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Bryobacterales|f_Bryobacteraceae|g_Bryobac

ter|s_|ASV_1023 
2.771 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_974 2.749 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_|s_|

ASV_1156 
2.745 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_808 
2.745 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_Aci

diferrimicrobium|s_|ASV_1457 
2.734 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_513 2.727 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1679 
2.710 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_905 2.709 
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k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_Aci

diferrimicrobium|s_|ASV_1214 
2.704 

k_Archaea|p_Thermoproteota|c_Nitrososphaeria|o_Nitrososphaerales|f_Nitrososphaeraceae|g_|s

_|ASV_927 
2.703 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_997 2.695 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_Aci

diferrimicrobium|s_|ASV_1201 
2.693 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_1022 2.689 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_Aci

diferrimicrobium|s_|ASV_1264 
2.680 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_|g_|s_|ASV_943 2.676 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Subgroup 2|f_|g_|s_|ASV_956 2.667 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_1270 2.665 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1189 
2.664 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_1274 
2.662 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_1192 2.657 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_G

12-WMSP1|s_|ASV_1068 
2.647 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_Acidobacteriaceae (Subgroup 

1)|g_Edaphobacter|s_|ASV_1090 
2.646 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_|g_|s_|ASV_1313 2.614 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1622 
2.611 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1281 
2.606 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_H

SB OF53-F07|s_|ASV_1605 
2.604 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_1528 2.588 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_|g_|s_|ASV_1749 2.571 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_1265 2.564 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Solibacterales|f_Solibacteraceae|g_Candidatu

s Solibacter|s_|ASV_1569 
2.563 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1419 
2.551 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Micropepsales|f_Micropepsaceae|g_|s_|

ASV_1588 
2.547 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Acetobacterales|f_Acetobacteraceae|g_

Acidicaldus|s_|ASV_1660 
2.547 

k_Bacteria|p_Bacillota|c_Bacilli|o_Bacillales|f_Bacillaceae|g_Gottfriedia|s_|ASV_1840 2.537 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_1774 2.528 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1436 
2.516 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_1487 
2.509 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Mycobacteriales|f_Mycobacteriaceae|g_Myco

bacterium|s_celatum|ASV_1630 
2.503 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_938 
2.485 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Reyranellales|f_Reyranellaceae|g_Reyr

anella|s_|ASV_1444 
2.480 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1757 
2.479 

k_Bacteria|p_Bacillota|c_Bacilli|o_Paenibacillales|f_Paenibacillaceae|g_Gorillibacterium|s_|AS

V_1268 
2.474 

k_Bacteria|p_Chloroflexota|c_AD3|o_|f_|g_|s_|ASV_1165 2.450 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1533 
2.448 
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k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_1368 2.437 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_1963 2.425 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_|s

_|ASV_2241 
2.390 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_1844 2.388 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Devosiaceae|g_De

vosia|s_|ASV_1905 
2.387 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_|s

_|ASV_1951 
2.381 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Subgroup 2|f_|g_|s_|ASV_2154 2.370 

k_Bacteria|p_Gemmatimonadota|c_Gemmatimonadia|o_Gemmatimonadales|f_Gemmatimonada

ceae|g_Gemmatimonas|s_|ASV_1897 
2.369 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_1346 2.358 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_2284 2.355 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Solibacterales|f_Solibacteraceae|g_Candidatu

s Solibacter|s_|ASV_1787 
2.317 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Candidatus 

Berkiella|s_|ASV_2988 
2.309 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_2428 
2.294 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_3707 
2.223 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_2780 
2.212 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_2519 2.199 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_2400 
2.177 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_2763 
2.166 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_3819 2.142 

 ---------------------------------------------------------- 10-20 cm --------------------------------------------------------- 

ILF-ST 

0.00 m 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_67-14|g_|s_|ASV_363 3.077 

k_Bacteria|p_Acidobacteriota|c_Blastocatellia|o_11-24|f_|g_|s_|ASV_362 3.066 

k_Bacteria|p_Chloroflexota|c_TK10|o_|f_|g_|s_|ASV_2633 3.001 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Gaiellales|f_|g_|s_|ASV_396 2.985 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Propionibacteriales|f_Nocardioidaceae|g_Noc

ardioides|s_|ASV_595 
2.959 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_Burkholderiales|f_Nitrosomonadacea

e|g_Ellin6067|s_|ASV_753 
2.942 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_587 
2.916 

k_Bacteria|p_Verrucomicrobiota|c_Verrucomicrobiia|o_Chthoniobacterales|f_Chthoniobacterace

ae|g_Candidatus Udaeobacter|s_|ASV_456 
2.914 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_Burkholderiales|f_A21b|g_|s_|ASV_5

67 
2.886 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Gaiellales|f_Gaiellaceae|g_Gaiella|s_|ASV_

647 
2.863 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_Steroidobacterales|f_Steroidobacterac

eae|g_Steroidobacter|s_|ASV_610 
2.863 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_Aci

diferrimicrobium|s_|ASV_1001 
2.859 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_|f_|g_|s_|ASV_1141 2.852 

k_Bacteria|p_Myxococcota|c_bacteriap25|o_|f_|g_|s_|ASV_778 2.812 

k_Bacteria|p_Acidobacteriota|c_Vicinamibacteria|o_Vicinamibacterales|f_Vicinamibacteraceae|

g_|s_|ASV_755 
2.767 

ILF-ST 

5.25 m 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_Bradyrhizobium|s_|ASV_122 
3.130 
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k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Pseudonocardiales|f_Pseudonocardiaceae|g_P

seudonocardia|s_|ASV_563 
2.907 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_1600 2.674 

ILF-EP 

0.00 m 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Subgroup 2|f_|g_|s_|ASV_179 3.292 

k_Bacteria|p_Acidobacteriota|c_Vicinamibacteria|o_Vicinamibacterales|f_|g_|s_|ASV_148 3.166 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_212 3.102 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_459 
2.779 

ILF-EP 

5.25 m 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_Solirubrobacteraceae|

g_Conexibacter|s_|ASV_127 
3.384 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_300 3.048 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_B12-WMSP1|f_|g_|s_|ASV_284 3.036 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_Koribacteraceae|g_Candidatu

s Koribacter|s_|ASV_150 
2.990 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_B12-WMSP1|f_|g_|s_|ASV_405 2.845 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_518 
2.759 

MP 
k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_H

SB OF53-F07|s_|ASV_108 
3.146 

NF 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_2 
4.052 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_31 3.653 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_167 
3.564 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_192 
3.559 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_207 
3.537 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_121 
3.503 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_219 
3.495 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_164 3.461 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Acetobacterales|f_Acetobacteraceae|g_

Acidicaldus|s_|ASV_303 
3.416 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Bryobacterales|f_Bryobacteraceae|g_Bryobac

ter|s_|ASV_61 
3.407 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_253 
3.406 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_Solirubrobacteraceae|

g_Conexibacter|s_|ASV_16 
3.361 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Bryobacterales|f_Bryobacteraceae|g_Bryobac

ter|s_|ASV_71 
3.332 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_182 3.329 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_|s_|

ASV_298 
3.314 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_338 
3.263 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Acetobacterales|f_Acetobacteraceae|g_

Acidicaldus|s_|ASV_437 
3.228 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_333 3.227 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_277 3.226 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Acetobacterales|f_Acetobacteraceae|g_

Acidicaldus|s_|ASV_455 
3.217 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Solibacterales|f_Solibacteraceae|g_Candidatu

s Solibacter|s_|ASV_144 
3.204 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_382 
3.198 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_485 3.193 
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k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_429 
3.149 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_473 3.149 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_356 
3.130 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Solibacterales|f_Solibacteraceae|g_Candidatu

s Solibacter|s_|ASV_530 
3.126 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_458 
3.113 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_Solirubrobacteraceae|

g_Conexibacter|s_|ASV_462 
3.095 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_581 
3.092 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_488 
3.083 

k_Bacteria|p_Acidobacteriota|c_Vicinamibacteria|o_Vicinamibacterales|f_|g_|s_|ASV_417 3.073 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_Acidobacteriaceae (Subgroup 

1)|g_Terracidiphilus|s_|ASV_235 
3.066 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_297 
3.055 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_645 3.035 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_620 
3.019 

k_Bacteria|p_Chloroflexota|c_TK10|o_|f_|g_|s_|ASV_568 3.015 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_588 
3.013 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_Solirubrobacteraceae|

g_Conexibacter|s_|ASV_365 
2.999 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_229 2.974 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_675 
2.963 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Mycobacteriales|f_Mycobacteriaceae|g_Myco

bacterium|s_|ASV_730 
2.957 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_701 2.951 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_613 
2.945 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_716 2.942 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_797 2.921 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Acetobacterales|f_Acetobacteraceae|g_|

s_|ASV_717 
2.912 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_537 2.885 

k_Bacteria|p_Acidobacteriota|c_Vicinamibacteria|o_Vicinamibacterales|f_|g_|s_|ASV_899 2.876 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_857 
2.874 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_Solirubrobacteraceae|

g_Conexibacter|s_|ASV_407 
2.834 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_|s_|

ASV_1156 
2.815 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_803 
2.807 

k_Bacteria|p_RCP2-54|c_|o_|f_|g_|s_|ASV_1013 2.807 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_Acidobacteriaceae (Subgroup 

1)|g_Edaphobacter|s_|ASV_1090 
2.794 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_1022 2.779 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Subgroup 2|f_|g_|s_|ASV_956 2.776 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_1368 2.771 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_808 
2.757 
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k_Bacteria|p_Chloroflexota|c_AD3|o_|f_|g_|s_|ASV_1165 2.752 

k_Bacteria|p_Bacillota|c_Bacilli|o_Paenibacillales|f_Paenibacillaceae|g_Paenibacillus|s_cellulosi

lyticus|ASV_928 
2.751 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_1028 2.746 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_Aci

diferrimicrobium|s_|ASV_1264 
2.742 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Bryobacterales|f_Bryobacteraceae|g_Bryobac

ter|s_|ASV_1007 
2.736 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_959 2.734 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_1197 
2.719 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1189 
2.716 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_Aci

diferrimicrobium|s_|ASV_1201 
2.710 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_G

12-WMSP1|s_|ASV_1068 
2.705 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_1495 
2.701 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_1270 2.694 

k_Archaea|p_Thermoproteota|c_Nitrososphaeria|o_Nitrososphaerales|f_Nitrososphaeraceae|g_|s

_|ASV_932 
2.687 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_Aci

diferrimicrobium|s_|ASV_1214 
2.684 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_1554 2.682 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Bryobacterales|f_Bryobacteraceae|g_Bryobac

ter|s_|ASV_1023 
2.677 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_KF-JG30-

B3|g_|s_|ASV_1338 
2.673 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1281 
2.670 

k_Archaea|p_Thermoproteota|c_Nitrososphaeria|o_Nitrososphaerales|f_Nitrososphaeraceae|g_|s

_|ASV_927 
2.669 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_1032 2.667 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_1516 
2.640 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Kitasatosporales|f_Streptomycetaceae|g_|s_|A

SV_1061 
2.626 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Subgroup 2|f_|g_|s_|ASV_1541 2.622 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_1752 2.607 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1419 
2.596 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Micropepsales|f_Micropepsaceae|g_|s_|

ASV_1588 
2.591 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1436 
2.578 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_1265 2.577 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Reyranellales|f_Reyranellaceae|g_Reyr

anella|s_|ASV_1444 
2.574 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Frankiaceae|g_Frankia|s_|ASV_1

470 
2.567 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_2056 
2.564 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_1598 
2.557 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_1774 2.556 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Caulobacterales|f_Caulobacteraceae|g_

Phenylobacterium|s_|ASV_1718 
2.539 

k_Bacteria|p_Acidobacteriota|c_Blastocatellia|o_11-24|f_|g_|s_|ASV_1746 2.535 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Subgroup 2|f_|g_|s_|ASV_1922 2.513 
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k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_|s

_|ASV_1951 
2.494 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_1844 2.482 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_H

SB OF53-F07|s_|ASV_1605 
2.482 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1757 
2.475 

k_Bacteria|p_Gemmatimonadota|c_Gemmatimonadia|o_Gemmatimonadales|f_Gemmatimonada

ceae|g_Gemmatimonas|s_|ASV_1897 
2.471 

k_Bacteria|p_Candidatus Eremiobacterota|c_Eremiobacteria|o_|f_|g_|s_|ASV_1963 2.469 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_3176 
2.466 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_2563 2.453 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_Ktedonobacteraceae|g_F

CPS473|s_|ASV_1691 
2.446 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1581 
2.438 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_|g_|s_|ASV_1749 2.433 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_2284 2.431 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_URHD0088|g_|s_|ASV_19

19 
2.400 

k_Bacteria|p_Acidobacteriota|c_Vicinamibacteria|o_Vicinamibacterales|f_|g_|s_|ASV_1880 2.338 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_B12-WMSP1|f_|g_|s_|ASV_2861 2.314 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Devosiaceae|g_De

vosia|s_|ASV_1905 
2.300 

k_Bacteria|p_Bacillota|c_Sulfobacillia|o_Sulfobacillales|f_Sulfobacillaceae|g_|s_|ASV_3069 2.185 

 ---------------------------------------------------------- 20-40 cm --------------------------------------------------------- 

ILF-ST 

0.00 m 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_820 
2.884 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_Pseudolabrys|s_|ASV_741 
2.837 

ILF-EP 

5.25 m 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_Solirubrobacteraceae|

g_Conexibacter|s_|ASV_127 
3.458 

NF 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_167 
3.495 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_129 
3.427 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_121 
3.425 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_192 
3.401 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_207 
3.353 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_182 3.346 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_219 
3.339 

k_Bacteria|p_Actinomycetota|c_Acidimicrobiia|o_Acidimicrobiales|f_Acidimicrobiaceae|g_|s_|

ASV_298 
3.338 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Solibacterales|f_Solibacteraceae|g_Candidatu

s Solibacter|s_|ASV_144 
3.282 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Xanthobacteracea

e|g_|s_|ASV_429 
3.102 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_1265 3.061 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Acetobacterales|f_Acetobacteraceae|g_

Acidicaldus|s_|ASV_437 
3.051 

k_Bacteria|p_Actinomycetota|c_Thermoleophilia|o_Solirubrobacterales|f_Solirubrobacteraceae|

g_Conexibacter|s_|ASV_462 
3.041 

k_Bacteria|p_Pseudomonadota|c_Gammaproteobacteria|o_|f_|g_Acidibacter|s_|ASV_485 3.025 
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k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_581 
2.998 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Solibacterales|f_Solibacteraceae|g_Candidatu

s Solibacter|s_|ASV_530 
2.990 

k_Bacteria|p_Actinomycetota|c_Actinobacteria|o_Frankiales|f_Acidothermaceae|g_Acidothermu

s|s_|ASV_588 
2.966 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Subgroup 2|f_|g_|s_|ASV_956 2.909 

k_Bacteria|p_Acidobacteriota|c_Vicinamibacteria|o_Vicinamibacterales|f_|g_|s_|ASV_1880 2.891 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Elsterales|f_|g_|s_|ASV_797 2.877 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Bryobacterales|f_Bryobacteraceae|g_Bryobac

ter|s_|ASV_1007 
2.854 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_|g_|s_|ASV_1028 2.817 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_1419 
2.795 

k_Bacteria|p_Gemmatimonadota|c_Gemmatimonadia|o_Gemmatimonadales|f_Gemmatimonada

ceae|g_Gemmatimonas|s_|ASV_1897 
2.791 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Bryobacterales|f_Bryobacteraceae|g_Bryobac

ter|s_|ASV_1023 
2.776 

k_Bacteria|p_Pseudomonadota|c_Alphaproteobacteria|o_Hyphomicrobiales|f_Devosiaceae|g_De

vosia|s_|ASV_1905 
2.762 

k_Bacteria|p_Chloroflexota|c_Ktedonobacteria|o_Ktedonobacterales|f_JG30-KF-

AS9|g_|s_|ASV_857 
2.745 

k_Bacteria|p_Acidobacteriota|c_Acidobacteriae|o_Terriglobales|f_Acidobacteriaceae (Subgroup 

1)|g_Edaphobacter|s_|ASV_1090 
2.736 

† Significant (adjusted p < 0.05) taxa identified by Linear Discriminant Analysis Effect Size (LEfSe) with an LDA 

score threshold of ≥ 2.000. Positive LDA scores indicate significantly higher relative abundance of the taxon within 

the respective area compared to other treatments in that soil layer. Taxonomic levels: p, phylum; c, class; o, order; 

f, family; g, genus; s, species; ASV, amplicon sequence variant. 
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Table 2.5 - Taxonomic biomarkers of soil fungal communities across management systems, sampling distances 

from the tree row in the ILF systems (0.00 and 5.25 m), and soil layers (0-10, 10-20 and 20–40 cm) †. LDA: linear 

discriminant analysis score. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated 

livestock-forestry with Eucalyptus pellita; MP: Urochloa brizantha ‘Marandu’ pasture; NF: native forest. 

Area Taxa LDA 

 --------------------------------------------------------- 0-10 cm --------------------------------------------------------- 

ILF-ST 

0.00 m 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Nectriaceae|g_Fusarium|s_varias

i|ASV_5 
4.324 

k_Fungi|p_Rozellomycota|c_|o_GS11|f_|g_|s_|ASV_24 4.065 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_shea

rii|ASV_39 
3.868 

k_Fungi|p_Mortierellomycota|c_Mortierellomycetes|o_Mortierellales|f_Mortierellaceae|g_Act

inomortierella|s_|ASV_27 
3.842 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Sordariales|f_Chaetomiaceae|g_Humicola|s_|AS

V_167 
3.408 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Onygenales|f_Onygenaceae|g_Auxarthron|s_|AS

V_193 
3.260 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_393 3.256 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_|s_|ASV_347 3.169 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Nectriaceae|g_Volutella|s_conso

rs|ASV_459 
3.012 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_|s_|ASV_1102 2.709 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Myrmecridiales|f_Myrmecridiaceae|g_Myrmecr

idium|s_schulzeri|ASV_992 
2.643 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_|s_|ASV_771 2.640 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Sordariales|f_Neoschizotheciaceae|g_Cercophor

a|s_fici|ASV_5375 
2.584 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_Pleosporales|f_Dacampiaceae|g_Aaosphaeria|s

_arxii|ASV_797 
2.559 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1703 2.500 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_2124 2.412 

ILF-ST 

5.25 m 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_Bulbithecium|s_pinkertoniae|

ASV_16 
3.898 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Sordariales|f_Chaetomiaceae|g_Staphylotrichu

m|s_acaciicola|ASV_258 
3.292 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_Pleosporales|f_Phaeosphaeriaceae|g_Setophom

a|s_|ASV_1738 
2.402 

ILF-EP 

0.00 m 

k_Fungi|p_Ascomycota|c_Archaeorhizomycetes|o_Archaeorhizomycetales|f_Archaeorhizomy

cetaceae|g_|s_|ASV_15 
4.427 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Thelephorales|f_Thelephoraceae|g_Tomentell

a|s_|ASV_6 
4.365 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Thelephorales|f_Thelephoraceae|g_|s_|ASV_3

3 
4.061 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_Talaromyces|s_|

ASV_68 
3.919 

k_Fungi|p_Ascomycota|c_Pezizomycetes|o_Pezizales|f_Pezizaceae|g_Ruhlandiella|s_|ASV_6

9 
3.639 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Boletales|f_Sclerodermataceae|g_Pisolithus|s_

marmoratus|ASV_496 
3.177 

k_Fungi|p_Entorrhizomycota|c_|o_Branch04|f_|g_|s_|ASV_374 3.113 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Phaeomoniellales|f_Celotheliaceae|g_Phaeomoni

ella|s_|ASV_732 
2.899 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1910 2.705 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_Talaromyces|s_d

iversus|ASV_1026 
2.625 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1967 2.482 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_|g_|s_|ASV_1633 2.471 
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ILF-EP 

5.25 m 
k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Agaricales|f_Entolomataceae|g_|s_|ASV_54 3.406 

MP 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_shea

rii|ASV_222 
3.263 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_205 3.144 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_|f_|g_|s_|ASV_243 2.845 

NF 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Clavicipitaceae|g_Metarhizium|s

_|ASV_129 
3.817 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_189 3.619 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_278 3.553 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_233 3.483 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_388 3.417 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_234 3.385 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Microascales|f_Microascaceae|g_Pseudallescher

ia|s_angusta|ASV_149 
3.382 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_271 3.304 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_324 3.226 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Aspergillus|s_cito

crescens|ASV_408 
3.184 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Sordariales|f_Chaetomiaceae|g_|s_|ASV_318 3.102 

k_Fungi|p_Basidiomycota|c_Tremellomycetes|o_|f_|g_|s_|ASV_283 3.092 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_555 3.082 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_509 3.061 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_aqua

dulcis|ASV_527 
3.059 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_619 3.036 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_662 3.030 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_620 3.026 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_786 3.000 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_|s_|ASV_612 2.990 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_Talaromyces|s_|

ASV_927 
2.990 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1322 2.986 

k_Fungi|p_Basidiomycota|c_Cystobasidiomycetes|o_Cystobasidiales|f_Cystobasidiaceae|g_Cy

stobasidium|s_|ASV_890 
2.976 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_Dermateaceae|g_Pezicula|s_ericae|A

SV_592 
2.973 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_|s_|ASV_698 2.970 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_650 2.957 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_|g_Xylogone|s_|ASV_784 2.927 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_723 2.926 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_|AS

V_642 
2.925 

k_Fungi|p_Basidiomycota|c_Cystobasidiomycetes|o_Cystobasidiales|f_Cystobasidiaceae|g_Cy

stobasidium|s_|ASV_711 
2.879 

k_Fungi|p_Rozellomycota|c_|o_GS11|f_|g_|s_|ASV_767 2.878 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_|g_|s_|ASV_719 2.829 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1027 2.818 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_ferra

niaense|ASV_781 
2.812 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_|s_|ASV_1059 2.802 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Chaetothyriales|f_Herpotrichiellaceae|g_Cladoph

ialophora|s_lanosa|ASV_1025 
2.769 
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k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1174 2.767 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_Helotiaceae|g_Scytalidium|s_ganoder

mophthorum|ASV_588 
2.747 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_949 2.738 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1021 2.690 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1132 2.684 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_|f_|g_|s_|ASV_2140 2.667 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Microascales|f_Microascaceae|g_Scedosporium|

s_minutisporum|ASV_899 
2.640 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Ophiocordycipitaceae|g_Tolypoc

ladium|s_album|ASV_1441 
2.639 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_|g_|s_|ASV_1744 2.639 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1335 2.638 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1111 2.629 

k_Fungi|p_Rozellomycota|c_|o_GS11|f_|g_|s_|ASV_907 2.624 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_2380 2.624 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_Venturiales|f_Sympoventuriaceae|g_Sympoven

turia|s_capensis|ASV_1106 
2.614 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_|s_|ASV_1353 2.612 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_|f_|g_|s_|ASV_1629 2.606 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Sordariales|f_Chaetomiaceae|g_Acrophialophor

a|s_levis|ASV_1525 
2.603 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1863 2.597 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Amphisphaeriales|f_|g_|s_|ASV_1561 2.588 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1246 2.586 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_|f_|g_|s_|ASV_1124 2.585 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_|g_|s_|ASV_1217 2.580 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1247 2.576 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Aspergillus|s_|AS

V_1564 
2.572 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_|f_|g_|s_|ASV_1354 2.555 

k_Fungi|p_Mucoromycota|c_Umbelopsidomycetes|o_|f_|g_|s_|ASV_1331 2.532 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Agaricales|f_Entolomataceae|g_Entoloma|s_|

ASV_917 
2.527 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Diaporthales|f_Melanconiellaceae|g_Melanconi

ella|s_|ASV_1684 
2.527 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1398 2.515 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Bionectriaceae|g_Nectriopsis|s_d

idymii|ASV_1885 
2.510 

k_Fungi|p_Mortierellomycota|c_Mortierellomycetes|o_Mortierellales|f_Mortierellaceae|g_Lun

asporangiospora|s_|ASV_1268 
2.507 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_Talaromyces|s_

wortmannii|ASV_1726 
2.503 

k_Fungi|p_Basidiomycota|c_Tremellomycetes|o_|f_|g_|s_|ASV_449 2.503 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_Talaromyces|s_|

ASV_1068 
2.489 

k_Fungi|p_Kickxellomycota|c_|o_|f_|g_|s_|ASV_365 2.487 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1897 2.468 

k_Fungi|p_Rozellomycota|c_|o_GS11|f_|g_|s_|ASV_2430 2.433 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_|s_|ASV_3659 2.427 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_|s_|ASV_2017 2.422 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1481 2.417 
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k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1912 2.376 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1795 2.374 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1766 2.361 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_2216 2.358 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_|s_|ASV_3190 2.285 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_|f_|g_Marquesius|s_|ASV_2154 2.259 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Ophiocordycipitaceae|g_Tolypoc

ladium|s_tropicale|ASV_1979 
2.256 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_|f_|g_|s_|ASV_2457 2.248 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_|AS

V_2731 
2.243 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_Dermateaceae|g_Pezicula|s_ericae|A

SV_2638 
2.204 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Amplistromatales|f_Amplistromataceae|g_Neoa

crodontium|s_|ASV_1320 
2.176 

k_Fungi|p_Chytridiomycota|c_|o_|f_|g_|s_|ASV_3316 2.140 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_Pleosporales|f_Didymosphaeriaceae|g_Paracon

iothyrium|s_|ASV_4246 
2.120 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_2395 2.091 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Agaricales|f_|g_|s_|ASV_1757 2.091 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_3554 2.088 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_3535 2.062 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_aqua

dulcis|ASV_2361 
2.031 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_3850 2.006 

 --------------------------------------------------------- 10-20 cm -------------------------------------------------------- 

ILF-ST 

0.00 m 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Nectriaceae|g_Fusarium|s_varias

i|ASV_5 
4.313 

k_Fungi|p_Rozellomycota|c_|o_GS11|f_|g_|s_|ASV_24 3.980 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Ophiocordycipitaceae|g_Purpure

ocillium|s_lilacinum|ASV_14 
3.949 

k_Fungi|p_Mortierellomycota|c_Mortierellomycetes|o_Mortierellales|f_Mortierellaceae|g_Act

inomortierella|s_|ASV_27 
3.807 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_shea

rii|ASV_39 
3.762 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Sordariales|f_Chaetomiaceae|g_Acrophialophor

a|s_|ASV_81 
3.425 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Onygenales|f_Onygenaceae|g_Auxarthron|s_|AS

V_193 
3.318 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Sordariales|f_Chaetomiaceae|g_Humicola|s_|AS

V_167 
3.266 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Stachybotryaceae|g_Striaticonidi

um|s_humicola|ASV_389 
3.086 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Nectriaceae|g_Fusarium|s_|ASV

_470 
2.932 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_393 2.896 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_|s_|ASV_771 2.717 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_|s_|ASV_1102 2.662 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_|f_|g_|s_|ASV_5472 2.634 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_Pleosporales|f_Dacampiaceae|g_Aaosphaeria|s

_arxii|ASV_797 
2.626 

k_Fungi|p_Mortierellomycota|c_Mortierellomycetes|o_Mortierellales|f_Mortierellaceae|g_|s_|

ASV_426 
2.554 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1084 2.514 
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ILF-ST 

5.25 m 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_Bulbithecium|s_pinkertoniae|

ASV_16 
3.926 

ILF-EP 

0.00 m 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Thelephorales|f_Thelephoraceae|g_Tomentell

a|s_|ASV_6 
4.398 

k_Fungi|p_Ascomycota|c_Archaeorhizomycetes|o_Archaeorhizomycetales|f_Archaeorhizomy

cetaceae|g_|s_|ASV_15 
4.255 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Thelephorales|f_Thelephoraceae|g_|s_|ASV_3

3 
3.867 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_Talaromyces|s_|

ASV_68 
3.840 

k_Fungi|p_Entorrhizomycota|c_|o_Branch04|f_|g_|s_|ASV_374 3.122 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Phaeomoniellales|f_Celotheliaceae|g_Phaeomoni

ella|s_|ASV_732 
2.925 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Boletales|f_Sclerodermataceae|g_Scleroderma

|s_citrinum|ASV_519 
2.917 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_Talaromyces|s_d

iversus|ASV_1026 
2.678 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_|f_|g_|s_|ASV_4697 2.478 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1910 2.455 

MP 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_shea

rii|ASV_222 
3.231 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1219 2.757 

NF 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Clavicipitaceae|g_Metarhizium|s

_|ASV_129 
3.811 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_233 3.717 

k_Fungi|p_Basidiomycota|c_Tremellomycetes|o_|f_|g_|s_|ASV_283 3.673 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_189 3.532 

k_Fungi|p_Basidiomycota|c_Tremellomycetes|o_|f_|g_|s_|ASV_449 3.526 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_234 3.495 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_278 3.260 

k_Fungi|p_Basidiomycota|c_Tremellomycetes|o_Tremellales|f_Trimorphomycetaceae|g_Saito

zyma|s_podzolica|ASV_576 
3.242 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Aspergillus|s_cito

crescens|ASV_408 
3.232 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_509 3.007 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_|s_|ASV_612 3.003 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_|s_|ASV_698 2.977 

k_Fungi|p_Basidiomycota|c_Cystobasidiomycetes|o_Cystobasidiales|f_Cystobasidiaceae|g_Cy

stobasidium|s_|ASV_711 
2.953 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_aqua

dulcis|ASV_527 
2.915 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_|AS

V_642 
2.911 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_662 2.903 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_650 2.898 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_619 2.893 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_|g_|s_|ASV_719 2.892 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_Dermateaceae|g_Pezicula|s_ericae|A

SV_592 
2.865 

k_Fungi|p_Rozellomycota|c_|o_GS11|f_|g_|s_|ASV_767 2.792 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_Helotiaceae|g_Scytalidium|s_ganoder

mophthorum|ASV_934 
2.787 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_ferra

niaense|ASV_781 
2.778 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1042 2.759 
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k_Fungi|p_Chytridiomycota|c_Rhizophlyctidomycetes|o_Rhizophlyctidales|f_Rhizophlyctidac

eae|g_|s_|ASV_918 
2.753 

k_Fungi|p_Rozellomycota|c_|o_GS11|f_|g_|s_|ASV_907 2.710 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_|g_Xylogone|s_|ASV_784 2.703 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_855 2.700 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1389 2.692 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_|f_|g_|s_|ASV_1365 2.654 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_Talaromyces|s_|

ASV_927 
2.646 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1027 2.630 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_|s_|ASV_1059 2.616 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_Venturiales|f_Sympoventuriaceae|g_Sympoven

turia|s_capensis|ASV_1106 
2.615 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1247 2.608 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_|g_|s_|ASV_1217 2.594 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_870 2.593 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1246 2.588 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Nectriaceae|g_Penicillifer|s_dipa

rietisporus|ASV_1239 
2.580 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_|f_|g_|s_|ASV_1617 2.574 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1481 2.535 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Ophiocordycipitaceae|g_Tolypoc

ladium|s_album|ASV_1441 
2.523 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1132 2.521 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Chaetothyriales|f_Herpotrichiellaceae|g_Cladoph

ialophora|s_lanosa|ASV_1025 
2.494 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Glomerellales|f_Plectosphaerellaceae|g_Plectos

phaerella|s_|ASV_1282 
2.493 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1335 2.493 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Aspergillus|s_|AS

V_1564 
2.475 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_603 2.473 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1559 2.451 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_|g_|s_|ASV_1744 2.445 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Aspergillus|s_|AS

V_1195 
2.426 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1842 2.413 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Amphisphaeriales|f_|g_|s_|ASV_1561 2.380 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1653 2.375 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_Talaromyces|s_

wortmannii|ASV_1726 
2.370 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_|f_|g_Marquesius|s_|ASV_2154 2.346 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1897 2.332 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_|s_|ASV_1353 2.328 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_2519 2.298 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1606 2.292 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_2160 2.280 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_3440 2.276 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1965 2.263 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_2827 2.242 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_|f_|g_|s_|ASV_2441 2.216 
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k_Fungi|p_|c_|o_|f_|g_|s_|ASV_2989 2.208 

 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_|s_|ASV_2017 2.189 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_2216 2.189 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_2542 2.165 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_|AS

V_2731 
2.128 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_2207 2.109 

k_Fungi|p_Rozellomycota|c_|o_GS11|f_|g_|s_|ASV_2065 2.101 

k_Fungi|p_Chytridiomycota|c_|o_|f_|g_|s_|ASV_3316 2.041 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_|f_|g_|s_|ASV_5682 2.028 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_|f_|g_|s_|ASV_3692 2.015 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_3896 2.007 

 --------------------------------------------------------- 20-40 cm -------------------------------------------------------- 

ILF-ST 

0.00 m 
k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_|g_|s_|ASV_1102 2.843 

ILF-EP 

0.00 m 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Thelephorales|f_Thelephoraceae|g_Tomentell

a|s_|ASV_6 
4.484 

k_Fungi|p_Basidiomycota|c_Agaricomycetes|o_Thelephorales|f_Thelephoraceae|g_|s_|ASV_3

3 
3.865 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Trichocomaceae|g_Talaromyces|s_|

ASV_68 
3.766 

k_Fungi|p_Entorrhizomycota|c_|o_Branch04|f_|g_|s_|ASV_374 3.308 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Phaeomoniellales|f_Celotheliaceae|g_Phaeomoni

ella|s_|ASV_732 
3.059 

NF 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_189 3.606 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_234 3.592 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_271 3.481 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_278 3.242 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_555 3.182 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_619 3.139 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_233 3.090 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_aqua

dulcis|ASV_527 
3.087 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_650 3.075 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_|g_Xylogone|s_|ASV_784 3.051 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Aspergillus|s_cito

crescens|ASV_408 
3.018 

k_Fungi|p_Basidiomycota|c_Tremellomycetes|o_|f_|g_|s_|ASV_283 3.003 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_Aspergillaceae|g_Penicillium|s_ferra

niaense|ASV_781 
2.980 

k_Fungi|p_|c_|o_|f_|g_|s_|ASV_855 2.954 

k_Fungi|p_Rozellomycota|c_|o_GS11|f_|g_|s_|ASV_907 2.951 

k_Fungi|p_Ascomycota|c_Leotiomycetes|o_Helotiales|f_|g_|s_|ASV_719 2.932 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Clavicipitaceae|g_|s_|ASV_770 2.921 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Hypocreales|f_Nectriaceae|g_Ilyonectria|s_|AS

V_964 
2.916 

k_Fungi|p_Chytridiomycota|c_Rhizophlyctidomycetes|o_Rhizophlyctidales|f_Rhizophlyctidac

eae|g_|s_|ASV_918 
2.867 

k_Fungi|p_Ascomycota|c_Dothideomycetes|o_Venturiales|f_Sympoventuriaceae|g_Sympoven

turia|s_capensis|ASV_1106 
2.857 

k_Fungi|p_Basidiomycota|c_Cystobasidiomycetes|o_Cystobasidiales|f_Cystobasidiaceae|g_Cy

stobasidium|s_|ASV_711 
2.834 

 k_Fungi|p_|c_|o_|f_|g_|s_|ASV_1398 2.800 
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Area Taxa LDA 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1132 2.797 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1246 2.777 

k_Fungi|p_Basidiomycota|c_Tremellomycetes|o_|f_|g_|s_|ASV_449 2.734 

k_Fungi|p_Ascomycota|c_Eurotiomycetes|o_Eurotiales|f_|g_|s_|ASV_1217 2.726 

k_Fungi|p_Ascomycota|c_Sordariomycetes|o_Amphisphaeriales|f_Castanediellaceae|g_Castan

ediella|s_cagnizarii|ASV_1786 
2.680 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1481 2.603 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_1653 2.577 

k_Fungi|p_Basidiomycota|c_|o_|f_|g_|s_|ASV_1335 2.565 

k_Fungi|p_Ascomycota|c_|o_|f_|g_|s_|ASV_2792 2.399 

† Significant (adjusted p < 0.05) taxa identified by Linear Discriminant Analysis Effect Size (LEfSe) with an LDA 

score threshold of ≥ 2.000. Positive LDA scores indicate significantly higher relative abundance of the taxon within 

the respective area compared to other treatments in that soil layer. Taxonomic levels: p, phylum; c, class; o, order; 

f, family; g, genus; s, species; ASV, amplicon sequence variant. 

 

Among the prokaryotic biomarkers, the phyla Pseudomonadota, Actinomycetota, 

Acidobacteriota, and Chloroflexota were the most abundant, with 33.1, 20.6, 19.4, and 17.8 % 

of the total biomarkers, respectively. Therefore, the other eight significant phyla represented 

9.1 % of the biomarkers. Alphaproteobacteria (phylum Pseudomonadota), Ktedonobacteria 

(phylum Chloroflexota), Acidobacteria (phylum Acidobacteriota), and Actinobacteria (phylum 

Actinomycetota) were the most abundant classes, with 26.9, 15.6, 15.3, and 11.9 % of the total 

biomarkers, while the other 16 classes summed up 30.3 %. Notably, only two Archaea 

biomarkers were observed: ASV_927, in the 0-10 and 20-40 cm layers, and ASV_932, in the 

10-20 cm layer. They were both from NF and belong to the Nitrososphaeraceae family (phylum 

Thermoproteota). 

The managed system with most prokaryotic biomarkers was ILF-ST at 0.00 m, with 8, 

15, and 2 biomarkers in the 0-10, 10-20 and 20-40 cm layers, respectively, summing up 25 

biomarkers, followed by ILF-EP at 5.25 m, with 5, 5, and 2 biomarkers in 0-10, 10-20 and 20-

40 cm layers, respectively. Interestingly, ILF-EP presented more biomarkers at 5.25 m (12) 

than at 0.00 m (7). Additionally, the tree-integrated systems presented more biomarkers in the 

10-20 cm layer, whereas MP and NF presented more biomarkers in the 0-10 cm layer. 

In the 0-10 cm layer, the highest effect size was recorded in ILF-EP 5.25 m, dominated 

by an ASV from the Xanthobacteraceae family (ASV_1, LDA = 4.331). The native forest  

(NF) followed with a strong signature from another Xanthobacteraceae member (ASV_2,  

LDA = 4.089). In the MP system, the most prominent biomarker belonged to the 

Micromonosporaceae family (ASV_53, LDA = 3.337). Within the integrated systems at the 

tree row, ILF-EP 0.00 m was characterized by Acidobacteriae Subgroup 2 (ASV_179,  

LDA = 3.264), while ILF-ST 0.00 m was defined by a member of the Methyloligellaceae family 
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(ASV_580, LDA = 2.952). The ILF-ST 5.25 m distance was specifically marked by the genus 

Acidiferrimicrobium (ASV_1001, LDA = 2.876). 

At the 10-20 cm layer, several taxa showed vertical persistence. The NF area maintained 

its primary biomarker (Xanthobacteraceae, ASV_2) with a consistently high effect size  

(LDA = 4.052). Similarly, ILF-EP 0.00 m continued to be characterized by Acidobacteriae 

Subgroup 2 (ASV_179, LDA = 3.292). In the ILF-EP 5.25 m system, the dominant biomarker 

shifted to the genus Conexibacter (ASV_127, LDA = 3.384). The MP system at this depth was 

uniquely identified by the genus HSBOF53-F07 (Ktedonobacteraceae; ASV_108,  

LDA = 3.146). Within the ILF-ST system, the tree row (0.00 m) was marked by the 67-14 group 

(Solirubrobacterales; ASV_363, LDA = 3.077), while the 5.25 m distance was characterized 

by the genus Bradyrhizobium (ASV_122, LDA = 3.130). 

In the deepest layer (20-40 cm), the genus Acidothermus emerged as a key biomarker 

for both the NF (ASV_167, LDA = 3.495) and ILF-ST 0.00 m (ASV_820, LDA = 2.884) 

systems. The ILF-EP 5.25 m system maintained ASV_127 (genus Conexibacter) as its primary 

biomarker, which reached its highest effect size at this depth (LDA = 3.458). 

Ascomycota phyla represented 55.0 % of the fungal biomarkers, followed by 

Basidiomycota with 20.9 %. The other six identified phyla summed up 8.1 %, whereas 16.1 % 

of biomarkers were from indetermined phyla. Moreover, 41.4 % of the biomarkers are from 

unidentified classes, but Eurotiomycetes and Sordariomycetes (phylum Ascomycota) comprised 

19.4 and 18.3 % of total fungal biomarkers. Among the managed systems, ILF-ST at 0.00 m 

presented the highest number of biomarkers: 16, 17, and 1 in the 0-10, 10-20 and 20-40 cm 

layers, respectively. The ILF-EP system, contrary to what was observed for prokaryotic 

biomarkers, presented higher number of fungal biomarkers at 0.00 m from the tree row: 12, 10, 

and 5 in the 0-10, 10-20 and 20-40 cm layers, respectively. Notably, no fungal biomarker was 

identified in the 20-40 cm layer for ILF-ST and ILF-EP at 5.25 m, nor for MP. 

In the 0-10 cm layer, the highest effect size among integrated systems was found in ILF-

EP 0.00 m, dominated by an ASV of the class Archaeorhizomycetes (ASV_15, LDA = 4.427). 

In the ILF-ST 0.00 m system, the primary biomarker was identified as Fusarium variasi 

(ASV_5, LDA = 4.324). At the 5.25 m distance, the integrated systems were characterized by 

Bulbithecium pinkertoniae (ASV_16, LDA = 3.898) in the ILF-ST area and a member of the 

Entolomataceae family (ASV_54, LDA = 3.406) in the ILF-EP area. The NF system was 

distinguished by the entomopathogenic genus Metarhizium (ASV_129, LDA = 3.817), while 

the MP system was defined by Penicillium shearii (ASV_222, LDA = 3.263). 
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At the 10-20 cm layer, remarkable taxonomic stability was observed for several systems. 

Fusarium variasi (ASV_5) remained the top biomarker for ILF-ST 0.00 m (LDA = 4.313), and 

Bulbithecium pinkertoniae (ASV_16) persisted as the primary biomarker for ILF-ST 5.25 m 

(LDA = 3.926). Similarly, the NF system maintained Metarhizium (ASV_129) as its principal 

biomarker (LDA = 3.811), and the MP system continued to be characterized by Penicillium 

shearii (ASV_222, LDA = 3.231). In contrast, the biomarker for ILF-EP 0.00 m shifted to the 

ectomycorrhizal genus Tomentella (ASV_6), which reached a high effect size (LDA = 4.398). 

In the 20-40 cm layer, the genus Tomentella (ASV_6) remained the dominant biomarker 

for the ILF-EP 0.00 m system, achieving its highest effect size at this depth (LDA = 4.484). For 

the ILF-ST 0.00 m system, the primary biomarker was an unidentified member of the 

Hypocreales order (ASV_1102, LDA = 2.843). The native forest (NF) was identified by a 

highly specific but unclassified fungal ASV (ASV_189, LDA = 3.606). 

The taxonomic composition analysis revealed that soil microbial communities, across 

both Prokaryotic and Fungal domains, are dominated by a select number of persistent phyla, 

regardless of management system or soil depth (Figure 2.3). Importantly, LEfSe results 

demonstrated that the statistically significant biomarkers for each treatment belonged, in their 

majority, to these high-frequency phyla. 

The prokaryotic community was characterized by the predominance of 

Pseudomonadota, Actinomycetota, Acidobacteriota, and Chloroflexota, which together 

accounted for the bulk (more than 70 %) of the relative abundance across all profiles. Notably, 

NF exhibited a higher proportion of Acidobacteriota and Pseudomonadota, and lower 

proportion of Bacillota compared to managed systems. This pattern is maintained across soil 

layers. 

Archaea abundance was relatively small, with less than 0.8 % in the system with the 

highest abundance (ILF-ST at 0.00 m), followed by MP and NF (Figure 2.4). Thermoproteota 

was the most abundant phylum, with approximately 90 % of the archaeal abundance in most 

treatments, except for ILF-ST in the 5.25 m distance and the 20-40 cm soil layer, which 

presented less than 80 % of Thermoproteota. Moreover, Thermoplasmatota was the second 

most abundant phyla across areas and soil layers, except for ILF-ST at 0.00 m, in all layers, and 

at 5.25 m in the topsoil. In these treatments, Nanoarchaeota was the second most abundant 

phylum. 
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Figure 2.3 - Relative abundance of prokaryotic and fungal phyla across three soil layers (0-10, 10-20, and 20-40 

cm) under different management systems. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: 

integrated livestock-forestry with Eucalyptus pellita; MP: Urochloa brizantha ‘Marandu’ pasture; NF: native 

forest; 0.00 and 5.25 m: distance from the tree row in the ILF systems. 
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Figure 2.4 - Relative abundance of Archaea phyla across three soil layers (0-10, 10-20, and 20-40 cm) under 

different management systems. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated 

livestock-forestry with Eucalyptus pellita; MP: Urochloa brizantha ‘Marandu’ pasture; NF: native forest; 0.00 and 

5.25 m: distance from the tree row in the ILF systems. 

 

The fungal community was heavily dominated by Ascomycota, which accounted for 

approximately 50 % of the relative abundance, followed by Basidiomycota, with 10-25 % of 

the relative abundance, depending on the area and soil layer. Notably, the proportion of others 

phyla is higher in fungal than prokaryotic communities, mainly due to the contribution of 

unidentified phyla. 

The Venn diagrams illustrate the unique and shared ASVs among areas (Figure 2.5 for 

prokaryotes and Figure 2.6 for fungi). Remarkably, NF and MP present the highest numbers of 

unique prokaryotic ASVs, each representing 12-16 % of the total ASV richness across layers. 

In contrast, the integrated systems (ILF-ST and ILF-EP) showed a high degree of overlap 

between their respective distances from the tree row (0.00 m and 5.25 m), with lower counts of 

exclusive ASVs compared to the reference areas. 
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Figure 2.5 - Distribution and sharing of prokaryotic amplicon sequence variants (ASVs) across soil layers (0-10, 

10-20, and 20-40 cm) under different management systems. Venn diagrams illustrate the number of unique and 

shared ASVs among the treatments. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: 

integrated livestock-forestry with Eucalyptus pellita; MP: Urochloa brizantha ‘Marandu’ pasture; NF: native 

forest; 0.00 and 5.25 m: distance from the tree row in the ILF systems. Numerical values in the central overlapping 

areas represent the core microbiome (taxa persistent across all systems) for each respective layer. Total ASV 

richness for each soil layer is indicated in the bottom right corner of each panel. 

 

0-10 cm 

20-40 cm 

10-20 cm 

Total ASV richness: 9,131 

Total ASV richness: 9,701 

Total ASV richness: 10,170 
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Figure 2.6 - Distribution and sharing of fungi amplicon sequence variants (ASVs) across soil layers (0-10, 10-20, 

and 20-40 cm) under different management systems. Venn diagrams illustrate the number of unique and shared 

ASVs among the treatments. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated 

livestock-forestry with Eucalyptus pellita; MP: Urochloa brizantha ‘Marandu’ pasture; NF: native forest; 0.00 and 

5.25 m: distance from the tree row in the ILF systems. Numerical values in the central overlapping areas represent 

the core microbiome (taxa persistent across all systems) for each respective layer. Total ASV richness for each 

soil layer is indicated in the bottom right corner of each panel. 

 

0-10 cm 

20-40 cm 

10-20 cm 

Total ASV richness: 10,171 

Total ASV richness: 10,663 

Total ASV richness: 10,673 
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A primary distinction between prokaryotes and fungi regarding the distribution of 

unique and shared ASVs was observed in NF, which functioned as a significantly more 

specialized reservoir for fungi than for prokaryotes. While unique ASVs in the NF accounted 

for approximately 15 % of the total prokaryotic community, this proportion doubled to 30 % 

for the fungal community. 

In the prokaryotic domain, the ILF-ST system presented the third-largest proportion of 

unique ASVs, surpassing the ILF-EP system by nearly 100 %. Furthermore, the unique 

prokaryotic richness in ILF-ST almost equilibrated with the MP, which remained the closest 

system to NF in terms of exclusive taxa. In contrast, the fungal domain showed a 

homogenization of unique richness among the managed systems. The differences between MP, 

ILF-ST, and ILF-EP were considerably smaller for fungi than for prokaryotes. Nevertheless, 

the ILF-ST remained the most diverse among the managed options (considering all five 

managed treatments). 

The core microbiota, which represents the degree of community cohesion, also differed 

drastically between the two domains. For prokaryotes, approximately 3 % of all ASVs were 

shared across all six treatments. In contrast, this universal sharing dropped to 0.5 % for fungi, 

indicating a much lower baseline of common taxa across the entire study area. This trend was 

also reflected in the managed systems (excluding NF). The proportion of ASVs shared 

exclusively among the five managed systems decreased from 4 % in prokaryotes to less than 2 

% in fungi. 

The spatial sharing of ASVs between the tree row (0.00 m) and the area at 5.25 m 

distance from the tree row was different between the two microbial groups. For prokaryotes, in 

the ILF-ST system, 3 % of ASVs were shared between both distances, whereas in the ILF-EP, 

this sharing was 1%. For fungi, a 2 % sharing between distances was observed in the ILF-ST 

compared to 1 % in the ILF-EP. 

2.3.4 Functional prediction and profile analysis 

The functional prediction analysis using FAPROTAX identified distinct metabolic 

signatures across management systems and soil depths (Table 2.6). The ILF-ST at 0.00 m 

treatment presented the highest number of functional biomarkers across all sampled layers. In 

the topsoil (0-10 cm), this system was significantly enriched with anaerobic 

chemoheterotrophy, nitrate reduction, and aromatic compound degradation. In contrast, at the 

5.25 m distance, ILF-ST was characterized by sulfur-related pathways, specifically sulfate 
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respiration and respiration of sulfur compounds, while the ILF-EP system at the same depth 

was uniquely identified by dark hydrogen oxidation. The MP system in this layer showed a 

distinct signature for cellulolysis. 

Table 2.6 - Predicted functional biomarkers of prokaryotic communities across soil layers and management 

systems. The potential ecological functions were predicted using the FAPROTAX database based on 16S rRNA 

gene sequences. Listed functions represent significant biomarkers identified by Linear Discriminant Analysis 

Effect Size (LEfSe). Only functional groups with an adjusted p-value < 0.05 and a Linear Discriminant Analysis 

(LDA) score ≥ 2.000 are shown. Positive LDA scores indicate significantly higher relative abundance of the 

functional group within the respective area compared to other treatments in that soil layer. ILF-ST: integrated 

livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus pellita; MP: 

Urochloa brizantha ‘Marandu’ pasture; NF: native forest; 0.00 and 5.25 m: distance from the tree row in the ILF 

systems. 

Layer Area Potential function LDA 

0-10 cm 

ILF-ST 0.00 m 

anaerobic_chemoheterotrophy 4.401 

nitrate_reduction 3.701 

aromatic_compound_degradation 3.491 

invertebrate_parasites 3.474 

ILF-ST 5.25 m 
sulfate_respiration 3.397 

respiration_of_sulfur_compounds 3.397 

ILF-EP 5.25 m dark_hydrogen_oxidation 4.195 

MP cellulolysis 4.285 

10-20 cm 
ILF-ST 0.00 m 

anaerobic_chemoheterotrophy 4.610 

chemoheterotrophy 4.403 

aromatic_compound_degradation 4.134 

NF cellulolysis 4.487 

20-40 cm 

ILF-ST 0.00 m anaerobic_chemoheterotrophy 4.300 

ILF-ST 5.25 m nitrate_reduction 3.759 

NF intracellular_parasites 3.619 

 

In the intermediate layer (10-20 cm), anaerobic chemoheterotrophy remained a dominant 

biomarker for ILF-ST 0.00 m, reaching the highest effect size (LDA = 4.61). In the same layer, NF was 

characterized by cellulolysis, which was notably absent as a significant biomarker in the tree-integrated 

systems. At the deepest layer (20- 40 cm), the functional profile was more streamlined. ILF-ST at 0.00 

m maintained its association with anaerobic chemoheterotrophy, while at 5.25 m it showed a significant 

presence of nitrate reduction. Interestingly, the NF system at this depth was uniquely associated with 

intracellular parasites, contrasting with the more metabolic-oriented biomarkers found in the managed 

areas. 

The functional prediction analysis using the FungalTraits database revealed distinct 

ecological specializations among the management systems across the soil profile (Table 2.7). 

The ILF-EP 0.00 m treatment presented the most prominent functional signature, characterized 

by a strong dominance of ectomycorrhizal fungi (LDA > 4.2) across all three soil layers. This 
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system was also associated with specific fungal structures, such as corticioid and gasteroid fruit 

bodies, and various ectomycorrhizal exploration types (medium-distance smooth, long-

distance, and short-distance coarse). Notably, NF presented the highest number of fungal trait 

biomarkers (40 out of 100), reflecting its unique fungal community composition (Figure 2.2, 

Table 2.3, and Figure 2.6). 

Table 2.7 - Predicted functional biomarkers of fungal communities across soil layers and management systems. 

The potential ecological traits and guilds were predicted using the FungalTraits database based on ITS rRNA gene 

sequences. Listed functions represent significant biomarkers identified by Linear Discriminant Analysis Effect 

Size (LEfSe). Only functional groups with an adjusted p-value < 0.05 and a Linear Discriminant Analysis (LDA) 

score ≥ 2.000 are shown. Positive LDA scores indicate significantly higher relative abundance of the functional 

group within the respective area compared to other treatments in that soil layer. ILF-ST: integrated livestock-

forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus pellita; MP: Urochloa 

brizantha ‘Marandu’ pasture; NF: native forest; 0.00 and 5.25 m: distance from the tree row in the ILF systems. 

Layer Area Trait LDA 

0-10 cm 

ILF-ST 0.00 m 

Secondary_lifestyle|litter_saprotroph 3.966 

Endophytic_interaction_capability|foliar_endophyte 3.932 

Decay_type|soft_rot 3.924 

Decay_substrate|roots 3.902 

primary_lifestyle|animal_parasite 3.499 

Decay_type|keratinolytic 3.459 

Plant_pathogenic_capacity|algal_parasite 2.747 

Secondary_lifestyle|algal_parasite 2.693 

ILF-ST 5.25 m 

Growth_form|filamentous_mycelium 3.994 

Aquatic_habitat|aquatic 3.978 

primary_lifestyle|dung_saprotroph 3.938 

Animal_biotrophic_capacity|arthropod_parasite 3.367 

Secondary_lifestyle|unsepcified_saprotroph 2.586 

ILF-EP 0.00 m 

primary_lifestyle|ectomycorrhizal 4.232 

Hymenium_type|smooth 4.102 

Ectomycorrhiza_exploration_type|medium-distance_smooth 4.100 

Fruitbody_type|corticioid 4.016 

Fruitbody_type|gasteroid 3.839 

Fruitbody_type|gasteroid-hypogeous 3.598 

primary_lifestyle|foliar_endophyte 3.520 

Ectomycorrhiza_exploration_type|long-distance 3.416 

Ectomycorrhiza_exploration_type|short-distance_coarse 3.266 

ILF-EP 5.25 m 
Decay_substrate|sugar-rich_substrates 2.999 

primary_lifestyle|nectar/tap_saprotroph 2.966 

NF 

Growth_form|yeast 3.681 

Decay_substrate|fungal_material 3.669 

primary_lifestyle|mycoparasite 3.668 

Secondary_lifestyle|animal_parasite 3.655 

Animal_biotrophic_capacity|animal_parasite 3.651 

Decay_type|white_rot 3.639 
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Layer Area Trait LDA 

Hymenium_type|poroid 3.535 

Fruitbody_type|agaricoid 3.500 

Hymenium_type|gills 3.500 

Fruitbody_type|polyporoid 3.482 

Plant_pathogenic_capacity|wood_pathogen 3.435 

Growth_form|dimorphic_yeast 3.281 

Secondary_lifestyle|fungal_decomposer 3.177 

Animal_biotrophic_capacity|arthropod-associated 3.057 

primary_lifestyle|root_endophyte 2.984 

primary_lifestyle|moss_symbiont 2.618 

Endophytic_interaction_capability|moss-associated 2.618 

Plant_pathogenic_capacity|moss-associated 2.618 

primary_lifestyle|lichen_parasite 2.611 

Secondary_lifestyle|arthropod-associated 2.597 

Secondary_lifestyle|protistan_parasite 2.578 

Ectomycorrhiza_exploration_type|unknown 2.477 

10-20 cm 

ILF-ST 0.00 m 

Decay_substrate|soil 4.081 

Decay_substrate|animal_material 3.991 

Secondary_lifestyle|litter_saprotroph 3.964 

Decay_type|soft_rot 3.932 

Plant_pathogenic_capacity|leaf/fruit/seed_pathogen 3.921 

Decay_substrate|roots 3.916 

primary_lifestyle|plant_pathogen 3.737 

Decay_type|keratinolytic 3.730 

Secondary_lifestyle|animal_decomposer 3.599 

Animal_biotrophic_capacity|arthropod_parasite 3.437 

ILF-ST 5.25 m 

primary_lifestyle|dung_saprotroph 4.138 

Aquatic_habitat|aquatic 3.978 

primary_lifestyle|foliar_endophyte 3.648 

ILF-EP 0.00 m 

primary_lifestyle|ectomycorrhizal 4.280 

Ectomycorrhiza_exploration_type|medium-distance_smooth 4.205 

Hymenium_type|smooth 4.203 

Fruitbody_type|corticioid 4.167 

Fruitbody_type|gasteroid 3.602 

Fruitbody_type|gasteroid-hypogeous 3.404 

Ectomycorrhiza_exploration_type|long-distance 3.135 

Ectomycorrhiza_exploration_type|short-distance_coarse 3.107 

ILF-EP 5.25 m Growth_form|filamentous_mycelium 4.078 

MP Decay_type|mold 4.062 

NF 

Animal_biotrophic_capacity|animal_parasite 3.831 

Secondary_lifestyle|animal_parasite 3.711 

primary_lifestyle|animal_parasite 3.645 

primary_lifestyle|mycoparasite 3.641 

Decay_substrate|fungal_material 3.636 

Decay_type|white_rot 3.554 
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Layer Area Trait LDA 

Hymenium_type|gills 3.492 

Fruitbody_type|agaricoid 3.492 

Growth_form|dimorphic_yeast 3.387 

Fruitbody_type|polyporoid 3.368 

Ectomycorrhiza_exploration_type|unknown 3.127 

Secondary_lifestyle|root_endophyte 3.011 

Secondary_lifestyle|root_endophyte_dark_septate 3.011 

Endophytic_interaction_capability|root_endophyte_dark_septate 2.925 

Secondary_lifestyle|protistan_parasite 2.654 

primary_lifestyle|lichen_parasite 2.645 

20-40 cm 

ILF-ST 0.00 m 

Decay_type|soft_rot 3.991 

Decay_substrate|roots 3.851 

Decay_type|keratinolytic 3.808 

Decay_substrate|fungal_material 3.669 

Animal_biotrophic_capacity|arthropod_parasite 3.561 

ILF-ST 5.25 m 
primary_lifestyle|dung_saprotroph 4.054 

primary_lifestyle|foliar_endophyte 3.404 

ILF-EP 0.00 m 

primary_lifestyle|ectomycorrhizal 4.307 

Ectomycorrhiza_exploration_type|medium-distance_smooth 4.141 

Hymenium_type|smooth 4.135 

Fruitbody_type|gasteroid 3.913 

Ectomycorrhiza_exploration_type|short-distance_coarse 3.650 

Ectomycorrhiza_exploration_type|long-distance 3.537 

NF 
primary_lifestyle|mycoparasite 3.605 

Secondary_lifestyle|protistan_parasite 2.877 

 

In the topsoil, functional diversity was highly niche-specific. The ILF-ST 0.00 m system 

was significantly enriched with litter saprotrophs, soft rot decomposers, and fungi with foliar 

endophyte capabilities. At the 5.25 m distance in the same system, the profile shifted toward 

dung saprotrophs and aquatic habitats. In NF, the community was characterized by 

mycoparasites, white rot decay, and a diversity of growth forms, including yeasts and dimorphic 

yeasts. 

As depth increased, the ILF-ST 0.00 m system maintained its association with soft rot 

decay but also showed significant biomarkers for plant pathogens and fungi utilizing soil and 

roots as substrates. The MP system emerged in this layer with a specific signature for molds. 

The native forest (NF) continued to be characterized by animal parasites and white rot decay, 

along with the presence of dark septate root endophytes. 

In the deepest layer, functional biomarkers became more concentrated. The ILF-EP 0.00 

m system reached its highest effect size for the ectomycorrhizal lifestyle (LDA = 4.30). The 
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ILF-ST 0.00 m treatment remained associated with soft rot and root decay, while the ILF-ST 

5.25 m distance continued to harbor dung saprotrophs. Functional biomarkers in the NF were 

reduced to mycoparasites and protistan parasites. 

2.3.5 Co-occurrence networks 

The topological properties of the microbial co-occurrence networks revealed distinct 

patterns of connectivity and structural complexity across management systems and soil depths 

(Table 2.8). In the 0-10 cm layer, the treeless pasture (MP) exhibited notably higher complexity 

compared to other treatments; its number of edges (34,146) and average degree (86.66) were 

more than three times higher than those observed in ILF-ST 5.25 m, which had the second-

highest edge count. While the edge count in ILF-ST was similar to NF, it was considerably 

higher than in the ILF-EP system, which also recorded the lowest number of nodes. 

Table 2.8 - Topological attributes of microbial (prokaryotes and fungi) co-occurrence networks across soil layers 

(0-10, 10-20, and 20-40 cm) and management systems. ILF-ST: integrated livestock-forestry with Samanea 

tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus pellita; MP: Urochloa brizantha ‘Marandu’ 

pasture; NF: native forest; 0.00 and 5.25 m: distance from the tree row in the ILF systems. 

Network atribute† ILF-ST ILF-EP MP NF 

0.00 m 5.25 m 0.00 m 5.25 m 

 --------------------------- 0-10 cm --------------------------- 

Nodes 927 789 691 748 788 775 

     Fungal/prokaryotic ratio 0.398 0.356 0.470 0.441 0.352 0.547 

Edges 11,109 10,904 5,098 7,433 34,146 10,164 

     Positive/negative ratio 1.103 1.462 1.058 1.048 1.019 0.941 

     Fungi-fungi (%) 9.200 6.700 10.906 10.628 5.750 10.324 

     Prokaryote-prokaryote (%) 43.372 56.750 44.704 43.657 60.378 47.252 

     Fungi-prokaryote (%) 47.433 36.550 44.390 45.715 33.871 42.424 

Average degree 23.968 27.640 14.755 19.874 86.665 26.230 

Network diameter 4 4 5 4 3 4 

Density 0.026 0.035 0.021 0.027 0.110 0.034 

Modularity 0.179 0.164 0.233 0.187 0.116 0.178 

Average clustering coefficient 0.034 0.042 0.0250 0.030 0.130 0.045 

Average path length 2.481 2.339 2.721 2.542 1.895 2.387 

 --------------------------- 10-20 cm --------------------------- 

Nodes 1009 730 796 720 803 782 

     Fungal/prokaryotic ratio 0.456 0.401 0.437 0.437 0.354 0.561 

Edges 14,633 10,410 14,856 5,234 6,599 6,962 

     Positive/negative ratio 1.200 1.107 1.132 0.861 1.313 1.114 

     Fungi-fungi (%) 10.613 7.368 9.922 9.935 7.334 13.904 

     Prokaryote-prokaryote (%) 44.864 52.728 47.429 42.988 52.508 40.621 

     Fungi-prokaryote (%) 44.523 39.904 42.649 47.077 40.158 45.475 
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Network atribute† ILF-ST ILF-EP MP NF 

0.00 m 5.25 m 0.00 m 5.25 m 

Average degree 29.005 28.521 37.327 14.539 16.436 17.806 

Network diameter 4 4 3 5 5 4 

Density 0.029 0.039 0.047 0.02 0.02 0.023 

Modularity 0.159 0.163 0.141 0.235 0.218 0.205 

Average clustering coefficient 0.033 0.05 0.054 0.024 0.023 0.027 

Average path length 2.389 2.292 2.138 2.736 2.691 2.629 

 --------------------------- 20-40 cm --------------------------- 

Nodes 964 728 765 716 738 747 

     Fungal/prokaryotic ratio 0.428 0.425 0.425 0.455 0.344 0.543 

Edges 8,951 9,221 5,647 6,435 9,649 6,036 

     Positive/negative ratio 1.099 1.606 0.972 0.988 1.598 1.025 

     Fungi-fungi (%) 10.580 10.010 9.173 10.660 5.659 12.816 

     Prokaryote-prokaryote (%) 44.118 43.921 50.044 46.356 61.074 42.326 

     Fungi-prokaryote (%) 45.302 46.069 40.783 42.984 33.268 44.858 

Average degree 18.571 25.332 14.763 17.975 26.149 16.161 

Network diameter 4 4 5 4 4 5 

Density 0.019 0.035 0.019 0.025 0.035 0.022 

Modularity 0.203 0.165 0.228 0.205 0.172 0.221 

Average clustering coefficient 0.022 0.044 0.023 0.031 0.043 0.028 

Average path length 2.666 2.356 2.754 2.591 2.362 2.681 
† Nodes represent individual microbial taxa (prokaryotes or fungi); edges indicate significant SparCC correlations 

(r ≤ -0.7 or ≥ 0.7, p < 0.01 after FDR correction) between taxa; fungi/prokaryote ratio is the proportion of fungal 

nodes relative to prokaryotic nodes in the network; positive/negative ratio is the proportion of positive correlations 

relative to negative correlations; fungi-fungi, prokaryote-prokaryote, and fungi-prokaryote represent the 

percentage of connections within and between each domain; average degree is the mean number of connections 

per node; network diameter is the longest shortest path between any two nodes; density measures how close the 

network is to being complete (all possible edges). Modularity indicates the degree to which a network is divided 

into distinct clusters or modules. Average clustering coefficient measures the tendency of nodes to form tightly 

knit groups. Average path length is the average number of steps required to connect any two nodes in the network. 

 

Regarding domain interactions, ILF-ST 5.25 m and MP showed a high percentage of 

prokaryote-prokaryote connections (56.75% and 60.37%, respectively) compared to other 

treatments. Although ILF-EP 0.00 m displayed considerably higher modularity (0.233), the 

average clustering coefficient in MP (0.13) was remarkably superior. Notably, NF was the only 

treatment to present a higher proportion of negative correlations relative to positive ones (0.941) 

and the highest fungi/prokaryote node ratio (0.547). The ILF-EP system followed with the 

second-highest fungi/prokaryote ratio, yet its proportion of fungi-fungi connections (10.9 %) 

exceeded even that of the NF. 

In the 10-20 cm layer, the integrated systems at the tree row (0.00 m) stood out, with 

more than double the number of edges compared to the next highest treatment (NF). The 

number of nodes in these systems also increased considerably compared to the 0-10 cm layer, 
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reaching 1,009 in ILF-ST 0.00 m. A notable finding was the smallest network diameter recorded 

in ILF-EP 0.00 m (3), although modularity in this system decreased despite the increase in 

connections. 

In contrast, MP showed a substantial decline in edge count (6,599) despite an increase 

in the number of nodes (803). However, the positive/negative ratio in MP (1.313) was much 

higher than in the other treatments. The lowest positive/negative ratio at this depth was observed 

in ILF-EP 5.25 m (0.861). Prokaryote-prokaryote connections remained most prevalent in  

ILF-ST 5.25 m (52.72 %) and MP (52.50 %), while NF continued to maintain the highest 

fungi/prokaryote ratio (0.561). Unlike the surface layer, the highest modularity values were 

observed in MP (0.218) and NF (0.205). 

At the 20-40 cm layer, differences between treatments regarding node and edge counts 

were less discrepant. ILF-ST 0.00 m stood out with the highest number of nodes (964), while 

MP exhibited the highest average degree (26.14). Generally, ILF-ST and MP presented the 

highest number of edges, whereas ILF-EP 0.00 m recorded the lowest edge count (5,647) and 

average degree (14.76). 

The positive/negative ratio at this depth was highest in ILF-ST 5.25 m (1.606), followed 

by MP (1.598). Conversely, the ILF-EP system (at both 0.00 m and 5.25 m) was the only area 

to present a higher proportion of negative correlations relative to positive ones (0.972 and 0.988, 

respectively). NF maintained the highest fungi/prokaryote ratio (0.543) and MP the highest 

percentage of prokaryote-prokaryote connections (61.07 %). Furthermore, the differences 

between the 0.00 m and 5.25 m distances in the ILF-ST system regarding the proportions of 

connection types were smaller in this layer. This magnitude of difference between distances 

was not observed for the ILF-EP system at any layer. 

2.4 Discussion 

2.4.1 Alpha diversity 

The significant influence of management systems, sampling distances, and soil depths 

on microbial alpha diversity suggests that the integration of trees into Amazonian pastures 

creates distinct ecological niches that override the inherent biotic homogenization of 

conventional cattle ranching. The consistent superiority of the ILF-ST system in maintaining 

higher prokaryotic richness and Shannon diversity compared to ILF-EP, particularly at the tree 

row (0.00 m) across all layers, highlights the legume effect in integrated systems. Samanea 
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tubulosa, as a nitrogen-fixing legume, likely provides a more labile litter and a broader range 

of root exudates compared to the more recalcitrant litter of E. pellita (Constantinides and 

Fownes 1994; Duarte et al. 2013). This nutrient-rich environment supports a more even and 

diverse prokaryotic community, potentially facilitating faster nutrient cycling (Barros et al. 

2018; Gou et al. 2023; Cai and Zhao 2024). These results corroborate the findings of Cipriani, 

Salman, Pellegrinetti, et al. (2025), which worked in practically the same areas in the dry 

season, two years early, and found higher prokaryotic diversity in ILF-ST. 

The tree effect was markedly spatial. In the intermediate layer (10-20 cm), the 

significant increase in fungal richness at the tree row (0.00 m) compared to the area 5.25 m 

distant from the tree row in the ILF systems indicates that the trees can enhance local fungal 

habitats through root-zone interactions. In addition, for fungi, the ILF-ST system at 0.00 m was 

the only managed system able to reach a Shannon diversity equivalent to NF. This suggests that 

the microenvironment created by S. tubulosa mimics some of the structural complexities of the 

forest floor, supporting a fungal community that is as diverse as the native baseline (Beule, 

Guerra, et al. 2022; Vaupel et al. 2023; Dyson et al. 2025; Bässler et al. 2025). 

The results revealed a divergence in the response of prokaryotes and fungi to land-use 

change. For prokaryotes, diversity was generally higher in the treeless pasture (MP) and lower 

in the NF. This often occurs in Amazonian soils where forest-to-pasture conversion increases 

soil pH and nutrient availability, favoring copiotrophic bacterial groups (Rocha et al. 2021; 

Mandro et al. 2026; Muchalak et al. 2025). For fungi, NF consistently exhibited superior 

richness and Shannon diversity across all depths compared to managed systems. This 

underscores the sensitivity of fungal communities, often dependent on specific host plants and 

complex organic matter, to the structural simplification that follows deforestation (Kutos et al. 

2023; Balami et al. 2020). 

Despite the typical decline in resources with depth, the ILF-ST system maintained 

significantly higher fungal richness and Shannon diversity at the 0.00 m distance even in the 

deepest layer (20-40 cm) compared to ILF-EP. This persistence suggests that the deep-rooting 

system of S. tubulosa and its associated rhizospheric effects extend deeper into the soil profile, 

a crucial factor for long-term soil health. 

2.4.2 Beta diversity 

The PCoA and PERMANOVA analyses revealed that land-use change exerted a 

deterministic selective pressure on microbial community composition, resulting in distinct 
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assemblies between the native forest (NF) and managed systems. The most striking pattern 

observed was the highly cohesive and isolated clustering of NF across all soil layers, confirming 

that the native vegetation supports a markedly different microbial assembly than any managed 

system. This isolation suggests that deforestation leads to the loss of specialized forest microbial 

lineages that are not recovered even in integrated production systems (Goss-Souza et al. 2022; 

Carmo et al. 2024; Mandro et al. 2026). 

The choice of tree species was a significant driver of beta diversity, since the ILF-ST 

and ILF-EP systems differed significantly from each other across all soil layers. Interestingly, 

no significant difference was detected between the tree row (0.00 m) and its pasture (5.25 m) 

within the ILF-ST system at any depth. This suggests that the influence of the legume tree (S. 

tubulosa) is spatially extensive, potentially due to the widespread distribution of shade, 

nitrogen-rich labile litter or expansive root systems that homogenize the microbial signature 

across the system. In contrast, the ILF-EP system showed significant spatial variation for fungi 

in the 10-20 cm and 20-40 cm layers. This indicates that the impact of Eucalyptus is more 

localized, creating a distinct rhizospheric footprint near the trunk that differs from the pasture 

area within the system (Cipriani, Salman, Pellegrinetti, et al. 2025; Zandona et al. 2019; 

Bieluczyk et al. 2021). 

The tree row (0.00 m) of both integrated systems successfully shifted the microbial 

composition away from the conventional pasture (MP) profile in the upper layers. However, at 

the 5.25 m distance, the communities often became statistically indistinguishable from the MP. 

This confirms that while integrated systems diversify the landscape, the restorative effect on 

microbial composition is a gradient that weakens as the distance from the tree increases  

(Rivest et al. 2020; Sarto, Borges, Sarto, Pires, et al. 2020). 

Prokaryotic communities showed more pronounced segregation between management 

systems than fungi, as evidenced by higher R² values in pairwise comparisons. For instance, at 

20-40 cm, the R² for prokaryotes in the NF vs. ILF-ST 0.00 m comparison was 0.697, whereas 

for fungi, it was 0.402. This suggests that bacteria and archaea are more sensitive indicators of 

short-term and widespread changes induced by management (such as pH and nutrient flux), 

while fungal communities may be more influenced by the presence of specific host plants or 

the quality of recalcitrant organic matter (Zagatto et al. 2026; Bier et al. 2024). 



63 

 

 

 

2.4.3 Taxonomic biomarkers and community composition 

The LEfSe analysis did not merely identify specific taxa but revealed how different 

management strategies shape soil functionality by selecting microbial groups with distinct 

ecological niches. The dramatic vertical stratification, with only ~9 % of biomarkers shared 

across layers, highlights that microbial life strategies in the surface are fundamentally 

decoupled from those in the subsoil (Byers et al. 2023; Leewis et al. 2022; Beule and Guerra, 

et al. 2022). 

The dominance of Xanthobacteraceae and Ca. Solibacter in NF across all layers reflects 

an ecosystem balanced for the acidic, nutrient-tight conditions of the Amazonian rainforest. 

Xanthobacteraceae are key players in nitrogen fixation and carbon turnover in stable forest 

environments (Soltysiak et al. 2025; Willms et al. 2021). Furthermore, the persistence of fungi 

like Saitozyma podzolica in the upper layers suggests a highly acidic environment and 

specialization in decomposing complex forest litter, acting as a hub for carbon processing that 

is effectively lost when the forest is cleared (Gorte et al. 2020; Feng et al. 2023; Moreira and 

Vale 2018). 

The ILF-ST system stood out for prokaryotic biomarkers that suggest a more fertile and 

biologically integrated soil environment compared to other managed systems. The prominence 

of Bradyrhizobium (ASV_122) at 5.25 m indicates that the influence of the legume tree fosters 

plant-growth-promoting bacteria even far from the trunk. This explains why ILF-ST shows 

higher biological connectivity than ILF-EP between distances: the tree effectively fertilizes the 

soil with root exudates that support these beneficial groups (Barros et al. 2018; Santos et al. 

2022). 

The high abundance of Fusarium variasi (ASV_5) at the tree row suggests rapid cycling 

of the labile, nitrogen-rich organic material provided by S. tubulosa. While some Fusarium 

species are pathogens, many are highly efficient saprotrophs that thrive in nutrient-rich niches, 

marking a clear functional shift from the recalcitrant-decomposing fungi of the NF. In fact,  

F. variasi abundance is positively correlated with foliar P abundance (Petticord et al. 2026). 

Unlike the ILF-ST system, the eucalyptus-integrated system creates a highly specialized 

and localized niche. The presence of Tomentella (ASV_6) and Pisolithus as primary biomarkers 

near the tree row is clear evidence of the dependency of Eucalyptus on symbioses to capture 

nutrients in poor soils (Wang et al. 2024; Zhong et al. 2025; Heinrich et al. 1988). These fungi 

are host-specific and do not extend into the pasture matrix, which explains the relatively low 
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sharing of ASVs between the tree row and the area at 5.25 m distance from the tree row in this 

system. Moreover, the enrichment of Acidobacteriae Subgroup 2 (ASV_179) suggests an 

adaptation to soils with lower nutrient availability or the presence of antimicrobial compounds 

like essential oils, contrasting with the more copiotrophic profile of the ILF-ST system 

(Goldfarb et al. 2011; Moussa et al. 2024; Muchalak et al. 2025). In MP, the dominance of fungi 

like Curvularia and Penicillium shearii suggests a community adapted to rapid herbaceous 

decomposition and the environmental fluctuations typical of open pastures (Silvestro et al. 

2018; Mehta et al. 2022). 

The discovery that only 0.5 % of fungal ASVs are universally shared (core microbiota) 

demonstrates that while prokaryotes maintain a common functional baseline (3 % sharing), 

fungal communities are severely fragmented by management. Each production system creates 

its own fungal community, suggesting that the restoration of complex functions, such as lignin 

decomposition, depends mainly on tree species diversity, as the pasture matrix alone cannot 

sustain the fungal groups found in the forest or even in the legume-based systems. This 

extremely low baseline of common fungal taxa indicates that fungi are significantly more 

sensitive to land-use fragmentation and vegetation type than prokaryotes. Consequently, fungal 

communities might serve as more precise indicators of management history, reflecting the 

specific impacts of tree integration in silvopastoral systems (Raimbault et al. 2024; Seaton et 

al. 2023). 

2.4.4 Functional prediction and profile analysis 

Functional prediction analysis (FAPROTAX and FungalTraits) revealed that the 

integration of trees into Amazonian pastures does not merely alter microbial taxonomy but 

fundamentally redirects soil metabolic pathways and ecological guilds. The ILF-ST system 

(legume-based) displayed the highest functional complexity, while the ILF-EP system 

(eucalyptus-based) showed a high degree of symbiotic specialization. 

The enrichment of functions such as nitrate reduction and anaerobic chemoheterotrophy 

at the tree row (0.00 m) of the ILF-ST system suggests an environment with high organic 

substrate availability and variable oxygen dynamics. The significant presence of litter 

saprotrophs and soft rot decomposers indicates that S. tubulosa provides high-quality,  

nitrogen-rich litter (low C:N ratio), which is rapidly processed by the fungal community 

(Vaupel et al. 2025; Wang et al. 2020; Zhang et al. 2025). The unique signature for degrading 

aromatic compounds in the topsoil suggests a robust microbiome capable of breaking down 
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complex organic polymers, ensuring active carbon flux and soil resilience (Naylor et al. 2022; 

Fuchs et al. 2011). 

In sharp contrast, the ILF-EP system exhibited a functional specialization geared toward 

nutrient acquisition in restricted environments. The highest effect size for the ectomycorrhizal 

lifestyle (LDA = 4.30) in the deepest layer (20-40 cm) at the tree row confirms that Eucalyptus 

pellita strongly shapes soil function to ensure its own nutrient uptake via symbiosis.  

The identification of short-distance and long-distance exploration types reflects a spatial 

adaptation to mine the soil for phosphorus and other limiting nutrients (Wang et al. 2024; Zhong 

et al. 2025; Heinrich et al. 1988). 

The functionality of the native forest was characterized by white rot decay and 

mycoparasitism. While white rot is the hallmark of complex lignin decomposition in tropical 

forests, the presence of mycoparasites suggests a highly balanced microbial food web with 

intrinsic biological control mechanisms (Dossa et al. 2021; Wang et al. 2020; Penton et al. 

2014). Conversely, the MP system was uniquely identified by cellulolysis and the presence of 

molds. This reflects a simplified carbon cycle based on the rapid turnover of herbaceous 

material (grass roots and litter), lacking the enzymatic complexity required to process forest-

derived organic matter (Júnior et al. 2023; Abrão et al. 2017; Eo et al. 2021). 

The functional shift from the tree row (0.00 m) to the area at 5.25 m distance from the 

tree row in the ILF-ST system, moving from aromatic degradation to sulfate respiration, 

demonstrates that the tree component creates a distinct biogeochemical zonation. The presence 

of sulfur-related pathways at 5.25 m suggests a shift toward anaerobic processes or specific 

nutrient cycling dynamics in areas further from the direct influence of the legume canopy 

(Santana et al. 2021; Demin et al. 2024). 

The alignment between taxonomic biomarkers and predicted functional profiles 

demonstrates that tree integration creates specialized biogeochemical hotspots in pastures. This 

integration confirms that the microbial shifts observed are not merely structural but functional, 

directly impacting nutrient cycling and soil stability. In the ILF-ST system, the dominance of 

the legume tree (S. tubulosa) is functionally mirrored by the co-occurrence of nitrate reduction 

and the presence of nitrogen-fixing taxa such as Bradyrhizobium. The high LDA scores for 

litter saprotrophs and aromatic compound degradation in the topsoil (0-10 cm) explain the 

presence of Fusarium variasi as a primary biomarker. Together, these results suggest that the 

legume system maintains a high-energy decomposition engine, where high-quality organic 

matter is rapidly mineralized to support both plant growth and microbial biomass. 
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In the ILF-EP system, the microbial community is functionally tethered to the 

eucalyptus roots. The massive effect size for ectomycorrhizal functions (LDA = 4.30) in the 

subsoil (20-40 cm) corresponds directly to the presence of Tomentella and Pisolithus. This 

indicates that in deeper, nutrient-limited layers, the system shifts its functional investment from 

free-living decomposition to symbiotic mining. The prevalence of Acidobacteriae Subgroup 2 

as a biomarker in this system aligns with the potential soil acidification often associated with 

Eucalyptus plantations, creating a functional niche that favors specialized, acid-tolerant 

oligotrophs over the generalists found in the pasture (Leite et al. 2010; Korchagin et al. 2019; 

Li et al. 2018). 

In line with the results of Cipriani, Salman, Pellegrinetti et al. (2025), functions related 

to the N-cycle, anaerobic chemoheterotrophy, and aromatic compound degradation were 

identified as potential biomarkers in ILF-ST at 0.00 m, indicating their persistence over time. 

Conversely, the fewer differential functions identified in the current study may stem from the 

inclusion of the MP treatment, which likely increased the proportion of redundant functions 

across systems. 

The highly specific functional guilds (e.g., white rot in NF vs. soft rot in ILF-ST vs. 

ectomycorrhiza in ILF-EP), corroborates with the community composition analyses that fungi 

are the primary sensors of land-use change. While prokaryotes provide a stable metabolic 

baseline (maintaining general chemoheterotrophy across systems), the fungal community is 

more specialized, changing considerably depending on the tree species. Therefore, to restore 

forest-like functions in Amazonian pastures, the choice of tree species in integrated systems is 

not just a silvicultural decision, but a fundamental driver of soil biological recovery. 

2.4.5 Co-occurrence networks 

The topological analysis of co-occurrence networks provided deep insights into the 

ecological assembly rules and stability of the soil microbiome under different management 

regimes. The results indicate that land-use change and tree species integration fundamentally 

reorganize the patterns of microbial interactions across the soil profile. 

A prominent finding was that the treeless pasture (MP) exhibited significantly higher 

complexity in the surface layer (0-10 cm), with edge counts and average degree more than three 

times higher than those in the integrated systems or native forest. This high connectivity in MP 

suggests an intertwined community, likely driven by the rapid turnover of labile carbon from 

grass roots and more frequent environmental fluctuations (e.g., temperature and moisture). 
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While high complexity is often associated with efficiency, it can also render the network more 

vulnerable to cascading failures if key hub taxa are lost due to environmental stress (Wang et 

al. 2025; Nuwagaba et al. 2017). 

The Marandu pasture (MP) and the ILF-ST system at 5.25 m exhibited remarkably high 

positive/negative ratios at some layers (e.g., 1.313 in MP at 10–20 cm and a peak of 1.606 in 

ILF-ST 5.25 m at 20–40 cm). In community ecology, a network dominated by positive 

correlations (where taxa rise or fall together) is often considered less stable. If an environmental 

stressor (such as drought or compaction) negatively affects a few key taxa, the negative impact 

can cascade through these positive links, potentially leading to a localized collapse of the 

microbial community (Kajihara et al. 2025). The high ratio in ILF-ST, especially at the 5.25 m 

distance, likely reflects a high availability of labile resources (legume-derived nitrogen and 

grass-root exudates). When resources are abundant, niche competition (negative interactions) 

decreases, and facilitation, where one group’s metabolic byproduct feeds another, becomes the 

dominant structural force (Khan et al. 2019; Muscarella and O’Dwyer 2020). 

On the other hand, the dominance of negative correlations in the NF at 0-10 cm suggests 

strong niche partitioning and competition. This creates a buffered network: if one species 

declines, its competitors can fill the functional void, preventing a total system failure  

(Kajihara et al. 2025). Similarly, the fact that ILF-EP (at 20-40 cm) returns to a near-forest ratio 

(0.972-0.988) is significant. It suggests that in the subsoil, the eucalyptus tree imposes 

environmental filters, such as lower nutrient availability or more recalcitrant carbon, that force 

the community back into a state of high specialization and competition, structurally mimicking 

the forest more closely than the cooperative legume or pasture systems (Yu et al. 2022; Alvarez 

et al. 2023; Muchalak et al. 2025). 

The analysis of network modularity provides a window into how microbial interactions 

are organized into semi-independent clusters or niches. Notably, modularity fluctuated sharply 

with depth in all systems. For instance, modularity in the MP system jumped from a low of 

0.116 at the surface to 0.218 at 10-20 cm, while ILF-EP at 0.00 m dropped from 0.233 to 0.141. 

In network theory, highly modular networks are more resistant to external disturbances because 

the impact of a stressor (e.g., localized nutrient shifts or moisture changes) tends to be contained 

within a specific module, preventing it from cascading throughout the entire network (Kajihara 

et al. 2025; Muchalak et al. 2025). 

The very low modularity in the surface layer of the MP system, combined with its 

massive connectivity (34,146 edges), suggests a globalized network where almost every taxon 
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is linked to many others. While this may facilitate rapid nutrient cycling under ideal conditions, 

the lack of compartmentalization makes the network structurally fragile, as any disturbance can 

easily spread across the entire community (Kajihara et al. 2025). 

The fact that ILF-EP at 0.00 m maintains a relatively high modularity even with lower 

number of nodes and edges in certain layers reinforces that the quality and organization of 

interactions are more critical than the sheer volume of links (Yu et al. 2022; Alvarez et al. 2023; 

Khan et al. 2019). The stable modularity in this system likely reflects a more rigid functional 

partitioning, possibly driven by the specific chemical environment of Eucalyptus (e.g., litter 

chemical composition) or its strong reliance on specialized fungal guilds (ectomycorrhizae), 

which create exclusion zones that define these microbial compartments (Qin et al. 2024; Pereira 

et al. 2019; Xu et al. 2022). 

The high complexity (average degree and edge count) of the MP network at the surface 

represents a hyper-connected prokaryote-dominated system (~60 % of connections). By 

contrast, the higher fungi/prokaryotic ratio in forested systems (NF and ILF-EP) introduces 

fungal-bacterial antagonisms into the network. These negative links act as barriers, breaking 

the network into modules that prevent disturbances from spreading globally across the 

microbiome. 

As depth increased, the discrepancies in complexity between treatments narrowed, but 

the nature of the interactions shifted. The dominance of prokaryote-prokaryote connections in 

MP contrasts with the higher integration of fungi in the NF and ILF systems. This suggests that 

the tree component (whether native or exotic) is essential for maintaining fungal-bacterial 

interactions in subsoil layers, which is critical for long-term carbon sequestration and nutrient 

mobilization. 

2.5 Conclusion 

This study demonstrates that the integration of trees into Amazonian pastures 

fundamentally reorganizes the soil microbiome, though the structural and functional outcomes 

are highly dependent on tree species and soil depth. By evaluating the hypotheses against the 

integrated results of diversity, biomarkers, and co-occurrence networks, it can be concluded 

that the S. tubulosa system (ILF-ST) was the primary driver of taxonomic and functional 

recovery. It promoted higher biological connectivity and established biodiversity hotspots 

characterized by nitrogen-cycling bacteria and a fungal richness that approached forest levels. 
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This confirms that native nitrogen-fixing trees are superior to exotic monocultures in restoring 

the biological quality of degraded pastures. 

Unlike ILF-ST, ILF-EP (Eucalyptus) promoted a more specialized and restricted 

microbial assembly. The network analysis revealed that the eucalyptus tree row imposes a 

specific structural signature, which, rather than merely increasing complexity, selects for 

symbiotic specialists like ectomycorrhizal fungi. This suggests that the Eucalyptus effect is 

more about niche filtering than a broad restoration of forest-like network interactions. 

The discovery of an extremely small universal core microbiota underscores the high 

sensitivity of the fungal domain to land-use management. While prokaryotic communities 

maintain a relatively higher functional baseline across systems, the recovery of specialized 

fungal guilds is entirely dependent on the presence and type of the arboreal component. 

The high connectivity observed in the monoculture pasture (MP) does not necessarily 

translate to ecological stability. These networks are characterized by hyper-connectivity among 

prokaryotes and a high ratio of positive (cooperative) interactions, which may increase 

vulnerability to environmental stressors compared to the more partitioned and modular 

structures found in forested and integrated systems. 

In summary, integrated livestock-forestry systems mitigate the biotic homogenization 

typical of conventional pastures. However, for producers and policymakers aiming at soil 

biological health and nutrient cycling resilience, the use of native species like S. tubulosa offers 

a more robust pathway for restoring the intricate microbial networks essential for sustainable 

agriculture in Western Amazonia. 
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3 INTEGRATION OF CHEMICAL, PHYSICAL AND BIOLOGICAL INDICATORS 

FOR ASSESSMENT OF SOIL QUALITY IN INTEGRATED PRODUCTION AND 

PASTURE SYSTEMS 

ABSTRACT 

 

The intensification of livestock systems in the Amazon through integrated production models 

is a key strategy for sustainable land use. This study aimed to evaluate soil quality in Western 

Amazonia by integrating chemical, physical, and biological indicators into composite soil 

quality indices (SQIs). The research was conducted over two years (2023 and 2024) in Porto 

Velho (Rondônia State, Brazil), across different systems: integrated crop-livestock (ICL), 

integrated crop-livestock-forestry (ICLF), integrated livestock-forestry (ILF) with native 

(Samanea tubulosa) and exotic (Eucalyptus pellita) trees, and treeless pastures (Ipyporã hybrid 

and U. humidicola monocultures), besides a native forest (NF) fragment. A knowledge-based 

minimum data set (MDS) was established to evaluate six soil functions from the three soil 

health dimensions (chemical, physical, and biological): acidity regulation, based on pH and 

potential acidity (H+Al); nutrient availability, comprising available phosphorus (P) and 

exchangeable bases (K + Ca + Mg); water availability and root support, including gravimetric 

moisture (θw) and soil resistance to penetration (RP); support biological activity, using soil 

organic matter (OM) and the enzymes acid phosphatase (AP), arylsulfatase (AS), and beta-

glucosidase (BG). We hypothesized that composite SQIs would provide a more accurate 

assessment of soil health than individual attributes and that native species would offer greater 

stability. Results showed that all managed systems maintained high functional stability, with 

no significant interannual degradation, contrasting with the typical degradation patterns in the 

region. ICL and ICLF showed better chemical quality. However, by 2024, the ILF with S. 

tubulosa (ILF-ST) emerged as the most resilient model, showing superior acidity regulation 

and organic matter scores while avoiding the localized soil compaction (root support deficit) 

observed under the ILF with E. pellita. Furthermore, well-managed treeless pastures (Ipyporã) 

demonstrated competitive soil quality, indicating their viability for sustainable intensification. 

All managed systems presented lower soil physical quality than NF due to lower capacity to 

support root growth (increased RP). The influence of distance from the trees on soil quality 

indices and indicators varies with year and system. Likewise, most indicators presented 

interannual variations among systems, but interannual variation of SQIs was less frequent. The 

application of composite SQIs proved to be a more effective diagnostic tool than the analysis 
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of individual indicators, as it simplified the interpretation of complex interactions and provided 

a more coherent assessment of soil health. Furthermore, the study concludes that while ICLF 

offers immediate chemical gains from crop residuals, the integration of native legumes like S. 

tubulosa provides a more balanced and spatially stable soil environment over time, effectively 

decoupling livestock production from soil exhaustion in the Amazon. 

 

Keywords: Samanea tubulosa, silvopastoral systems, soil health, soil quality index, spatial 

variability. 

3.1 Introduction 

Livestock significantly contributes to the economic development of the Brazilian 

Amazon region, primarily through cattle ranching, which has become a dominant agribusiness 

sector. The region hosts over 50 million cattle, utilizing more than 40 million hectares of 

pasture, which has facilitated economic integration into national and global markets (Dias-Filho 

2026; Valentim et al. 2010; Araujo et al. 2026). However, this integration has historically led 

to deforestation, driven by the expansion of cattle herds and the organization of commodity 

chains (Barbanti 2015; Pacheco and Poccard-Chapuis 2012). Recent trends indicate a shift 

towards low-carbon cattle ranching, where intensification of livestock production can mitigate 

environmental impacts while enhancing productivity, thus avoiding further deforestation (Dias-

Filho 2026; Skidmore et al. 2022; Silva et al. 2018; Valentim et al. 2010). 

Research on the application of soil quality indexes (SQIs) in cattle ranching systems has 

emerged as a critical area of inquiry due to its implications for sustainable land management 

and ecosystem conservation. Soil quality, defined as the capacity of soil to function within 

ecosystem limits to sustain biological productivity and maintain environmental quality, is 

essential for supporting plant growth, nutrient cycling, and water regulation (Lima et al. 2016; 

Humeniuk and Hrubinko 2025; Simon et al. 2022). Over recent decades, studies have evolved 

from assessing individual soil attributes to integrating physical, chemical, and biological 

indicators into composite SQIs to better capture soil health dynamics under varying land uses 

(Bravo-Medina et al. 2021; Simon et al. 2022; Marion et al. 2022). 

Conceptually, SQIs integrate multiple soil attributes – physical, chemical, and biological 

– to provide a holistic measure of soil health and functionality (El Behairy et al. 2024; 

Bünemann et al. 2016; Bhaduri et al. 2025). These indexes serve as tools to evaluate the impact 

of land use changes and management practices on soil sustainability, linking soil condition to 
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ecosystem services and agricultural productivity. The framework positions SQIs as essential 

for monitoring soil responses in cattle ranching landscapes and native forest fragments, guiding 

sustainable land use decisions (Lima et al. 2016; Bermeo 2022; Bravo-Medina et al. 2021). 

Despite advances, knowledge gaps persist regarding the sensitivity and applicability of 

SQIs across diverse agroecosystems, especially in tropical and subtropical regions (Rosales et 

al. 2018; Valani et al. 2022; Bravo-Medina et al. 2021). Moreover, the spatial variability of soil 

quality under silvopastoral and agroforestry systems remains underexplored (Marçal et al. 

2022; M. A. Santos et al. 2023; Valani et al. 2021). This is particularly true in integrated 

livestock-forestry (ILF) systems (or silvopastoralism) with native to Amazon tree species, since 

most attention is given to eucalyptus (Nunes et al. 2020; Behling et al. 2021). 

Samanea tubulosa (raintree), a native leguminous tree, shows significant potential for 

integration into ILF systems due to its multifaceted benefits for sustainable livestock production 

(P. E. R. Carvalho 2007). It has been identified as a promising species for reforestation and ILF 

systems, offering shade, wood, edible fruits, and improved pasture quality around the trees 

(Andrade et al. 2012; T. K. de Oliveira and Luz 2012; de Morais et al. 2025). This aligns with 

the broader benefits of ILF systems, which include improved animal welfare, enhanced forage 

quality, and reduced greenhouse gas emissions (Pérez-Márquez et al. 2025; de Morais et al. 

2025; Olival et al. 2021). 

Therefore, the aim of this study was to evaluate the integration of chemical, physical, 

and biological indicators in the assessment of soil quality within integrated production and 

monoculture pasture systems in Western Amazonia. It was hypothesized that the integration of 

these indicators into composite SQIs provides a more accurate assessment of soil health 

compared to evaluations based on individual soil attributes. 

Furthermore, the implementation of ILF systems is expected to significantly improve 

soil quality indicators in comparison to traditional cattle ranching systems. These SQIs are also 

expected to demonstrate high sensitivity not only to changes in land use and management 

practices but also to interannual variations, providing an effective framework for monitoring 

the temporal dynamics of soil health in tropical and subtropical agroecosystems. Finally, the 

study posits that there is significant spatial variability in soil quality indicators within tree-

integrated systems, and that this spatial distribution is modulated by the sampling year, with 

native species like S. tubulosa providing more stable or progressive benefits to soil health over 

time compared to non-native species. 
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3.2 Materials and Methods 

3.2.1 Site description 

Samples were taken from six cattle ranching experimental areas and a native forest (NF) 

fragment located within the Empresa Brasileira de Pesquisa Agropecuária (Embrapa) 

experimental field in Porto Velho, Rondônia State, Brazil (8° 48’ S, 63° 51’ W; 95 m altitude). 

According to the Köppen climate classification system, the climate is Am, or tropical monsoon 

(Alvares et al. 2013). The area has an average annual rainfall of 2,216 mm, with average annual 

maximum and minimum temperatures of 30.4 °C and 23.3 °C, respectively (Climate-Data.org 

2022). 

The predominant soil in the area is classified as a Latossolo Vermelho-Amarelo 

distrófico (LVAd) according to the Brazilian soil classification system (Valente et al. 1998; 

Santos et al. 2025), which corresponds to a Ferralsol in the World Reference Base (WRB) soil 

classification system (IUSS Working Group WRB 2022), or a Hapludox under the USDA Soil 

Taxonomy (Soil Survey Staff 2022). The soil has a predominant clay texture. 

3.2.1.1 Integrated livestock-forestry (ILF) systems 

The experiments were initiated in February 2018 with the establishment of trees in a 

palisade grass pasture [Urochloa brizantha (Hochst. Ex A. Rich.) R. Webster ‘Marandu’], 

resulting in two low-tree-density integrated livestock–forestry (ILF) systems: one with 

Eucalyptus pellita F. Muell (ILF-EP) and another with Samanea tubulosa (Benth.) Barneby & 

J.W. Grimes (ILF-ST). 

In each ILF system, trees were planted in a single tree strip functioning primarily as a 

windbreak, composed of two rows approximately 300 m long, with spacing of 6.0 m between 

rows and 3.5 m between trees within rows, oriented along an azimuth of 320° (NW–SE). 

Considering the total area of each ILF system (12.8 ha), the initial tree density was 

approximately 13 trees ha-1, with 171 trees planted in each system. The E. pellita and S. tubulosa 

strips were separated by approximately 240 m (Figure 2.1). 

The planting was done manually, using post hole diggers and 30 cm-tall cuttings (E. 

pellita) and seedlings (S. tubulosa), 30 days after desiccating the pasture in the strip area with 

glyphosate. Fertilization was done with chemical NPK + micronutrients fertilizer  

(350 g plant-1) applied in the holes, just before planting, and as top-dressing applications (twice 
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annually in 2018 and 2019, and once annually from 2020 to 2023). The mean total height of the 

trees was 5.9 m (S. tubulosa), and 19.8 m (E. pellita), and mean canopy diameter was 8.4 m (S. 

tubulosa), and 5.8 m (E. pellita), at the time of soil sampling (Cipriani et al. 2023; Oliveira et 

al. 2021; Welke et al. 2022). 

The palisade grass was established before 1970, i.e., more than 40 years before tree 

planting, and its grazing management was carried out using 4 paddocks of 3.2 ha. The animals 

used were of the Girolando breed (dry cows and heifers) with ad libittum intake of salt and 

water. Grazing management followed a mob grazing strategy, in which animals were 

maintained at high stocking density for short occupation periods followed by adequate pasture 

recovery intervals. Average annual stocking rate was approximately two animal units per 

hectare in both ILF-ST and ILF-EP systems. Whole-area pasture fertilization and liming were 

rare, with the most recent application occurring five years before the planting of the trees. 

3.2.1.2 Integrated crop-livestock (ICL) and integrated crop-livestock-forestry (ICLF) systems 

From earlier than 1970 to 2008, the area where the ICL and ICLF systems were 

established (approximately 6 ha each) was occupied by a variety of pastures, such as 

Andropogon gayanus Kunth, U. humidicola, Mombaça grass [Megathyrsus maximus (Jacq.) 

BKSimon & SWL Jacobs] and Marandu grass. From 2008 to 2012, the areas served for 

experiments on no-till and cover crop succession, including, maize, rice, soybean, sorghum and 

U. ruziziensis (Townsend et al. 2013). From 2012 to 2020 the soybean/maize+Urochloa 

succession was used annually or every two years (Ribeiro, Passos, Aker 2020). In 2020,  

U. brizantha x U. ruziziensis ‘Ipyporã’ pasture was established on no-till, remaining until soil 

sampling date. 

The ICLF was established in March 2013, with the planting of Eucalyptus spp. cuttings 

in seven strips, with four rows of 240 m each. Three tree arrangements (subsystems) were 

adopted, with 18, 30, and 42 m between strips, following an azimuth of 210° (NE–SW) (Feitosa 

et al. 2019, 2022). From late 2018 to early 2019, the eucalyptus trees were harvested and E. 

pellita seedlings were planted in between-rows, resulting in seven strips with two rows of trees 

each, and tree densities of 267, 180, and 136 trees ha-1, for the subsystems with 18, 30, and 42 

m between strips, respectively. Nevertheless, only the subsystem with 42 m between strips  

(136 trees ha-1) was considered in the present study. 

Soil preparation and fertilization for tree planting were as described for the ILF systems. 

The alleys between strips were managed as the ICL. The mean total height of the trees was 



86 

 

between 10.2 and 12.4 m, and mean diameter at 1.30 m from the soil (DBH) was between 13.9 

and 16.5 cm at the time of soil sampling. 

3.2.1.3 Treeless pastures 

Two treeless pasture systems were assessed, which are differentiated mainly by the 

variety of pasture: U. humidicola (HP) and Ipyporã grass (IP). The establishment date of HP 

occurred 40 to 30 years before soil sampling. The Ipyporã grass was planted in 2019 on an area 

formerly occupied by Marandu grass and U. humidicola. The two treeless pasture areas can be 

considered moderately managed, receiving liming and fertilization sporadically and with mean 

grazing intensity. 

3.2.1.4 Native forest fragment (NF) 

An unmanaged NF fragment from the same experimental field was included as a 

reference area to represent baseline conditions without human intervention. The fragment spans 

41 ha of primary tropical rainforest, containing 99 woody species and 258 individuals per 

hectare. Sclerolobium paniculatum, Psidium araca, Eschweilera grandiflora, Licania 

heteromorpha, and Protium puncticulatum comprise 35 % of the relative density in the 

fragment (Bentes-Gama et al. 2009). The NF soil was assigned the same classification as the 

ILFSs. 

3.2.2 Soil sampling 

Soil samples were collected with augers in March 2023 and April 2024 (rainy season) 

from the 0-10 and 10-20 cm layers. In the ILF and ICLF systems, samples were taken at three 

distances from the tree rows: 0.00 m (the planting line), 5.25 m, and 21.00 m. The 5.25 and 

21.00 m distances were chosen for standardization, as they correspond to one-eighth and one-

half of the 42 m inter-row spacing used in previous studies conducted within the same ICLF 

system (Feitosa et al. 2019, 2022). Furthermore, these distances are representative of 

intermediate and distal zones among those adopted by studies assessing the influence of trees 

on pasture and soil attributes in integrated systems. 

The spatial distribution of sampling points was planned to ensure representativeness and 

minimize edge effects within the experimental areas. In NF, the five sampling points were 
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established along a transect parallel to the boundary road, with each point located more  

than 30 m from the edge to avoid external influences. Successive samples were collected 

approximately every 30 m along this transect to ensure spatial independence. In the treeless 

systems (ICL and pastures), the five sampling points were distributed randomly across the area, 

while maintaining a minimum distance of 30 m from the edges and between points. In the ILF 

and ICLF systems, the five sampling points for each distance (0.00 m, 5.25 m and 21.00 m) 

were positioned along the tree rows. A 30 m buffer zone was maintained from both the start 

and the end of the rows. Samples were collected at intervals of approximately 30 m along the 

row, alternating the collection between the NE and SW sides of the planting line.  

Five composite samples (prepared from two simple samples each) were taken per area, 

depth and distance, summing up 130 composite samples per year. Specifically, the NF, ICL and 

pasture areas (HP and IP) contributed with 10 samples each (2 depths x 5 replicates), while the 

two ILF and the ICLF areas contributed with 30 samples each, factoring in the three distance 

levels (3 distances x 2 depths x 5 replicates). Subsamples for soil enzyme activity assays were 

placed in a cooler and stored at 7 °C. Soil samples for chemical analysis were air-dried, ground, 

sieved (2 mm) and stored at room temperature. 

3.2.3 Analysis of soil attributes 

A knowledge-based minimum data set (MDS) was established by selecting indicators 

based on their functional relevance, widespread use in soil health protocols (Mendes et al. 2024) 

and with high diagnostic feasibility. 

3.2.3.1 Chemical and physical attributes and organic matter 

The soil chemical attributes analyses were conducted following the methodology 

described in (Teixeira et al. 2017). Soil pH was measured in a 1:2.5 soil:water suspension. 

Exchangeable aluminum (Al), calcium (Ca), and magnesium (Mg) were extracted with  

1 mol L-1 of KCl. Exchangeable Ca and Mg were determined by atomic absorption 

spectrometry, and Al by acid-base titration. Soil phosphorus and potassium were extracted 

using the Mehlich-1 method, with available P determined by visible spectrophotometry  

and K by flame atomic emission spectrometry. Potential acidity (H+Al) was determined using 

the 0.5 mol L-1 of calcium acetate method at pH 7.0. Exchangeable bases (EB) are the sum of 

Ca, Mg, and K. Soil organic matter (OM) was measured using the Walkley and Black (1934) 



88 

 

method, as modified by Jackson (1982). Gravimetric moisture (θw) was determined as the mass 

of water per mass of soil oven-dried at 105°C for 72 h (dag kg-1). These attributes were analyzed 

at Laboratório de Solos e Plantas, Embrapa Rondônia, Porto Velho, Brazil (samples from 2023) 

and Laboratório Qualita Agroambiental, Ji-Paraná, Rondônia State, Brazil (samples from 

2024). The values from 0-10 and 10-20 cm layers were averaged to obtain 0-20 cm layer values. 

Soil resistance to penetration (RP) was measured in the field with an impact 

penetrometer, Model IAA-Planalsucar-Stolf (Stolf et al. 1983). The data from the penetrometer 

was converted to MPa for the 0-20 cm layer using equations in Excel spreadsheets (Stolf et al. 

2014). Five measurements were taken per area, close to the soil sampling points. 

3.2.3.2 Soil enzyme activity assays 

Acid phosphatase (AP), β-glucosidase (BG), and arylsulfatase (AS) activities were 

determined in the 0-10 cm layer samples using the method described by (Tabatabai 1994), with 

minor modifications. Briefly, 1 g of fresh soil was incubated with 1 mL of a 0.05 mol L-1 

substrate (p-nitrophenyl phosphate, p-nitrophenyl β-D-glucopyranoside or p-nitrophenyl 

sulfate) solution in 4 mL buffer at 37 °C for 1 h. Following incubation, the reaction was stopped 

by adding 4 mL of 0.5 mol L-1 NaOH and 1 mL of 0.5 mol L-1 CaCl2. Blank samples (containing 

soil and buffer but no substrate) were run concurrently to correct for background absorbance. 

These analyses were carried out in Laboratório de Biologia Celular e Molecular, USP/CENA, 

Piracicaba, São Paulo State, Brazil 

The liberated p-nitrophenol was quantified by measuring the absorbance at 405 nm 

using a spectrophotometer. A standard curve of p-nitrophenol was used for quantification. 

Results were expressed as micromoles of p-nitrophenol released per gram of soil per hour  

(μmol p-nitrophenol g-1 soil h-1), on an oven-dry soil basis. 

3.2.3.3 Soil quality index 

A Soil Quality Index (SQI) and its subindices (SQIchemical, SQIphysical, and SQIbiological) 

were calculated to assess soil quality (Cherubin et al. 2016). Reference values were obtained 

from Alvarez V. et al. (1999) for chemical attributes and organic matter (OM), or from the 

dataset itself for physical and biological attributes. Indicators were scaled proportionally 

relative to the reference values, which received score 1 (maximum allowed score). The index 

was calculated for the 0-20 cm layer, except for AP, AS and BG, for which only the 0-10 cm 
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layer values were used (Lopes et al. 2013). The more is better approach was applied to all 

indicators, except for H+Al and soil resistance to penetration (RP), for which less is better. The 

SQI was calculated as the weighted average of the nine indicators, with equal weights for 

subindices and individual indicators (Table 3.1). 

Table 3.1 - Subindices, soil functions and indicators, with their respective weights and reference values, used in 

the soil quality index (SQI) calculation. H+Al: potential acidity; P: available phosphorus; EB: exchangeable bases; 

θw: gravimetric moisture; RP: soil resistance to penetration; OM: organic matter; AP: acid phosphatase activity; 

AS: arylsulfatase activity; BG: betaglucosidase activity. 

SQI 

subindex 

Weight 

I† 

Soil function Weight 

II‡ 

Indicator Weight 

III§ 

Reference value 

Chemical 1/3 

Acidity 

regulation 
1/2 

pH 1/2 5.5 (Alvarez V et al. 1999) 

H+Al 1/2 
2.50 cmolc dm-3 (Alvarez V et 

al. 1999) 

Nutrient 

availability 
1/2 

P 1/2 
12.1 mg dm-3 (Alvarez V et al. 

1999) 

EB 1/2 
3.61 cmolc dm-3 (Alvarez V et 

al. 1999) 

Physical 1/3 

Water 

availability 
1/2 θw 1 

42.08 (2023) and 42.00 (2024) 

dag kg-1 (highest values in 

dataset) 

Support root 

growth 
1/2 RP 1 

1.02 (2023) and 0.95 (2024) 

MPa (lowest values in dataset) 

Biological 1/3 

Sustain 

biological 

activity 

1/2 OM 1 
4.01 dag kg-1 (Alvarez V et al. 

1999) 

Nutrient 

cycling 
1/2 

AP 1/3 

10.07 (2023) and 13.90 (2024) 

µmol p-nitrophenol g-1 soil h-1 

(highest values in dataset) 

AS 1/3 

8.25 (2023) and 1.59 (2024) 

µmol p-nitrophenol g-1 soil h-1 

(highest values in dataset) 

BG 1/3 

2.16 (2023) and 0.64 (2024) 

µmol p-nitrophenol g-1 soil h-1 

(highest values in dataset) 
† Subindex weight for SQI calculation. ‡Soil function weight within the respective subindex. § Indicator weight 

within the respective soil function. 

3.2.4 Statistical analysis 

The statistical analyses were performed according to a completely randomized design 

(CRD), arranged in a split-plot in time scheme. The main plots consisted of 13 treatments: a 3 

x 3 factorial [3 tree-integrated systems (ILF-EP, ILF-ST, and ICLF) x 3 distances from the trees 

(0.00, 5.25, and 21.00 m)] + 4 additional treatments (ICL, IP, HP, and NF), with 5 replicates. 

The sub-plots consisted of the evaluation years (2023 and 2024). 

After checking for the assumptions of homoscedasticity and normality, outlier removal, 

and application of the Box-Cox transformation (or Johnson transformation when Box-Cox was 
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ineffective), the means of soil physical (θw and RP) and chemical (pH, H+Al, P, EB and OM) 

attributes, enzyme activity assays (AP, AS and BG) and SQI were subjected to ANOVA. A 

partition of the treatment x year interaction (slicing) was performed to compare years within 

each treatment and to compare treatments within each year. 

Regression analysis was then performed to evaluate the effect of distance within the 

tree-integrated systems. The choice between linear and quadratic models was based on the 

significance of the regression coefficients and the lack-of-fit test. The quadratic model was 

selected whenever the linear lack-of-fit was significant and the second-degree term contributed 

significantly to the model; otherwise, the linear model was preferred if significant. In cases 

where neither model showed significance, the distance effect was considered non-significant. 

Comparisons among ILFs and ICLF, within distances, were made using Tukey's test. 

For comparisons among the additional treatments (treeless systems and NF), Tukey's test was 

also used. To compare the combinations of tree-integrated systems and distances relative to the 

treeless systems and NF, Dunnett's test was applied. The 5 % significance level was adopted in 

all analyses. Statistical procedures were performed using Sisvar 5.8 (Ferreira 2011), Minitab 

22, and the Tratamentos.ad package for R (Azevedo 2022). 

3.3 Results 

3.3.1 Soil chemical quality indicators 

The soil chemical quality indicators were significantly influenced by the management 

systems, sampling distances, and evaluation years. In 2023 and 2024, the soil pH was 

significantly lower in ILF-EP compared to ILF-ST and ICLF at the 0.00 m distance, but higher 

in the ICLF system compared to ILF-ST and ILF-EP at the 5.25 and 21.00 m distances  

(Table 3.2). The native forest (NF) consistently exhibited the most acidic conditions in both 

years (3.97 in 2023 and 4.46 in 2024), being statistically inferior to all managed systems, except 

for ILF-EP at 0.00 m (4.33 in 2023 and 4.98 in 2024). 

When comparing integrated systems to the treeless systems in 2023, the pH values in 

ICL system was superior to ILF-ST and ILF-EP at all distances, and to ICLF at the 0.00 m 

distance. Ipyporã pasture pH was higher than ILF-EP at 0.00 m and lower than ICLF at 5.25 m. 

On the other hand, HP showed lower values than ILF-ST and ILF-EP at 5.25 m, and ICLF at 

21.00 m. Moreover, among the treeless pastures, ICL and IP showed higher mean pH than HP. 
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Table 3.2 - Soil chemical quality indicators (mean ± standard deviation) according to the distance from the trees 

(in tree-integrated systems), area and sampling year (2023 and 2024). H+Al: potential acidity; P: available 

phosphorus; EB: exchangeable bases; ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: 

integrated livestock-forestry with Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; ICL: integrated 

crop-livestock; IP: Urochloa brizantha x U. ruziziensis ‘Ipyporã’ pasture; HP: U. humidicola pasture; NF: native 

forest. 

Distance Area pH H+Al P EB 

m   cmolc dm-3 mg dm-3 cmolc dm-3 

  --------------------------------------------- 2023 ---------------------------------------------- 

0.00 

ILF-ST 4.84±0.38 ABβ†¶ 9.79±1.52 Aα¶ 1.90±0.42 Bα† 2.49±1.17 ABα†¶ 

ILF-EP 4.33±0.34 Bβ†‡ 9.12±0.59 Aα¶ 1.90±0.22 Bα† 1.30±1.20 Bα†‡ 

ICLF 5.01±0.15 Aβ†¶ 8.08±1.23 Aα§¶ 3.60±1.56 Aα† 3.46±0.72 Aα†¶ 

5.25 

ILF-ST 5.24±0.11 Bβ§¶ 10.61±0.99 Aα¶ 1.88±0.65 Bα†‡§ 3.11±0.73 Bα†¶ 

ILF-EP 5.00±0.31 Bα†¶ 8.84±1.54 ABα§¶ 2.20±0.27 Bα† 1.88±0.88 Bα† 

ICLF 5.66±0.11 Aβ‡§¶ 7.63±0.22 Bα‡§¶ 13.80±7.43 Aα‡§¶ 4.87±0.88 Aα§¶ 

21.00 

ILF-ST 4.96±0.53 Bβ†¶ 11.52±1.79 Aα¶ 3.50±2.83 Bα† 3.05±2.02 Bα†¶ 

ILF-EP 5.03±0.17 Bα†¶ 8.20±0.70 Bα§¶ 1.40±0.22 Cα†‡§¶ 2.45±0.77 Bα†¶ 

ICLF 5.34±0.08 Aβ§¶ 7.56±1.65 Bα‡§¶ 9.80±3.17 Aα‡§¶ 4.70±0.71 Aα§¶ 

 

ICL 5.37±0.21 aβ 9.47±0.98 bα 9.80±4.86 aα 5.22±0.52 aα 

IP 5.19±0.12 aβ 10.10±1.57 bα 3.00±0.79 bα 3.35±1.06 bα 

HP 4.84±0.16 bβ 11.41±0.98 bα 2.90±0.65 bα 2.04±0.39 bα 

NF 3.97±0.06 cβ 15.79±3.67 aα 2.70±0.76 bα 0.31±0.09 cα 

  -------------------------------------------- 2024 ---------------------------------------------- 

0.00 

ILF-ST 5.79±0.11 Aα¶ 2.99±0.09 Bβ¶ 2.48±0.67 Aα‡§ 3.12±0.68 Aα¶ 

ILF-EP 4.98±0.41 Bα†‡ 4.74±1.21 Aβ†‡¶ 2.22±0.36 Aα‡ 1.54±0.60 Bα† 

ICLF 5.76±0.07 Aα¶ 3.01±0.07 Bβ¶ 2.25±0.62 Aα‡ 3.14±0.53 Aα¶ 

5.25 

ILF-ST 5.48±0.43 Bα¶ 3.51±0.88 Aβ¶ 1.60±1.16 Bα†‡ 2.21±1.19 Bα¶ 

ILF-EP 5.10±0.34 Bα†‡¶ 4.42±1.00 Aβ†‡¶ 0.88±0.18 Bβ† 1.57±0.59 Bα† 

ICLF 5.98±0.02 Aα§¶ 2.56±0.08 Bβ†‡§¶ 5.87±3.02 Aβ‡§¶ 3.45±0.37 Aβ‡§¶ 

21.00 

ILF-ST 5.37±0.52 Bα¶ 4.45±1.74 Aβ¶ 1.01±0.48 Bβ† 2.06±1.09 Bβ¶ 

ILF-EP 5.34±0.25 Bα†¶ 4.42±0.80 Aβ†‡¶ 0.86±0.43 Bβ†¶ 1.86±0.52 Bα†¶ 

ICLF 6.03±0.06 Aα†‡§¶ 2.66±0.14 Bβ§¶ 4.74±2.43 Aβ‡§¶ 3.68±0.28 Aβ§¶ 

 ICL 5.87±0.06 aα 2.88±0.09 cβ 3.55±0.97 aβ 3.10±0.42 aβ 

IP 5.70±0.22 abα 3.10±0.52 bcβ 0.76±0.34 cβ 2.52±0.44 abα 

HP 5.34±0.44 bα 4.00±1.17 bβ 1.19±0.15 bβ 2.00±0.83 bα 

NF 4.46±0.08 cα 9.30±0.82 aβ 1.63±0.28 bβ 0.43±0.05 cα 

Data were analyzed by factorial ANOVA at the 5 % significance level. Tukey’s test was used to compare tree-

integrated systems within distances (capital letters), treeless systems and NF among themselves (lowercase letters), 

and years within systems (Greek letters). Systems sharing the same letters do not differ statistically. Treeless 

systems and NF were compared with tree-integrated systems using Dunnett’s test. The symbols †, ‡, §, and ¶ indicate 

a significant difference relative to ICL, IP, HP and NF, respectively. 
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By 2024, a general increase in pH occurred, including NF. Soil pH in ICLF system at 

the 21.00 m distance was superior to all other areas. Mean pH in ICL was similar to IP, but 

higher than HP and ILF-EP at all distances. Moreover, soil pH in IP and HP were lower than 

ICLF at the 5.25 m distance at 5.25 m and 21.00 m.  

Potential acidity (H+Al) exhibited an inverse trend to pH, with NF showing the highest 

levels in 2023 and 2024 (15.79 and 9.30 cmolc dm-³, respectively). In 2023, no significant 

difference was observed among tree-integrated systems at the 0.00 m distance, but ILFS-ST 

showed the highest mean H+Al at 5.25 and 21.00 m. Moreover, the tree-integrated systems at 

the 21.00 m distance presented H+Al levels (range 7.56-11.52 cmolc dm-³) that were statistically 

equivalent to the ICL system (9.47 cmolc dm-³). Potential acidity in HP soil was significantly 

higher than ICLF at all distances and ILF-EP at 5.25 and 21.00 m; and IP showed higher H+Al 

levels than ICLF at 5.25 and 21.00 m. In turn, no significant difference was observed among 

treeless systems. 

However, a significant temporal reduction in H+Al was noted in 2024. At the  

0.00 m distance, ILF-EP showed the highest mean H+Al among the tree-integrated systems 

(4.74 cmolc dm-³), whereas, at 5.25 and 21.00 m, the lowest mean values were observed in the 

ICLF system (2.56 and 2.66 cmolc dm-³). Among the treeless systems, H+Al in ICL was 

statistically lower than HP, ILF-EP at all distances and ICLF at 5.25 m; IP also showed lower 

mean H+Al than ILF-EP at all distances and ICLF at 5.25 m; and HP showed higher mean 

H+Al than ICLF at 5.25 and 21.00 m. 

Available phosphorus (P) concentrations generally decreased from 2023 to 2024, except 

for ILF-ST at the 0.00 m distance, which showed no significant difference between years.  

The highest mean available P were observed in the ICL and ICLF (at 5.25 m and 21.00 m) 

systems, which significantly exceeded the levels of all other managed systems and NF in both 

2023 and 2024. On the other hand, in 2023, the treatment with the lowest average P was  

ILF-EP at 21.00 m (1.40 mg dm-³). In 2024, IP, ILF-ST (at 21.00 m) and ILF-EP (at 5.25 and 

21.00 m) shared the lowest P values. Moreover, in 2023, available P in IP and HP was higher 

than ILF-ST at the 5.25 m distance (1.88 mg dm-³). In 2024, available P in HP was higher than 

IP, but lower than ILFS-ST at 0.00 m, which, in turn was also higher than IP. 

Mean exchangeable bases (EB) showed some significant differences between years, 

with lower values for ICL, ICLF (at the 5.25 and 21.00 m distances) and ILF-ST (at the 5.25 m 

distance) in 2024, compared to 2023. Among the tree-integrated systems, EB in ICLF was 

superior to ILF-ST at 5.25 and 21.00 m, and to ILF-EP at all distances, in 2023, and to ILF-ST 

and ILF-EP at all distances in 2024. Among the treeless systems, in 2023, EB in ICL  
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(5.22 cmolc dm-³) was higher than every other treatment, except for ICLF at 5.25 and 21.00 m 

(4.87 and 4.70 cmolc dm-³). In 2024, EB in ICL (3.10 cmolc dm-³) was higher than ILF-EP  

(at all distances), HP and NF. In 2023, IP presented superior EB than ILF-EP (at 0.00 m) and 

inferior EB than ICL. In 2024, IP presented lower EB than ICLF at 5.25 and 21.00 m. Mean 

EB in HP was significantly lower than ICL and ICLF at 5.25 and 21.00 m in both years. 

Moreover, across both years, except for ILF-EP (at 0.00 and 5.25 m), all managed systems 

presented significantly higher EB concentrations than NF (0.31 cmolc dm-³in 2023 and  

0.43 cmolc dm-³ in 2024). 

The regression analysis revealed distinct spatial patterns for soil chemical indicators 

across the tree-integrated systems, which varied significantly between the sampling years 

(Table 3.3). In 2023, soil pH followed a significant quadratic behavior across all three integrated 

systems (ILF-ST, ILF-EP, and ICLF). These models indicate that pH values initially increased 

as distance from the tree row increased, reaching estimated maximums at intermediate distances 

before showing a downward trend toward the 21.00 m position. However, this spatial dynamic 

shifted to a linear response in 2024 for ILF-ST and ILF-EP. Specifically, pH in the ILF-ST 

system exhibited a linear decrease as distance from the trees increased, while the ILF-EP system 

showed a linear increase. No significant regression adjustment for pH was observed for the 

ICLF system in the second year. 

Potential acidity (H+Al) only showed a significant spatial response in 2024 within the 

ILF-ST system. In this instance, a linear model demonstrated that potential acidity increased as 

distance from the Samanea tubulosa tree row increased. For all other systems and years, H+Al 

remained non-significant regarding distance from the trees. 

The available phosphorus (P) exhibited significant regression adjustments solely for the 

ICLF system across both evaluated years. In 2023 and 2024, P levels in the ICLF system 

followed a quadratic model indicating higher nutrient concentrations at intermediate distances 

from the tree component. 

Finally, the status of EB was significantly influenced by distance in the ILF-ST system 

during the 2024 sampling year. The data adjusted to a linear model, representing a reduction in 

basic cations as sampling moved further from the trees into the pasture area. For the remaining 

systems in 2024 and all systems in 2023, the regression for exchangeable bases was non-

significant. 
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Table 3.3 - Regression equations and determination coefficients (R²) for soil chemical quality indicators as a 

function of distance from trees in tree-integrated systems and sampling year (2023 and 2024)†. H+Al: potential 

acidity; P: available phosphorus; EB: exchangeable bases; ILF-ST: integrated livestock-forestry with Samanea 

tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; 

ns: non-significant. 

Indicator Area Equation R²‡ 

  ------------------- 2023 ------------------- 

pH 

ILF-ST Y = 4.840 + 0.100x - 0.005x² 1.000 

ILF-EP Y = 4.330 + 0.159x - 0.006x² 1.000 

ICLF Y = 5.010 + 0.160x - 0.007x² 1.000 

P (mg dm-3) 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 5.298 + 0.128x - 0.005x² 1.000 

  ------------------- 2024 ------------------- 

pH 

ILF-ST Y = 5.695 - 0.017x 0.723 

ILF-EP Y = 4.996 + 0.017x 0.992 

ICLF ns -- 

H+Al (cmolc dm-3) 

ILF-ST Y = 3.060 + 0.067x 0.985 

ILF-EP ns -- 

ICLF ns -- 

P (mg dm-3) 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 2.254 + 0.879x - 0.036x² 1.000 

EB (cmolc dm-3) 

ILF-ST Y = 2.821 - 0.041x 0.611 

ILF-EP ns -- 

ICLF ns -- 

† For each sampling year, only indicators with a significant effect of distance (p < 0.05) in at least one management 

system are presented. ‡ The R² values of 1.000 for quadratic models result from the number of distance levels  

(n = 3) being equal to the number of estimated model parameters. 

 

3.3.2 Soil physical quality indicators 

The soil physical indicators were significantly influenced by the management systems 

and their spatial configuration relative to the tree component (Table 3.4). In 2023, gravimetric 

moisture (θw) at the 0.00 and 5.25 m distances was significantly higher in ILF-ST and ILF-EP 

systems compared to the ICLF system. When comparing tree-integrated to treeless systems, the 

moisture levels in ICLF were significantly lower than those found in the IP pasture, while ILF-

ST and ILF-EP presented higher moisture levels than ICL, and ILF-ST (at 21.00 m) higher 

levels than NF. By 2024, a reduction in soil moisture was observed in ILF-ST and ILF-EP, and 

the ICLF system no longer differed from the forestry-integrated systems across all distances. 

Moreover, IP presented the highest overall mean θw, and no difference was observed among 

other treeless systems or NF. 
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Table 3.4 - Soil physical quality indicators (mean ± standard deviation) according to the distance from the trees 

(in tree-integrated systems), area and sampling year (2023 and 2024). θw: gravimetric moisture; RP: soil resistance 

to penetration; ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry 

with Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; ICL: integrated crop-livestock; IP: Urochloa 

brizantha x U. ruziziensis ‘Ipyporã’ pasture; HP: U. humidicola pasture; NF: native forest. 

Distance Area θw RP 

m  dag kg-1 MPa 

  ------------------ 2023 ------------------ 

0.00 

ILF-ST 33.31±5.44 Aα† 3.68±0.43 Aα¶ 

ILF-EP 32.06±3.52 Aα† 4.31±0.65 Aα¶ 

ICLF 24.30±3.28 Bα‡ 4.12±1.07 Aα¶ 

5.25 

ILF-ST 30.35±4.55 Aα 3.94±1.17 Aα¶ 

ILF-EP 30.34±1.80 Aα 3.45±0.41 ABα¶ 

ICLF 26.67±2.25 Aα‡ 2.61±0.57 Bα 

21.00 

ILF-ST 34.80±3.13 Aα†¶ 4.20±1.34 Aα¶ 

ILF-EP 32.45±3.28 Aα† 3.00±0.27 Aα¶ 

ICLF 24.40±1.56 Bβ‡ 3.03±0.45 Aα¶ 

 ICL 24.30±0.86 bβ 3.96±0.77 aα 

IP 33.09±4.57 aα 3.72±1.50 aα 

HP 29.97±5.82 abα 3.15±0.90 aα 

NF 28.45±3.01 abα 1.28±0.20 bα 

  ------------------ 2024 ------------------ 

0.00 

ILF-ST 27.56±1.67 Aβ‡ 3.27±1.83 Bα¶ 

ILF-EP 25.82±2.01 Aβ‡ 5.22±0.99 Aα†‡§¶ 

ICLF 26.46±2.11 Aα‡ 3.33±0.65 Bα¶ 

5.25 

ILF-ST 26.23±3.50 Aβ‡ 3.57±0.62 Aα¶ 

ILF-EP 25.20±3.07 Aβ‡ 3.70±0.73 Aα¶ 

ICLF 27.46±0.72 Aα‡ 2.63±0.65 Aα 

21.00 

ILF-ST 28.78±2.14 Aβ‡ 3.66±1.07 Aα¶ 

ILF-EP 27.97±1.09 Aβ‡ 3.66±0.76 Aα¶ 

ICLF 27.53±1.34 Aα‡ 2.74±0.67 Aα¶ 

 ICL 29.53±2.12 bα 3.06±0.88 aα 

IP 34.32±5.22 aα 3.46±0.25 aα 

HP 29.62±3.37 bα 2.93±0.51 aα 

NF 27.30±2.53 bα 1.19±0.31 bα 

Data were analyzed by factorial ANOVA at the 5 % significance level. Tukey’s test was used to compare tree-

integrated systems within distances (capital letters), treeless systems and NF among themselves (lowercase letters), 

and years within systems (Greek letters). Systems sharing the same letters do not differ statistically. Treeless 

systems and NF were compared with tree-integrated systems using Dunnett’s test. The symbols †, ‡, §, and ¶ indicate 

a significant difference relative to ICL, IP, HP and NF, respectively. 
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Soil resistance to penetration (RP) also exhibited distinct spatial variations. In 2023, at 

the 5.25 m distance, the ICLF system presented significantly lower RP (2.61 MPa) than the 

ILF-ST system (3.94 MPa). The native forest (NF) consistently displayed the lowest resistance 

values (1.19 to 1.28 MPa), differing significantly from nearly all managed systems in both 

years, except for ICLF at 5.25 m. In 2024, the ILF-EP system at the 0.00 m distance reached 

the highest recorded RP value (5.22 MPa), which was significantly superior to the ICLF and 

ILF-ST systems at the same position, as well as significantly higher than all treeless controls 

(ICL, IP, and HP). For the same system, no significant difference was observed between 2023 

and 2024 mean RP values. 

The spatial dynamics of soil physical quality, specifically soil RP, were significantly 

influenced by the distance from the tree row primarily within the ILF-EP system (Table 3.5). 

In 2023, RP in the ILF-EP system exhibited a linear decrease as the distance from the E. pellita 

trees increased, indicating higher compaction levels in closer proximity to the arboreal 

component. During the same period, no significant spatial trends for RP were observed in the 

ILF-ST and ICLF systems. 

Table 3.5 - Regression equations and determination coefficients (R²) for soil physical quality indicators as a 

function of distance from trees in tree-integrated systems and sampling year (2023 and 2024)†. RP: soil resistance 

to penetration; ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry 

with Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; ns: non-significant. 

Indicator Area Equation R²‡ 

  ------------------- 2023 ------------------- 

RP (MPa) 

ILF-ST ns -- 

ILF-EP Y = 4.064 - 0.055x 0.807 

ICLF ns -- 

  ------------------- 2024 ------------------- 

RP (MPa) 

ILF-ST ns -- 

ILF-EP Y = 5.222 - 0.363x + 0.014x² 1.000 

ICLF ns -- 

† For each sampling year, only indicators with a significant effect of distance (p < 0.05) in at least one management 

system are presented. ‡ The R² values of 1.000 for quadratic models result from the number of distance levels  

(n = 3) being equal to the number of estimated model parameters. 
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By the 2024 sampling period, the spatial behavior of RP in the ILF-EP system 

transitioned to a significant quadratic model. This model reflects a more complex distribution 

of soil resistance, where the highest estimated values remain near the tree row (0.00 m), 

followed by a reduction at intermediate distances and a slight increase toward the 21.00 m 

position. Consistent with the previous year, the ILF-ST and ICLF systems did not show 

significant regression adjustments for RP as a function of distance in 2024. 

3.3.3 Soil biological quality indicators 

Soil biological quality was significantly influenced by the management systems and the 

presence of the arboreal component, showing marked variations between sampling years  

(Table 3.6). Soil organic matter (OM) content was consistently higher in the ILF-ST system 

compared to the other integrated systems. In 2023, at 21.00 m, the ILF-ST system reached  

4.61 dag kg-1 of OM, which was significantly higher than the levels found in ILF-EP (2.86 dag 

kg-1) and ICLF (2.56 dag kg-1). This pattern of superiority for ILF-ST regarding OM content 

was maintained in 2024 across all evaluated distances. Furthermore, the ILF-ST system 

frequently presented OM levels superior to those of the native forest (NF) and treeless pastures. 

Regarding enzymatic activities, acid phosphatase (AP) showed important variations 

among systems. In 2023, the ILF-ST and ILF-EP systems exhibited AP activities that were 

superior to the ICLF system. By 2024, the difference among tree-integrated systems was 

restricted to the 21.00 m distance. In addition, HP presented the highest mean AP activity  

(8.20 µmol p-nitrophenol g-1 soil h-1) among treeless systems and NF, and a reduction was 

observed in IP (7.61 µmol p-nitrophenol g-1 soil h-1, 2023, to 2.33 µmol p-nitrophenol  

g-1 soil h-1, in 2024). 

Few significant differences in arylsulfatase (AS) and beta-glucosidase (BG) activities 

among areas were detected. In 2023, AS activity differed only at 21.00 m, with ICLF presenting 

lower values than ILF-ST and ILF-EP. Moreover, BG activity was highest in ICL and IP. 

However, in 2024, AS and BG activities underwent drastic reductions across all systems, with 

BG values ranging between 0.23 and 0.45 µmol p-nitrophenol g-1 soil h-1 without marked 

statistical differences among systems. Notably, the native forest (NF) presented lower BG 

activities than the treeless pastures (ICL and IP) in 2023 but became similar to the managed 

systems in 2024. 
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Table 3.6 - Soil biological quality indicators (mean ± standard deviation) according to the distance from the trees 

(in tree-integrated systems), area and sampling year (2023 and 2024). OM: organic matter; AP: acid phosphatase 

activity; AS: arylsulfatase activity; BG: betaglucosidase activity; ILF-ST: integrated livestock-forestry with 

Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus pellita; ICLF: integrated crop-livestock-

forestry; ICL: integrated crop-livestock; IP: Urochloa brizantha x U. ruziziensis ‘Ipyporã’ pasture;  

HP: U. humidicola pasture; NF: native forest. 

Distance Area OM AP AS BG 

m  dag kg-1 µmol p-nitrophenol g-1 soil h-1 

  ------------------------------------------- 2023 --------------------------------------------- 

0.00 

ILF-ST 4.10±0.51 Aα¶ 7.55±2.35 Aα 3.57±2.07 Aα 0.61±0.26 Aα†‡ 

ILF-EP 2.98±0.18 Bα‡§ 6.25±1.20 ABα 2.90±2.03 Aα 0.60±0.40 Aα†‡ 

ICLF 2.78±0.26 Bα†‡§ 4.55±1.41 Bα‡§ 2.95±2.18 Aα 0.54±0.27 Aα‡ 

5.25 

ILF-ST 4.41±0.30 Aα†¶ 7.42±1.67 Aα 3.61±2.36 Aα 0.80±0.38 Aα 

ILF-EP 3.54±0.24 Bα 6.70±0.90 Aα 2.73±1.81 Aα 0.49±0.21 Aα†‡ 

ICLF 3.46±0.40 Bα 4.43±1.17 Bα‡§ 2.52±1.17 Aα 0.71±0.26 Aα†‡ 

21.00 

ILF-ST 4.61±0.36 Aα†‡§¶ 7.30±1.68 Aα 2.69±2.31 ABα 0.60±0.30 Aα†‡ 

ILF-EP 2.86±0.26 Bα‡§ 7.78±1.60 Aα 4.45±2.24 Aα 0.76±0.44 Aα‡ 

ICLF 2.56±0.41 Bα†‡§ 3.83±0.81 Bα‡§ 1.02±0.39 Bα 0.84±0.31 Aα 

 

ICL 3.47±0.47 abα 5.42±1.10 aα 2.08±1.51 aα 1.38±0.69 aα 

IP 3.86±0.43 aα 7.61±0.80 aα 4.18±2.66 aα 1.39±0.43 aα 

HP 3.77±0.42 abα 7.75±1.65 aα 2.57±1.72 aα 0.85±0.17 abα 

NF 3.21±0.50 bα 5.79±1.06 aα 2.01±0.63 aα 0.49±0.14 bα 

  ------------------------------------------- 2024 --------------------------------------------- 

0.00 

ILF-ST 
3.86±0.35 Aα†‡§¶ 5.01±2.65 Aβ 0.98±0.29 Aβ 0.43±0.15 Aα 

ILF-EP 
3.07±0.29 Bα§ 5.57±1.17 Aα 0.93±0.30 Aβ 0.43±0.13 Aα 

ICLF 
2.35±0.33 Cβ¶ 3.96±1.53 Aα§ 0.81±0.19 Aβ 0.37±0.13 Aα 

5.25 

ILF-ST 
3.20±0.26 Aβ‡§ 5.96±2.53 Aα‡ 0.81±0.24 Aβ 0.29±0.12 Aβ 

ILF-EP 
2.75±0.15 ABβ 5.12±1.32 Aα 0.72±0.24 Aβ‡ 0.29±0.07 Aα 

ICLF 
2.28±0.11 Bβ¶ 3.29±0.50 Aα§ 0.67±0.12 Aβ‡ 0.26±0.04 Aβ 

21.00 

ILF-ST 
4.24±0.73 Aα†‡§¶ 5.16±3.58 ABα 1.01±0.37 Aα 0.37±0.13 Aα 

ILF-EP 
2.83±0.34 Bα§ 6.34±0.74 Aα‡ 0.84±0.13 ABβ 0.32±0.09 Aβ 

ICLF 
2.32±0.29 Bα¶ 2.62±1.03 Bα§ 0.55±0.11 Bβ‡ 0.26±0.08 Aβ 

 ICL 2.66±0.38 abβ 3.44±1.86 bα 0.64±0.31 bβ 0.45±0.15 aβ 

IP 2.45±0.19 bβ 2.33±1.64 bβ 1.15±0.24 aβ 0.39±0.17 abβ 

HP 2.12±0.15 bβ 8.20±3.45 aα 0.69±0.19 bβ 0.23±0.05 bβ 

NF 3.13±0.63 aα 4.49±1.85 bα 0.70±0.18 bβ 0.41±0.15 abα 

Data were analyzed by factorial ANOVA at the 5 % significance level. Tukey’s test was used to compare tree-

integrated systems within distances (capital letters), treeless systems and NF among themselves (lowercase letters), 

and years within systems (Greek letters). Systems sharing the same letters do not differ statistically. Treeless 

systems and NF were compared with tree-integrated systems using Dunnett’s test. The symbols †, ‡, §, and ¶ indicate 

a significant difference relative to ICL, IP, HP and NF, respectively. 
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The spatial distribution OM exhibited significant trends as a function of distance from 

the trees, although these patterns varied between systems and sampling years (Table 3.7). In 

2023, significant quadratic responses were observed for the ILF-EP and ICLF systems. During 

this initial period, the ILF-ST system did not show a significant spatial adjustment for OM. By 

2024, the spatial dynamics shifted, and a significant quadratic effect was detected exclusively 

in the ILF-ST system. This model for Samanea tubulosa indicates higher OM levels near the 

tree row and at the furthest sampling point, with a slight reduction at intermediate distances. 

Conversely, the ILF-EP and ICLF systems, which had shown significant spatial variation in the 

previous year, presented non-significant responses to distance in 2024. 

Table 3.7 - Regression equations and determination coefficients (R²) for soil biological quality indicators as a 

function of distance from trees in tree-integrated systems and sampling year (2023 and 2024)†. OM: organic matter; 

ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with 

Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; ns: non-significant. 

Indicator Area Equation R²‡ 

  ------------------- 2023 ------------------- 

OM (dag kg-1) 

ILF-ST ns -- 

ILF-EP Y = 2.984 + 0.144x - 0.007x² 1.000 

ICLF Y = 2.780 + 0.176x - 0.009x² 1.000 

  ------------------- 2024 ------------------- 

OM (dag kg-1) 

ILF-ST Y = 3.858 - 0.174x + 0.009x² 1.000 

ILF-EP ns -- 

ICLF ns -- 

† For each sampling year, only indicators with a significant effect of distance (p < 0.05) in at least one management 

system are presented. ‡ The R² values of 1.000 for quadratic models result from the number of distance levels (n = 

3) being equal to the number of estimated model parameters. 

 

3.3.4 Soil quality index 

3.3.4.1 Chemical 

The soil chemical quality, represented by the SQIchemical and its underlying soil 

functions, revealed significant differences driven by the integrated management systems and 

their spatial configurations (Table 3.8). In 2023, the ICLF system consistently exhibited 

superior chemical quality compared to the forestry-integrated systems (ILF-ST and ILF-EP) 

across all distances. At the 5.25 m distance, the ICLF system reached an SQIchemical of 0.79, 

which was significantly higher than the values for ILF-ST 0.55 and ILF-EP 0.48. This 

superiority was directly linked to the enhanced Acidity regulation and Nutrient availability 

functions in the ICLF system, which was statistically higher than in the ILF systems and NF 

across all evaluated positions in both years. In addition, the ICL system presented the second 
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highest SQIchemical (0.74 in 2023 and 0.75 in 2024), being statistically superior to almost every 

other system and NF in both years. On the other hand, NF presented the lowest chemical quality 

(0.30 in 2023 and 0.33 in 2024). 

Table 3.8 - Soil chemical quality subindex (SQIchemical) and related soil functions (mean ± standard deviation) 

according to the distance from the trees (in tree-integrated systems), area and sampling year (2023 and 2024). ILF-

ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus 

pellita; ICLF: integrated crop-livestock-forestry; ICL: integrated crop-livestock; IP: Urochloa brizantha x U. 

ruziziensis ‘Ipyporã’ pasture; HP: U. humidicola pasture; NF: native forest. 

Distance (m) Area SQIchemical Acidity regulation Nutrient availability 

  ----------------------------------- 2023 ----------------------------------- 

0.00 

ILF-ST 0.50±0.11 ABβ†¶ 0.57±0.05 ABβ¶ 0.42±0.16 ABα†¶ 

ILF-EP 0.39±0.10 Bβ†¶ 0.53±0.04 Bβ†‡¶ 0.26±0.16 Bα†‡ 

ICLF 0.61±0.02 Aβ¶ 0.61±0.04 Aβ¶ 0.60±0.03 Aα†¶ 

5.25 

ILF-ST 0.55±0.06 Bα†¶ 0.59±0.02 Bβ¶ 0.51±0.10 Bα†¶ 

ILF-EP 0.48±0.09 Bα†¶ 0.60±0.05 Bβ¶ 0.35±0.12 Bα† 

ICLF 0.79±0.07 Aα‡§¶ 0.66±0.00 Aβ‡§¶ 0.91±0.13 Aα‡§¶ 

21.00 

ILF-ST 0.53±0.16 Bα†¶ 0.56±0.06 Bβ¶ 0.50±0.27 Bα†¶ 

ILF-EP 0.50±0.06 Bα†¶ 0.61±0.03 ABβ¶ 0.40±0.10 Bα†¶ 

ICLF 0.77±0.05 Aα‡§¶ 0.66±0.05 Aβ§¶ 0.88±0.08 Aα‡§¶ 

 

ICL 0.74±0.05 aα 0.62±0.01 aβ 0.86±0.10 aα 

IP 0.57±0.06 bα 0.60±0.03 abβ 0.55±0.09 bα 

HP 0.48±0.03 bα 0.55±0.02 bβ 0.40±0.06 bα 

NF 0.30±0.03 cα 0.44±0.02 cβ 0.15±0.04 cα 

  ----------------------------------- 2024 ----------------------------------- 

0.00 

ILF-ST 0.72±0.05 Aα§¶ 0.92±0.01 Aα¶ 0.52±0.08 Aα§¶ 

ILF-EP 0.52±0.10 Bα†¶ 0.73±0.11 Bα†‡¶ 0.31±0.08 Bα† 

ICLF 0.72±0.04 Aα§¶ 0.92±0.01 Aα¶ 0.52±0.07 Aα§¶ 

5.25 

ILF-ST 0.61±0.12 Bα¶ 0.86±0.10 Bα¶ 0.36±0.14 Bα†¶ 

ILF-EP 0.51±0.09 Bα†¶ 0.76±0.10 Bα†‡¶ 0.25±0.08 Bα† 

ICLF 0.85±0.08 Aα‡§¶ 0.99±0.01 Aα†‡§¶ 0.71±0.16 Aβ‡§¶ 

21.00 

ILF-ST 0.56±0.16 Bα†¶ 0.79±0.15 Bα¶ 0.33±0.16 Bβ†¶ 

ILF-EP 0.53±0.06 Bα†¶ 0.77±0.07 Bα†¶ 0.29±0.09 Bα† 

ICLF 0.83±0.07 Aα‡§¶ 0.97±0.02 Aα§¶ 0.69±0.12 Aβ‡§¶ 

 ICL 0.75±0.05 aα 0.93±0.01 aα 0.57±0.09 aβ 

IP 0.64±0.06 abα 0.91±0.06 abα 0.38±0.06 abβ 

HP 0.57±0.11 bα 0.81±0.12 bα 0.33±0.11 bα 

NF 0.33±0.00 cα 0.54±0.01 cα 0.13±0.02 cα 

Data were analyzed by factorial ANOVA at the 5 % significance level. Tukey’s test was used to compare tree-

integrated systems within distances (capital letters), treeless systems and NF among themselves (lowercase letters), 

and years within systems (Greek letters). Systems sharing the same letters do not differ statistically. Treeless 

systems and NF were compared with tree-integrated systems using Dunnett’s test. The symbols †, ‡, §, and ¶ indicate 

a significant difference relative to ICL, IP, HP and NF, respectively. 
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The Acidity regulation and Nutrient availability functions also varied among systems 

and sampling years, following a similar pattern than SQIchemical across areas. However, in 2024, 

a generalized improvement in acidity regulation was observed across all integrated systems 

compared to 2023. Noticeably, the overall scores for nutrient availability across managed 

systems is low (0.25 to 0.60), with exception of ICLF (0.52 to 0.91) and ICL (0.57 in 2024 and 

0.86 in 2023). 

The spatial distribution of soil chemical quality indices and their underlying functions 

were significantly influenced by the distance from the tree rows, with distinct patterns emerging 

across management systems and sampling years (Table 3.9). In 2023, the ICLF system 

exhibited a significant quadratic response for both the overall SQIchemical and the Nutrient 

availability function. During the same period, the ILF-EP system showed a significant quadratic 

trend for Acidity regulation, while no significant spatial variation was detected for the ILF-ST 

system in any chemical parameter in the first year. All quadratic trends indicate higher values 

at an intermediate distance from the trees. 

By 2024, the spatial dynamics evolved significantly. The ICLF system maintained its 

quadratic behavior for both the SQIchemical and Nutrient availability. Notably, the ILF-ST system 

transitioned to a significant linear response during the second year, where both Acidity 

regulation and Nutrient availability decreased linearly as the distance from the S. tubulosa trees 

increased. This indicates a localized improvement in chemical fertility closer to the legume tree 

over time. In contrast, the ILF-EP system showed no significant spatial effects for SQIchemical 

and its related functions in 2024. 

Table 3.9 - Regression equations and determination coefficients (R²) for soil chemical quality subindex (SQIchemical) 

and related soil functions as a function of distance from trees in tree-integrated systems and sampling year (2023 

and 2024)†. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry 

with Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; ns: non-significant. 

Variable Area Equation R²‡ 

  ------------------- 2023 ------------------- 

SQIchemical 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 0.609 + 0.042x - 0.002x² 1.000 

Acidity regulation 

ILF-ST ns -- 

ILF-EP Y = 0.531 + 0.016x - 0.001x² 1.000 

ICLF   

Nutrient availability 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 0.604 + 0.073x - 0.003x² 1.000 
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  ------------------- 2024 ------------------- 

SQIchemical 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 0.718 + 0.031x - 0.001x² 1.000 

Acidity regulation 

ILF-ST Y = 0.904 - 0.006x 0.921 

ILF-EP ns -- 

ICLF ns -- 

Nutrient availability 

ILF-ST Y = 0.470 - 0.008x 0.643 

ILF-EP ns -- 

ICLF Y = 0.521 + 0.045x - 0.002x² 1.000 

† For each sampling year, only variables with a significant effect of distance (p < 0.05) in at least one management 

system are presented. ‡ The R² values of 1.000 for quadratic models result from the number of distance levels (n = 

3) being equal to the number of estimated model parameters. 

3.3.4.2 Physical 

The soil physical quality, assessed through the SQIphysical and the functions of Water 

availability and Support root growth, exhibited distinct spatial and temporal variations among 

the integrated management systems (Table 3.10). In 2023, the forestry-integrated systems 

generally outperformed the ICLF system in physical quality near the tree row. At the 0.00 m 

distance, the ILF-ST (0.54) and ILF-EP (0.50) systems presented significantly higher SQIphysical 

values than the ICLF system (0.42). This superiority was largely driven by the Water 

availability function, which was significantly higher in ILF-ST (0.79) and ILF-EP (0.76) 

compared to ICLF (0.58) at the same position. 

Table 3.10 - Soil physical quality subindex (SQIphysical) and related soil functions (mean ± standard deviation) 

according to the distance from the trees (in tree-integrated systems), area and sampling year (2023 and 2024). ILF-

ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus 

pellita; ICLF: integrated crop-livestock-forestry; ICL: integrated crop-livestock; IP: Urochloa brizantha x U. 

ruziziensis ‘Ipyporã’ pasture; HP: U. humidicola pasture; NF: native forest. 

Distance (m) Area SQIphysical Water availability Support root growth 

  ----------------------------------- 2023 ----------------------------------- 

0.00 

ILF-ST 0.54±0.07 Aα¶ 0.79±0.13 Aα† 0.28±0.03 Aα¶ 

ILF-EP 0.50±0.04 ABα¶ 0.76±0.08 Aα† 0.24±0.04 Aα¶ 

ICLF 0.42±0.06 Bα‡¶ 0.58±0.08 Bα‡ 0.26±0.07 Aα¶ 

5.25 

ILF-ST 0.50±0.05 Aα¶ 0.72±0.11 Aα 0.28±0.08 Bα¶ 

ILF-EP 0.51±0.03 Aα¶ 0.72±0.04 Aα 0.30±0.04 ABα¶ 

ICLF 0.52±0.05 Aα¶ 0.63±0.05 Aα‡ 0.40±0.07 Aα¶ 

21.00 

ILF-ST 0.54±0.04 Aα†¶ 0.83±0.07 Aα†¶ 0.26±0.07 Aα¶ 

ILF-EP 0.56±0.05 Aα†¶ 0.77±0.08 Aα† 0.34±0.03 Aα¶ 

ICLF 0.46±0.02 Aα¶ 0.58±0.04 Bβ‡ 0.34±0.05 Aα¶ 
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ICL 0.42±0.02 cβ 0.58±0.02 bβ 0.27±0.05 bα 

IP 0.56±0.13 bα 0.79±0.11 aα 0.34±0.20 bα 

HP 0.53±0.12 bcα 0.71±0.14 abα 0.35±0.11 bα 

NF 0.74±0.07 aα 0.68±0.07 abα 0.81±0.13 aα 

  ----------------------------------- 2024 ----------------------------------- 

0.00 

ILF-ST 0.51±0.08 Aα¶ 0.66±0.04 Aβ‡ 0.37±0.18 Aα¶ 

ILF-EP 0.40±0.03 Bβ†‡§¶ 0.61±0.05 Aβ‡ 0.19±0.03 Bα¶ 

ICLF 0.46±0.05 ABα¶ 0.63±0.05 Aα‡ 0.29±0.05 ABα¶ 

5.25 

ILF-ST 0.45±0.06 Aα¶ 0.62±0.08 Aβ‡ 0.27±0.05 Aα¶ 

ILF-EP 0.43±0.03 Aβ‡¶ 0.60±0.07 Aβ‡ 0.26±0.05 Aα¶ 

ICLF 0.52±0.05 Aα¶ 0.65±0.02 Aα‡ 0.38±0.09 Aα¶ 

21.00 

ILF-ST 0.48±0.05 Aα¶ 0.69±0.05 Aβ‡ 0.28±0.08 Aα¶ 

ILF-EP 0.47±0.04 Aβ¶ 0.67±0.03 Aβ‡ 0.27±0.05 Aα¶ 

ICLF 0.51±0.05 Aα¶ 0.66±0.03 Aα‡ 0.36±0.08 Aα¶ 

 ICL 0.52±0.09 bα 0.70±0.05 bα 0.34±0.13 bα 

IP 0.55±0.07 bα 0.82±0.12 aα 0.28±0.02 bα 

HP 0.52±0.06 bα 0.71±0.08 bα 0.33±0.06 bα 

NF 0.74±0.11 aα 0.65±0.06 bα 0.83±0.18 aα 

Data were analyzed by factorial ANOVA at the 5 % significance level. Tukey’s test was used to compare tree-

integrated systems within distances (capital letters), treeless systems and NF among themselves (lowercase letters), 

and years within systems (Greek letters). Systems sharing the same letters do not differ statistically. Treeless 

systems and NF were compared with tree-integrated systems using Dunnett’s test. The symbols †, ‡, §, and ¶ indicate 

a significant difference relative to ICL, IP, HP and NF, respectively. 

 

By 2024, a decline in physical quality was observed for the ILF-EP system, becoming 

significantly lower than the ILF-ST at 0.00 m. This reduction in ILF-EP is reflect of the Support 

root growth function, which reached its lowest value (0.19) in the tree row, being statistically 

inferior to the other integrated systems. This decline in 2024 suggests a cumulative impact on 

soil structure, likely associated with the increased soil resistance to penetration observed near 

eucalyptus trees in the second year of sampling. 

When compared to the native forest (NF) baseline, the integrated systems showed mixed 

results. In both years, NF consistently maintained the highest scores for Support root growth 

(0.81 in 2023 and 0.83 in 2024) and the overall SQIphysical (0.74 in both years), differing 

significantly from all managed systems. Regarding the Water availability function, few 

differences were observed across systems. In 2023, ICL presented the overall lowest mean 

(0.58), whereas IP presented the highest mean in 2024 (0.82), being statistically superior to all 

other areas. 
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The soil physical quality was significantly affected by the distance from trees only in 

the crop-livestock-forestry system during the first year of study (Table 3.11). In 2023, the ICLF 

system exhibited significant quadratic responses for both the overall SQIphysical and the Support 

root growth function. These models indicate that physical quality peaked at intermediate 

distances from the tree rows within the ICLF arrangement. 

Table 3.11 - Regression equations and determination coefficients (R²) for soil physical quality subindex (SQIphysical) 

and related soil functions as a function of distance from trees in tree-integrated systems†. ILF-ST: integrated 

livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus pellita; ICLF: 

integrated crop-livestock-forestry; ns: non-significant. 

Variable Area Equation R²‡ 

  ------------------- 2023 ------------------- 

SQIphysical 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 0.420 + 0.024x - 0.001x² 1.000 

Support root growth 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 0.262 + 0.035x - 0.001x² 1.000 

† Only variables with a significant effect of distance (p < 0.05) in at least one management system are presented. 

No significant effect of distance was observed in 2024. ‡ The R² values of 1.000 for quadratic models result from 

the number of distance levels (n = 3) being equal to the number of estimated model parameters. 

3.3.4.3 Biological 

The soil biological quality was significantly influenced by the management systems and 

their respective tree components (Table 3.12). Across both sampling years, the ILF-ST system 

consistently demonstrated superior biological quality compared to the other integrated 

arrangements. In 2023, at the 0.00 m distance, the ILF-ST system reached an SQIbiological of 

0.73, which was significantly higher than the values for ILF-EP (0.58) and ICLF (0.52). This 

trend was largely driven by the Sustain biological activity function, where the ILF-ST system 

achieved scores of 0.96 to 1.00 across all distances, significantly outperforming the ICLF 

system at every position. 
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Table 3.12 - Soil biological quality subindex (SQIphysical) and related soil functions (mean ± standard deviation) 

according to the distance from the trees (in tree-integrated systems), area and sampling year (2023 and 2024). ILF-

ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus 

pellita; ICLF: integrated crop-livestock-forestry; ICL: integrated crop-livestock; IP: Urochloa brizantha x U. 

ruziziensis ‘Ipyporã’ pasture; HP: U. humidicola pasture; NF: native forest. 

Distance (m) Area SQIbiological Sustain biological activity Nutrient cycling 

  ----------------------------------- 2023 ----------------------------------- 

0.00 

ILF-ST 0.73±0.10 Aα¶ 0.96±0.06 Aα¶ 0.49±0.17 Aα 

ILF-EP 0.58±0.07 Bα‡ 0.74±0.05 Bα‡§ 0.42±0.11 Aα‡ 

ICLF 0.52±0.06 Bα†‡§ 0.69±0.06 Bα†‡§ 0.35±0.11 Aα‡ 

5.25 

ILF-ST 0.76±0.08 Aα¶ 1.00±0.00 Aα¶ 0.51±0.16 Aα 

ILF-EP 0.65±0.03 ABα 0.88±0.06 ABα 0.41±0.05 Aα‡ 

ICLF 0.61±0.08 Bα‡§ 0.86±0.10 Bα 0.36±0.08 Aα‡ 

21.00 

ILF-ST 0.72±0.06 Aα¶ 1.00±0.00 Aα¶ 0.44±0.12 ABα 

ILF-EP 0.63±0.10 Aα‡ 0.71±0.06 Bα†‡§ 0.55±0.16 Aα 

ICLF 0.47±0.07 Bα†‡§ 0.64±0.10 Bα†‡§¶ 0.30±0.05 Bα‡ 

 

ICL 0.67±0.11 abα 0.86±0.12 abα 0.48±0.14 abα 

IP 0.79±0.10 aα 0.94±0.08 aα 0.64±0.12 aα 

HP 0.70±0.09 abα 0.92±0.08 abα 0.49±0.14 abα 

NF 0.57±0.08 bα 0.80±0.12 bα 0.35±0.05 bα 

  ----------------------------------- 2024 ----------------------------------- 

0.00 

ILF-ST 0.75±0.11 Aα†‡§ 0.94±0.06 Aα†‡§¶ 0.55±0.17 Aα 

ILF-EP 0.66±0.07 Aα§ 0.77±0.07 Bα‡§ 0.55±0.13 Aα 

ICLF 0.52±0.09 Bα 0.59±0.08 Cβ¶ 0.46±0.11 Aα 

5.25 

ILF-ST 0.63±0.10 Aβ 0.80±0.07 Aβ†‡§ 0.46±0.15 Aα 

ILF-EP 0.56±0.03 ABα 0.69±0.04 Aβ§ 0.42±0.07 Aα 

ICLF 0.46±0.03 Bβ¶ 0.57±0.03 Bβ¶ 0.36±0.05 Aα 

21.00 

ILF-ST 0.74±0.11 Aα†‡§ 0.96±0.06 Aα†‡§¶ 0.53±0.22 Aα 

ILF-EP 0.60±0.07 Bα 0.71±0.08 Bα§ 0.49±0.07 ABα 

ICLF 0.45±0.04 Cα¶ 0.58±0.07 Cα¶ 0.32±0.04 Bα 

 ICL 0.55±0.11 aβ 0.66±0.10 abβ 0.45±0.18 aα 

IP 0.56±0.07 aβ 0.61±0.05 bcβ 0.50±0.12 aα 

HP 0.49±0.07 aβ 0.53±0.04 cβ 0.46±0.14 aα 

NF 0.63±0.13 aα 0.78±0.16 aα 0.47±0.11 aα 

Data were analyzed by factorial ANOVA at the 5 % significance level. Tukey’s test was used to compare tree-

integrated systems within distances (capital letters), treeless systems and NF among themselves (lowercase letters), 

and years within systems (Greek letters). Systems sharing the same letters do not differ statistically. Treeless 

systems and NF were compared with tree-integrated systems using Dunnett’s test. The symbols †, ‡, §, and ¶ indicate 

a significant difference relative to ICL, IP, HP and NF, respectively. 

 

By 2024, the ILF-ST system maintained its higher biological status, particularly at the 

0.00 m and 21.00 m distances, where its SQIbiological (0.75 and 0.74, respectively) remained 

significantly superior to the ICLF system (0.52 and 0.45). Notably, almost all managed systems 

showed a significant temporal decline in their biological quality, specifically in their ability to 
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Sustain biological activity, from 2023 to 2024. The Nutrient cycling function showed fewer 

statistical differences between the systems, with IP presenting the highest mean in 2023, while, 

in 2024, a significant difference was observed only between ILF-ST (0.53) and ICLF (0.32) at 

21.00 m. Compared to NF, in 2023, most managed systems, especially ILF-ST, showed 

comparable or higher biological quality indices. However, in 2024, fewer differences from NF 

were observed.  

Soil biological quality was significantly influenced by the distance from tree rows, 

revealing distinct patterns that evolved between sampling years (Table 3.13). In 2023, the ICLF 

system exhibited significant quadratic responses for both the overall SQIbiological and the Sustain 

biological activity function, with higher values at an intermediate distance from the tree row. 

During the same period, the ILF-EP system also showed a quadratic response for Sustain 

biological activity and a significant linear increase in Nutrient cycling as distance from the 

eucalyptus trees increased. No significant spatial trends were observed for the ILF-ST system 

in 2023. 

Table 3.13 - Regression equations and determination coefficients (R²) for soil biological quality subindex 

(SQIbiological) and related soil functions as a function of distance from trees in tree-integrated systems and sampling 

year (2023 and 2024)†. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated 

livestock-forestry with Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; ns: non-significant. 

Variable Area Equation R²‡ 

  ------------------- 2023 ------------------- 

SQIbiological 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 0.523 + 0.023x - 0.001x² 1.000 

Sustain biological activity 

ILF-ST ns -- 

ILF-EP Y = 0.744 + 0.036x - 0.002x² 1.000 

ICLF Y = 0.693 + 0.044x - 0.002x² 1.000 

Nutrient cycling 

ILF-ST ns -- 

ILF-EP Y = 0.396 + 0.007x 0.914 

ICLF ns -- 

  ------------------- 2024 ------------------- 

SQIbiological 

ILF-ST Y = 0.745 - 0.029x + 0.001x² 1.000 

ILF-EP ns -- 

ICLF ns -- 

Sustain biological activity 

ILF-ST Y = 0.942 - 0.037x + 0.002x² 1.000 

ILF-EP ns -- 

ICLF ns -- 

† For each sampling year, only variables with a significant effect of distance (p < 0.05) in at least one management 

system are presented. ‡ The R² values of 1.000 for quadratic models result from the number of distance levels  

(n = 3) being equal to the number of estimated model parameters. 
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By 2024, the spatial dynamics shifted predominantly toward ILF-ST. The ILF-ST 

system transitioned to significant quadratic models for both the SQIbiological and the Sustain 

biological activity function. These models indicate higher biological quality near the S. tubulosa 

rows and at the furthest sampling points, with a slight reduction at intermediate distances. In 

contrast, the ICLF and ILF-EP systems, which had shown significant spatial variation in the 

previous year, presented non-significant responses to distance in 2024. 

 

3.3.4.4 Overall SQI 

The overall soil quality index (SQI), which synthesizes the chemical, physical, and 

biological status of the soil, was significantly affected by the management systems (Table 3.14). 

In 2023, at the 0.00 m distance, the ILF-ST system presented a higher SQI (0.59) compared to 

the ILF-EP system (0.49), while the ICLF system maintained an intermediate value (0.52). At 

the 5.25 m distance, the ICLF system achieved the highest recorded score (0.64), being 

significantly superior to the ILF-EP system (0.54). No significant differences between the 

integrated systems were found at the 21.00 m distance during the first year. 

Table 3.14 - Mean ± standard deviation of soil quality index (SQI) according to the distance from the trees (in tree-

integrated systems), area and sampling year (2023 and 2024). ILF-ST: integrated livestock-forestry with Samanea 

tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; 

ICL: integrated crop-livestock; IP: Urochloa brizantha x U. ruziziensis ‘Ipyporã’ pasture; HP: U. humidicola 

pasture; NF: native forest. 

Distance (m) Area SQI 

  2023 2024 

0.00 

ILF-ST 0.59±0.08 Aα 0.66±0.07 Aα§ 

ILF-EP 0.49±0.04 Bα†‡ 0.53±0.05 Bα 

ICLF 0.52±0.03 ABα†‡ 0.57±0.04 Bα 

5.25 

ILF-ST 0.60±0.06 ABα 0.56±0.08 ABα 

ILF-EP 0.54±0.04 Bα‡ 0.50±0.04 Bα† 

ICLF 0.64±0.05 Aα¶ 0.61±0.04 Aα 

21.00 

ILF-ST 0.60±0.04 Aα 0.59±0.07 Aα 

ILF-EP 0.56±0.06 Aα 0.53±0.02 Aα 

ICLF 0.57±0.03 Aα 0.59±0.04 Aα 

 

ICL 0.61±0.04 abα 0.61±0.07 aα 

IP 0.64±0.07 aα 0.58±0.06 aα 

HP 0.57±0.07 abα 0.53±0.05 aα 

NF 0.54±0.04 bα 0.57±0.07 aα 

Data were analyzed by factorial ANOVA at the 5 % significance level. Tukey’s test was used to compare tree-

integrated systems within distances (capital letters), treeless systems and NF among themselves (lowercase letters), 

and years within systems (Greek letters). Systems sharing the same letters do not differ statistically. Treeless 

systems and NF were compared with tree-integrated systems using Dunnett’s test. The symbols †, ‡, §, and ¶ indicate 

a significant difference relative to ICL, IP, HP and NF, respectively. 
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By 2024, the ILF-ST system maintained its superiority at the tree row (0.00 m) with an 

SQI of 0.66, which was significantly higher than both the ILF-EP (0.53) and ICLF (0.57) 

systems. At intermediate distances (5.25 m), the ICLF system remained the most effective 

(0.61), differing statistically from ILF-EP (0.50). The SQI remained relatively stable between 

years, with no significant difference between 2023 and 2024 within systems. 

In comparison to the treeless controls and the native forest (NF), the integrated systems 

generally matched or exceeded the SQI values of NF, which presented values of 0.54 in 2023 

and 0.57 in 2024. Interestingly, the ICLF system at 5.25 m in 2023 and IP reached significantly 

higher SQIs than NF. Among the treeless pastures, in 2023, the ICL and IP systems performed 

better than tree-integrated systems at some distances. However, in 2024, few statistically 

significant differences among areas were observed, with HP presenting lower SQI than ILF-ST 

at 0.00 m, and ICL presenting higher SQI than ILF-EP at 5.25 m. 

The spatial behavior of SQI showed significant variations depending on the 

management system and the sampling period (Table 3.15). In 2023, a significant quadratic 

response was observed exclusively in the ICLF system. The model indicates that the highest 

overall soil quality during the first year of sampling occurred at intermediate distances within 

the crop-livestock-forestry arrangement. In contrast, the ILF systems did not exhibit significant 

spatial adjustments for the SQI in 2023. 

Table 3.15 - Regression equations and determination coefficients (R²) for soil quality index (SQI) as a function of 

distance from trees in tree-integrated systems and sampling year (2023 and 2024)†. ILF-ST: integrated livestock-

forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus pellita; ICLF: integrated 

crop-livestock-forestry; ns: non-significant. 

Variable Area Equation R²† 

SQI2023 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 0.517 + 0.030x - 0.001x² 1.000 

SQI2024 

ILF-ST Y = 0.659 - 0.024x + 0.001x² 1.000 

ILF-EP ns -- 

ICLF ns -- 

† The R² values of 1.000 for quadratic models result from the number of distance levels (n = 3) being equal to the 

number of estimated model parameters. 

 

  



109 

 

 

 

By 2024, the spatial pattern shifted from ICLF to ILF-ST, following a quadratic model, 

where the highest SQI values are concentrated near the tree row (0.00 m) and at the furthest 

point (21.00 m), with a slight reduction at the intermediate distance. No significant spatial 

effects were recorded for the ILF-EP and ICLF systems in the second year of evaluation. 

3.4 Discussion 

3.4.1 Soil chemical quality indicators 

The soil pH, H+Al, P and EB results reveal complex interactions between management 

systems, tree proximity, and temporal dynamics. The native forest (NF) consistently exhibited 

the most acidic conditions. Naturally, Amazon soils are highly weathered and characterized by 

high acidity, largely due to the leaching of base cations such as calcium, magnesium, and 

potassium, which are replaced by protons and aluminum ions, a process exacerbated by the 

region's substantial rainfall (Patiño et al. 2024; Mantovanelli et al. 2016). The acidic conditions 

are further compounded by the accumulation of organic acids from decomposing plant material 

under undisturbed conditions (Ritchie and Dolling 1985). 

Among integrated systems, ICL and ICLF demonstrated superior pH management, 

particularly at intermediate (5.25 m) and far distances (21.00 m) from tree rows. This represents 

a significant improvement over both ILF systems and approaches optimal ranges for tropical 

pasture productivity (pH 5.5-6.5). Since the last lime application occurred more than five years 

before sampling for all managed systems, the elevated pH in ICLF can be attributed to enhanced 

base cation cycling through diverse plant residues and improved nutrient management from 

integrated crop-livestock activities (Martins et al. 2014, 2016). 

The spatial gradient in pH observed in tree-integrated systems (ILF-ST, ILF-EP, ICLF) 

demonstrates the localized influence of tree rows. Lower pH and EB values at 0.00 m distance, 

particularly in ILF-EP, suggest that E. pellita may contribute to soil acidification through uptake 

and immobilization of base cations in woody biomass, production of acidic root exudates, 

decomposition of acidic litter, and enhanced nitrification in the rhizosphere (Soumare et al. 

2015; Regasa et al. 2024; Korchagin et al. 2019). 

In contrast, S. tubulosa (ILF-ST) showed less acidification and base depletion  

at 0.00 m, possibly reflecting its lower demand for nutrients and more favorable litter chemistry 

(Rwibasira et al. 2021; Chaer et al. 2011). Lower acidity in ILF-ST compared to ILF-EP was 

also observed by Cipriani et al. (2025) in 2022. The temporal improvement in pH and H+Al in 
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virtually all systems and NF from 2023 to 2024 requires further investigation. Since no relevant 

intervention was made, an unmeasured natural alkalinization process (e.g., decreased acid rain, 

interannual temperature and rainfall oscillation) could be the cause (Yaulilahua-Huacho et al. 

2024; Shen et al. 2021). 

Phosphorus availability emerged as a critical differentiating factor among systems, with 

ICLF and ICL demonstrating markedly superior P status compared to all other systems and NF. 

This advantage became even more pronounced at 5.25 m and 21.00 m distances, where ICLF 

reached 5.88-7.20 mg dm-³, representing 3-8 times the P levels in other systems. The 

exceptional P availability in ICLF reflects the residual P accumulation from repeated crop-

livestock rotations, as well as higher-quality (low C/N ratio) residues (Assis et al. 2022). 

The extremely low P availability in native forest (0.91-1.08 mg dm-³) represents the 

highly weathered Oxisols dominant in the Amazon, which present inherently low P reserves, 

strong P fixation by iron and aluminum oxides at low pH, tight biological cycling where nearly 

all available P is immobilized in biomass with minimal soil reserves, and lack of anthropogenic 

inputs that characterize managed systems (Cunha et al. 2022). 

The low P in ILF systems (1.54-2.90 mg dm-³ range) despite tree integration indicates 

that forestry components alone do not significantly enhance P availability without fertilization 

(Moreira et al. 2018). Trees may compete with pasture for limited P, and P immobilization in 

woody biomass reduces soil P pools (George et al. 1996). The slight spatial variation in ICLF, 

with marginally higher P at intermediate distances, suggests optimal zones where tree root 

competition is reduced but tree benefits (organic matter, microclimate) are maintained. Ipyporã 

and U. humidicola pastures (IP and HP) showed the lowest P among pasture systems, also 

indicating P depletion under moderate grazing without replenishment (Gatiboni et al. 2025; 

Coad et al. 2014). 

3.4.2 Soil physical quality indicators 

During the first year of evaluation (2023), the ICLF and ICL systems showed the poorest 

overall hydric performance which may be associated with a lower water-holding capacity of 

the remaining mulch in those systems (Fér et al. 2022; Zhang et al. 2021). However, by 2024, 

the most managed systems reached an equilibrium with NF, revealing interannual variation in 

soil moisture among systems. Similarly, to what was observed by Feitosa et al. (2019) in the 

same ICLF, the trees did not influence soil moisture in the ICLF or ILF systems.  



111 

 

 

 

A consistent result across both years was the performance of the Ipyporã pasture (IP), 

which maintained the highest levels of gravimetric moisture. In 2023, it stood out positively, 

and by 2024, it became the only treatment statistically superior to all others. This behavior 

indicates that the Ipyporã cultivar possesses a better soil cover capacity or a root architecture 

that favors water infiltration and maintenance in relation to Marandu and U. humidicola grasses 

(Policarpo et al. 2023; Merloti et al. 2023). 

The spatial variation in soil resistance to penetration (RP) observed exclusively in the 

ILF-EP system suggests that the tree component's architecture and the associated management 

play a decisive role in soil physical quality. The linear reduction of RP with distance in 2023, 

followed by a quadratic pattern in 2024, indicates a higher concentration of soil compaction 

near the E. pellita rows. This localized increase in RP (reaching 5.22 MPa at 0.00 m in 2024) 

likely results from the behavior of grazing animals. In integrated systems, trees often serve as 

shade havens, leading to a higher frequency of animal permanence and, consequently, increased 

trampling intensity in the areas closest to the tree rows (Sartor et al. 2020; Assis et al. 2015). 

Interestingly, the ILF-ST and ICLF systems did not show a significant spatial trend for 

RP, maintaining more stable physical conditions across the distances. In the case of ILF-ST, 

this may be attributed to the canopy architecture of S. tubulosa, which provides a broader and 

more diffuse shade compared to the vertical shade of eucalyptus, leading to a more even 

distribution of animals (Silva et al. 2025; Andrade et al. 2012; Mattos et al. 2020). Similarly, 

although the ICLF also utilizes eucalyptus, its lack of spatial variation in RP likely stems from 

its higher tree density compared to the ILF-EP system (136 vs. 13 trees ha-1). This higher density 

promotes a more balanced distribution of animals throughout the area, preventing the 

concentrated trampling typically observed in systems with more isolated or sparse shade 

(Feitosa et al. 2019; Souza et al. 2020). 

A general reduction in RP values was observed in the present study when compared 

with those reported by Cipriani et al. (2025), who conducted research in the same ILF areas in 

2022. This discrepancy is primarily attributed to the sampling period: the dry season in Cipriani 

et al. (2025) versus the rainy season in the current study. Furthermore, the previous study 

reported higher RP in ILF-ST (10.37 MPa) than in ILF-EP (6.96 MPa) at 5.25 m from the trees, 

highlighting the marked seasonal and temporal sensitivity of RP as a soil quality indicator. 
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3.4.3 Soil biological quality indicators 

The superiority of the ILF-ST system in soil organic matter (OM) content must be 

evaluated considering the distinct animal behavior observed in these areas. While soil physical 

data indicate that cattle concentrate near the tree rows in Eucalyptus-based systems (ILF-EP 

and ICLF), the OM levels in these systems remained significantly lower than ILF-ST at the 

same distance. Furthermore, while Cipriani et al. (2025) found virtually no significant 

differences in OM between ILF-ST, ILF-EP, and NF in 2022, the current findings suggest a 

clear temporal divergence in organic matter accumulation across these systems. 

Moreover, this suggests that high density of animals in the Eucalyptus lines is leading 

to increased soil compaction and overgrazing near the trees, which limits the development of 

the pasture's root system and, consequently, reduces the input of organic carbon into the soil 

(Sarto et al. 2020b; Hamza and Anderson 2005; Pegoraro et al. 2011). In contrast, the more 

scattered distribution of cattle in the ILF-ST system appears to favor a more balanced nutrient 

cycling. By spreading their presence across the plot, the animals promote a more uniform 

distribution of excreta and avoid localized degradation, allowing the shading and nitrogen-

fixing benefits of S. tubulosa to effectively translate into higher OM accumulation across the 

evaluated distances (Santos et al. 2024; Carpinelli et al. 2020). 

The significant quadratic response for OM in the ILF-ST system in 2024 reinforces this 

hypothesis. The peak at 21.00 m (4.24 dag kg-1) likely reflects the success of the pasture 

component in an area with lower animal pressure and optimal light availability, while the high 

values near the trees (3.86 dag kg-1 at 0.00 m) benefit from the high-quality legume litter without 

the excessive trampling observed in the Eucalyptus systems. Therefore, the higher biological 

quality of the soil in the ILF-ST system is not just a result of the tree species, but of how the 

tree architecture and shade quality promote a grazing behavior that preserves soil physical and 

chemical integrity. 

The soil chemical profile provides a critical context for the biological patterns observed, 

particularly regarding enzymatic regulation and interannual variations. A clear example is the 

negative feedback mechanism observed for acid phosphatase (AP) activity. In 2023, the ICLF 

system exhibited significantly lower AP activity compared to ILF-ST and ILF-EP. This is 

directly explained by the phosphorus (P) levels: the ICLF system had a substantially higher P 

content (up to 13.80 mg dm-³ at 5.25 m) compared to the very low levels (1.88 to 1.90 mg dm⁻³) 

found in the other systems. Since microorganisms and plants secrete acid phosphatase primarily 

under P-limitation to mineralize organic P, the high availability of inorganic P in the ICLF 
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system, likely due to residual fertilization from the crop component, suppressed the need for 

high AP secretion (Pereira et al. 2023; Campdelacreu Rocabruna et al. 2024). 

The interannual dynamics of enzymatic activities between 2023 and 2024 were also 

likely influenced by the significant increase in soil pH across all systems. In 2023, the systems 

were more acidic (pH ranging from 4.33 to 5.66), whereas in 2024, pH levels rose significantly 

(reaching up to 6.03 in ICLF). This shift toward neutrality may explain some of the enzymatic 

variations. As its name suggests, AP enzyme has an optimal activity level in acidic conditions 

(Campdelacreu Rocabruna et al. 2024). The increase in pH in 2024 may have contributed to the 

observed reduction in its activity in several systems, such as the decline seen in IP. 

The activities of arylsulfatase (AS) and beta-glucosidase (BG) revealed a soil biological 

environment that, in 2023, was more influenced by the herbaceous component and management 

intensity than by the presence of trees. For AS, the lack of significant differences among most 

areas suggests a relative uniformity in sulfur cycling during the first year of sampling, with a 

specific exception at the 21.00 m distance where ILF-EP outperformed ICLF. Moreover, the 

treeless controls, ICL and IP, exhibited higher BG activity compared to the native forest (NF). 

Furthermore, these pastures frequently surpassed the tree-integrated systems; for 

instance, IP showed higher BG activity than all three integrated systems at 0.00 m. This suggests 

that the high root turnover and constant biomass input from the Urochloa grasses in open 

pastures provide a more accessible carbon source for the microbial community than the more 

complex litter found in the forest or the potentially shaded understory of the integrated systems 

(Lai et al. 2014; Pereira et al. 2023; Sarto et al. 2020; Santos et al. 2022). It can also be attributed 

to differences in grass variety (Marandu in ILF-ST and ILF-EP vs. Ipyporã in ICL and ICLF) 

(Ventura et al. 2021; Campdelacreu Rocabruna et al. 2024; Janusckiewicz et al. 2019). 

Interestingly, the lack of significant differences among ILF-ST, ILF-EP, and ICLF indicates 

that, at this stage (5 years), the specific tree species or row density had not yet created distinct 

carbon-cycling niches for this enzyme (Ventura et al. 2021; Vieira et al. 2023). 

By 2024, the drastic reduction in AS and BG activities largely eliminated the 

distinctions observed in the previous year. In this second year, AS activity showed only isolated 

differences, such as IP outperforming other controls and ILF-ST becoming superior to ICLF at 

the 21.00 m distance. For BG, the only remaining significant difference was between ICL and 

HP. 

The synchronization of this enzymatic decline with the sharp increase in soil pH (from 

acidic in 2023 to near-neutral in 2024) and the reduction in potential acidity H+Al suggests a 
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shift in the chemical-biological equilibrium. While the integrated systems, particularly ILF-ST, 

maintained higher organic matter levels during this period, the actual rate of carbon and sulfur 

cycling (as measured by BG and AS) was likely constrained by these broader chemical shifts 

and potential climatic stressors, which affected managed and natural systems alike. In summary, 

the biological quality in these systems is regulated by a complex interplay: the animal 

distribution and organic matter accumulation by the presence of trees; chemical inhibition (e.g. 

high P suppressing AP); and grass cultivars. 

3.4.4 Soil quality index 

3.4.4.1 Chemical 

The transformation of chemical data into SQIchemical reveals that integrated systems 

are not just better than the forest but are specifically engineered environments that still struggle 

to reach agronomic stability. By using fixed literature references, the index highlights a 

significant performance gap. While the ICLF system achieved scores near 0.80-0.90 for nutrient 

availability, the ILF-ST and ILF-EP systems hovered around 0.30-0.50. This confirms that the 

biological inputs from trees (litterfall) and animals (excreta) in ILF systems are insufficient to 

meet the chemical demands of high-productivity tropical soils within five years (Kamboj et al. 

2024). The index clearly distinguishes between subsistence cycling in ILF and the high-input 

fertility of ICLF, which carries the chemical legacy of the crop phase. 

The acidity regulation function (pH and H+A) showed the most significant spatial 

improvement, particularly in the ILF-ST system, which reached a score of 0.92 near the trees 

in 2024. Unlike the results seen in ILF-EP, the superior performance of S. tubulosa in moving 

the soil closer to the agronomic ideal (pH 5.5) can be attributed to its physiology as a  

slow-growing native species compared to Eucalyptus. While fast-growing species like 

eucalyptus demand intense cation uptake, often accelerating soil acidification through the 

release of H+ and the decomposition of specific recalcitrant residues, S. tubulosa likely exerts 

less pressure on the soil’s base stocks. Consequently, the zone near the S. tubulosa rows does 

not undergo the same intensity of biological acidification (Rwibasira et al. 2021; Chaer et al. 

2011). 

This high fertility in ICL and ICLF is predominantly attributed to the residual effect of 

lime and fertilizer applications performed during the crop succession phase (soybean/maize + 

Urochloa). These inputs elevated P and EB levels to values near the literature’s optimal 
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references. In the case of ILF-ST, although it shows lower scores than ICLF, there is a clear 

linear decay in fertility as the distance from the tree increases. This effect suggests that  

at 5 years, the system is still spatially fragmented; the preservation of nutrients near S. tubulosa 

stems likely from the lower nutrient extraction rates of this native species combined with 

localized animal excreta, rather than a homogeneous improvement across the entire paddock. 

Notably NF consistently presents the lowest SQIchemical. While NF is often seen as the 

gold standard for ecology, the index (calibrated for agronomic production) proves it is a 

chemically restrictive environment, which remains limited by natural acidification processes 

without management intervention. The managed systems, especially ICLF and ILF-ST, are 

successfully improving the soil's chemical capacity. 

The index proves that the transition from forest to integrated system is not a degradation 

but a chemical optimization for food production. However, nutrient availability scores were 

consistently low across most systems (0.25-0.60), with exceptions of ICLF (0.52-0.91) and ICL 

(0.57-0.86). This finding highlights that phosphorus limitation remains the primary constraint 

in Amazonian agricultural systems, and cattle ranching systems face progressive nutrient 

depletion without replenishment strategies. 

3.4.4.2 Physical 

The analysis of the SQIphysical provides a more critical perspective than raw data alone, 

as the scores normalize the gap between current management and the experimental potential of 

the environment. While raw data shows fluctuations in moisture and resistance, the indices 

reveal specific functional failures within each system. 

The transformation of moisture data into scores highlighted a significant hydrologic 

deficiency in the ICLF and ICL systems in 2023. The fact that both ICLF and ICL presented 

the lowest scores suggests that this poor hydrologic performance is not driven by tree 

competition. Instead, it is likely linked to the crop succession history (soybean/maize) or 

intrinsic characteristics of the Ipyporã cultivar under intensive management. Furthermore, there 

might be localized physical soil limitations in those experimental blocks (such as shallower soil 

depth or textural variations), which the quality scores make more evident by penalizing these 

treatments relative to the ideal observed in the rest of the study area. 

The less is better transformation of soil resistance to penetration (RP) data exposes the 

structural vulnerability of integrated systems to livestock pressure. By assigning the highest 

score to NF (the lowest RP), the index reveals that no managed system, with or without trees, 
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can maintain structural integrity near its natural state. However, the scores allow for a clear 

distinction in animal impact: in 2024, the collapse of the ILF-EP score at the tree row (0.00 m) 

demonstrates that cattle concentration under Eucalyptus degrades the root support function 

more severely than the more distributed grazing observed in the ILF-ST system. 

The comparison between raw data and indices demonstrates that physical quality is the 

Achilles' heel of intensified systems. The index reveals that ICLF, despite its high chemical 

fertility (via crop residual effects), faces physical constraints regarding water. Meanwhile,  

ILF-ST stands out for maintaining a better physical balance than ILF-EP in 2024, suggesting 

that the choice of tree species (native vs. exotic) indirectly preserves soil structure by mediating 

animal behavior. 

3.4.4.3 Biological 

The analysis of the SQIbiological demonstrates that biological quality is the most volatile 

subindex, undergoing drastic changes between sampling years. The transformation into scores 

is essential here because it uses two different benchmarks. The sustain biological activity 

function (OM) was evaluated against fixed literature targets (4.01 dag kg-1). The scores 

confirmed the role of S. tubulosa in building real soil fertility. In both 2023 and 2024, ILF-ST 

approached the ideal OM score, frequently outperforming Eucalyptus systems. The slow 

growth and lower nutritional demand of this native legume allow for more preserved carbon 

accumulation, which the index translates as a higher biological carrying capacity. 

For the nutrient cycling function (soil enzymatic activity), a score of 1.0 represents the 

maximum metabolic rate observed in the field. The scores highlight a significant advantage for 

the treeless Ipyporã pasture (IP) in 2023. The IP system achieved significantly higher nutrient 

cycling scores than the Native Forest (NF) and both ILF-EP (at 0.00 and 5.25 m) and ICLF  

(at all distances). This suggests that the hybrid Ipyporã grass, when managed without tree 

competition or the disturbance of recent crop successions, provides a more active environment 

for microbial enzymes. Moreover, despite its high chemical scores, the ICLF system showed 

the lowest nutrient cycling scores. This confirms that the higher nutrient availability and pH 

suppressed soil enzymatic activity, effectively lowering the overall biological cycling score 

compared to more nutrient-limited systems. 

By 2024, the biological distinctions largely stabilized, with no significant drop in scores 

compared to 2023. The only remaining spatial distinction was the superiority of ILF-ST over 

ICLF at 21.00 m. This reinforces the idea that the ILF-ST system (S. tubulosa) creates a more 
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balanced biological environment over time, maintaining enzymatic flux even at the edges of 

the system where ICLF continues to lag. 

The lack of significant differences in the nutrient cycling function during 2024, 

compared to the clear distinctions in 2023, should not be interpreted as a lack of sensitivity of 

the enzymes (AP, AS, and BG). On the contrary, soil enzymes are highly sensitive real-time 

sensors of the soil’s biochemical equilibrium. The homogenization of enzymatic scores in 2024 

suggests that broader environmental drivers, such as the generalized increase in soil pH and 

potential climatic stressors, exerted a stronger influence on microbial metabolism than the 

management systems themselves (Wang et al. 2023; Campdelacreu Rocabruna et al. 2024; 

Mendes et al. 2024). 

While the enzymes showed low discriminating power in 2024, the SQIbiological remained 

effective because it integrates these volatile signals with OM. The fact that ILF-ST maintained 

a superior biological index at 21.00 m despite the enzymatic convergence proves that the index 

is robust: it captures the steady-state quality (OM) even when the metabolic flux (enzymes) is 

temporarily suppressed or leveled by environmental shifts. 

Therefore, the enzymes were sensitive enough to capture a system-wide shift in soil 

health between years, but this very sensitivity means that in years of environmental transition, 

their power to discriminate between specific treatments decreases. This highlights the 

importance of the Integrated SQI approach: by combining sensitive, fast-acting indicators 

(enzymes) with stable ones (OM), the index provides a reliable diagnostic of soil quality that 

survives interannual volatility. 

By integrating OM and enzymes, ILF-ST stands out as the most resilient system. In 

2024, while ILF-EP and ICLF showed biological quality declines due to animal pressure and 

acidity, ILF-ST maintained more robust scores. Moreover, while raw enzyme data showed little 

difference between systems in 2024, the SQIbiological highlights that ILF-ST compensates for 

momentary low enzymatic activity with a consistently high OM score. The index reveals that 

this system provides a more stable biological environment, less dependent on metabolic spikes 

than the Eucalyptus-integrated systems (ILF-EP and ICLF). 

3.4.4.4 Overall SQI 

The integrated SQI provides a holistic view of soil health. The high scores across 

managed systems, which often showed few significant differences compared to NF, suggest 

that these integrated and well-managed systems are effectively conserving soil functions. The 
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data challenges the assumption that monoculture pastures are detrimental to soil quality in the 

Amazon. The Ipyporã pasture (IP), for instance, outperformed the NF in 2023 and was superior 

to ILF-EP and ICLF at several distances. This indicates that treeless pastures, when managed 

with productive cultivars and adequate stocking rates, can be as sustainable as tree-integrated 

systems from a soil quality perspective. 

By 2024, the spatial significance shifted to the ILF-ST system, which maintained its 

quality while other systems faced localized challenges. Near the tree rows (0.00 m),  

ILF-ST achieved higher overall quality than both ILF-EP and ICLF. This reinforces the role of 

S. tubulosa in mitigating the soil quality seen under Eucalyptus canopies. While the ICL and 

ICLF remained competitive, the underperformance of ILF-EP and the lower scores of HP 

relative to ILF-ST (at 0.00 m) highlight that the choice of the tree species and the grass cultivar 

becomes more decisive as the system matures. 

The integrated SQI results show that both tree-integrated and well-managed open 

pastures are viable pathways for sustainable land use in the Amazon. The ILF-ST system 

emerges as the most spatially resilient model by the second year, balancing the chemical 

benefits of the native legume with a more stable physical and biological environment. Most 

importantly, the lack of interannual degradation proves that these systems are successfully 

decoupling livestock production from the traditional cycle of soil exhaustion in the region. 

3.5 Conclusion 

This study demonstrates that the integration of chemical, physical, and biological 

indicators into a composite soil quality index (SQI) provides a superior and more holistic 

framework for assessing soil health in Western Amazonia than the evaluation of individual 

attributes. The use of SQIs successfully captured the complexity of soil functions, confirming 

the first hypothesis and establishing the index as a reliable tool for monitoring agroecosystem 

sustainability. 

The implementation of integrated systems, particularly the ILF-ST, significantly 

improved key soil functions such as acidity regulation and organic matter accumulation. 

However, the treeless Ipyporã pasture demonstrated high water availability and competitive soil 

quality scores, proving that well-managed monocultures can be sustainable. 

The hypothesis regarding high sensitivity to temporal and management changes was 

partially confirmed. SQI effectively discriminated between management systems and captured 

the spatial evolution of soil health. However, the lack of significant interannual degradation 
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across all systems suggests that these intensified models are successfully decoupling livestock 

production from the traditional cycle of soil exhaustion in the Amazon region. 

Finally, the study confirms that soil quality within tree-integrated systems is highly 

spatialized and modulated by the sampling year. The ICLF system provided a chemical quality 

peak at intermediate distances in 2023, but the ILF-ST system emerged as the most resilient 

and stable model by 2024. The native species S. tubulosa proved to be superior to the exotic E. 

pellita in maintaining soil physical integrity and biological stability, primarily by mediating 

animal behavior and exerting less soil compaction and depletion of base stocks. Therefore, the 

integration of native legumes like S. tubulosa is a strategic pathway for long-term soil health 

and climate-resilient cattle ranching in the tropics. 
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4 SOIL CARBON SEQUESTRATION POTENTIAL IN INTEGRATED 

PRODUCTION AND PASTURE SYSTEMS IN WESTERN AMAZONIA 

ABSTRACT 

 

The expansion of extensive cattle ranching in the Amazon is a primary driver of deforestation 

and soil degradation. Integrated crop-livestock-forestry systems emerge as a sustainable 

alternative to enhance soil carbon sequestration. This study aimed to assess the potential of 

different cattle production systems for soil C sequestration in Western Amazonia, comparing 

them with a native forest (NF) fragment. The experimental areas included integrated livestock-

forestry with Samanea tubulosa (ILF-ST) and Eucalyptus pellita (ILF-EP), integrated crop-

livestock-forestry (ICLF), integrated crop-livestock (ICL), and three treeless pastures 

(Urochloa humidicola, 'Marandu', and 'Ipyporã'). Soil samples were collected up to 40 cm depth 

to determine soil C content (SCC), soil C stocks (SCS), isotopic composition (δ13C) soil organic 

carbon (SOC), permanganate oxidizable carbon (POXC), organic matter humification index 

(HLIFS) and the carbon management index (CMI). Results indicated that changes in SCC and 

SCS among areas were more pronounced in deeper layers (10-20 and 20-40 cm). The ILF-ST 

system, particularly at 21 m from the tree line, exhibited the highest SCC (4.35 dag kg-1) and 

SCS (95.3 t ha-1) among all managed areas, outperforming the NF (78.1 t ha-1). Conversely, 

ICLF and U. humidicola pasture generally showed the lowest carbon performance. Moreover, 

SOC was more sensitive to management than SCC, detecting more differences among areas, 

but followed similar trend (higher values for ILF-ST and NF, besides 'Marandu', and lower 

values for ICLF and U. humidicola pasture). Soil carbon turnover is faster in ICLF compared 

to ILF-ST and ILF-EP, as indicated by (δ13C). Humification index (HLIFS) was higher in ICLF, 

ICL and 'Ipyporã' pasture, indicating a higher proportion of recalcitrant organic matter in 

comparison to the other systems. On the other hand, POXC was lower in ICLF and U. 

humidicola pasture, and higher in ILF-ST and NF. The CMI revealed that while ILF-ST could 

reach or surpass the carbon management quality of native forests (CMI ≥ 100), other managed 

systems like ICLF and U. humidicola pasture fell short. Additionally, differences from NF are 

mainly due to carbon lability than to carbon pool. The findings underscore that the choice of 

tree species (notably native legumes like S. tubulosa) and pasture management are critical for 

optimizing C sequestration in integrated systems in the Amazon. 
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4.1 Introduction 

The Amazon rainforest, a critical global carbon sink, faces significant land degradation 

primarily driven by deforestation and forest degradation (Lapola et al. 2023). Livestock 

production, particularly extensive cattle ranching, is a major contributor to these processes. The 

reckless expansion of cattle ranching in the Amazon is closely linked to deforestation, as vast 

areas of forest are cleared to create pastures (Carvalho et al. 2020; Rivero et al. 2009). This not 

only leads to the loss of biodiversity and carbon storage but also contributes to greenhouse gas 

emissions (Rodrigues et al. 2023; Van Der Werf et al. 2009). The demand for beef and leather 

in both domestic and international markets further exacerbates this issue, as it incentivizes the 

expansion of cattle ranching into forested areas (Pendrill et al. 2019; Persson et al. 2014). 

Sustainable practices, such as integrated crop-livestock-forestry (ICLF) systems, can 

enhance soil carbon sequestration while mitigating the adverse effects of livestock production 

on the Amazon rainforest's ecosystem (Conceição et al. 2017; Monteiro et al. 2024; Oliveira et 

al. 2018). By integrating trees, crops, and livestock, ICLF systems create a synergistic 

environment that supports soil health and fertility, which are crucial for sustainable livestock 

production (Cardoso and Gimenes 2024; Marchão et al. 2024; Oliveira et al. 2024). However, 

the successful implementation of ICLF systems requires careful planning and management to 

optimize their benefits, particularly in terms of carbon sequestration (Conceição et al. 2017). 

This requires studies to evaluate the effectiveness of ICLF systems in increasing soil carbon 

stocks in various regions, including Western Amazonia. 

Long-term soil carbon stock enhancement depends not only on the quantity of soil 

organic carbon content, but also on the lability of that carbon to remain stable in the soil (Xu et 

al. 2018). The organic matter humification index (HLIFS) is a useful metric for assessing the 

stability of soil organic carbon, serving as an alternative to the classic chemical fractionation 

(Segnini et al. 2019; Bento et al. 2025). Likewise, the carbon management index (CMI) 

conciliates total soil carbon pool with the degree of oxidation, measured by the permanganate 

oxidizable carbon (POXC), providing a more robust assessment of management practices on 

soil carbon dynamics. Particularly in the context of ICLF practices (Blair et al. 1995; Piano et 

al. 2020; Sodhi et al. 2009). 
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Therefore, the objective of this study was to assess the potential of different cattle 

production systems for soil carbon sequestration in Western Amazonia, by comparing them 

with a native forest (NF) reference area. In view of this, three main hypotheses were established: 

(i) The integrated systems (ICLF and ILF) would exhibit a higher carbon sequestration capacity, 

reflected in elevated soil carbon content (SCC) and stock (SCS) values, compared to 

monoculture pastures, due to diversification and the continuous input of tree biomass and/or 

crop residues; (ii) The choice of the arboreal component is critical, and therefore, integration 

with the native leguminous species (Samanea tubulosa) would result in greater soil carbon 

accumulation than with the exotic species (Eucalyptus pellita); and (iii) The most efficient 

management systems, particularly the ILF with S. tubulosa, would be capable of recovering the 

carbon stock, reaching or surpassing the levels observed in NF. 

4.2 Materials and Methods 

4.2.1 Site description 

Samples were taken from seven cattle ranching experimental areas and a native forest 

(NF) fragment located within the Empresa Brasileira de Pesquisa Agropecuária (Embrapa) 

experimental field in Porto Velho, Rondônia State, Brazil (8° 48’ S, 63° 51’ W; 95 m altitude). 

According to the Köppen climate classification system, the climate is Am, or tropical monsoon 

(Alvares et al. 2013). The area has an average annual rainfall of 2,216 mm, with average annual 

maximum and minimum temperatures of 30.4 °C and 23.3 °C, respectively (Climate-Data.org 

2022). 

The predominant soil in the area is classified as a Latossolo Vermelho-Amarelo 

distrófico (LVAd) according to the Brazilian soil classification system (Valente et al. 1998; 

Santos et al. 2025), which corresponds to a Ferralsol in the World Reference Base (WRB) soil 

classification system (IUSS Working Group WRB 2022), or a Hapludox under the USDA Soil 

Taxonomy (Soil Survey Staff 2022). The soil has a predominant clay texture (Table 4.1). 
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Table 4.1 - Mean ± standard deviation of soil pHH2O, available phosphorus (P), base saturation (BS), bulk density 

(BD), and sand and clay content for soil layers (0-10, 10-20 and 20-40 cm) in the studied land-use systems†. ILF-

ST: integrated livestock-forestry with Samanea tubulosa. ILF-EP: integrated livestock-forestry with Eucalyptus 

pellita. ICLF: integrated crop-livestock-forestry. ICL: integrated crop-livestock. IP: Urochloa brizantha x U. 

ruziziensis ‘Ipyporã’ pasture. MP: U. brizantha ‘Marandu’ pasture. HP: U. humidicola pasture. NF: native forest. 

Distance‡ Area pHH2O P BS BD Sand Clay 

m   mg dm-3 % g cm-3 dag kg-1  

  ------------------------------------------- 0-10 cm ------------------------------------------- 

0.00 

ILF-ST 5.84±0.09 2.56±0.80 52.52±5.81 1.02±0.09 28.00±6.61 56.50±11.26 

ILF-EP 5.11±0.47 2.36±0.30 29.93±13.28 1.07±0.04 17.50±10.22 67.50±8.29 

ICLF 5.85±0.06 2.68±0.92 53.48±4.83 1.12±0.03 33.50±6.22 42.50±4.68 

5.25 

ILF-ST 5.56±0.42 1.60±1.17 41.02±14.95 1.11±0.15 27.50±3.26 54.50±6.94 

ILF-EP 5.35±0.43 0.83±0.37 35.88±13.97 1.10±0.09 20.00±8.91 63.50±5.76 

ICLF 6.02±0.03 7.83±4.42 60.42±4.19 1.10±0.03 32.50±5.70 42.50±5.00 

21.00 

ILF-ST 5.46±0.50 1.31±0.71 38.07±17.82 0.98±0.10 28.50±11.51 54.50±7.98 

ILF-EP 5.59±0.15 1.12±1.09 42.40±5.07 1.01±0.07 20.00±10.81 66.00±7.62 

ICLF 6.03±0.07 6.47±3.92 59.94±3.72 1.02±0.10 32.00±2.85 46.50±4.18 

 

ICL 5.90±0.10 4.48±2.18 53.49±5.38 0.97±0.14 26.00±1.12 59.50±10.22 

IP 5.91±0.07 0.83±0.45 52.02±3.80 0.71±0.26 31.50±7.62 46.50±11.12 

MP 4.90±0.58 1.39±0.47 22.25±16.44 0.98±0.20 26.50±2.09 59.50±4.47 

HP 5.68±0.53 1.67±0.44 43.77±17.31 1.00±0.11 29.00±5.76 43.00±5.97 

NF 4.46±0.09 1.74±0.34 4.46±0.24 0.83±0.14 34.00±3.35 54.00±3.35 

  ------------------------------------------ 10-20 cm ------------------------------------------ 

0.00 

ILF-ST 5.74±0.13 2.41±0.66 48.59±6.95 0.98±0.09 23.00±3.54 61.50±4.18 

ILF-EP 4.85±0.40 2.08±0.52 21.60±12.28 1.02±0.11 16.44±4.85 71.90±3.52 

ICLF 5.67±0.09 1.83±0.39 47.70±4.67 1.12±0.11 31.50±5.18 44.50±3.71 

5.25 

ILF-ST 5.40±0.47 1.60±1.15 34.50±18.36 1.05±0.09 24.00±3.79 58.50±5.48 

ILF-EP 4.85±0.38 0.93±0.23 19.04±11.72 1.03±0.09 16.50±9.45 66.50±6.98 

ICLF 5.95±0.02 3.91±1.82 54.01±2.43 1.13±0.06 31.50±3.35 43.00±3.26 

21.00 

ILF-ST 5.28±0.63 0.71±0.35 30.00±23.01 0.96±0.13 29.00±10.09 50.00±7.71 

ILF-EP 5.10±0.39 0.60±0.27 20.47±10.75 0.95±0.11 14.00±6.75 68.50±6.02 

ICLF 6.03±0.05 3.00±1.21 55.84±3.35 1.12±0.04 29.00±6.52 51.00±5.18 

 ICL 5.83±0.03 2.62±0.63 49.61±3.49 1.04±0.04 24.50±2.85 60.50±10.22 

IP 5.48±0.37 0.68±0.41 37.99±11.71 0.81±0.21 26.50±10.98 54.50±11.65 

MP 4.92±0.44 1.15±0.66 18.84±16.71 1.04±0.05 24.00±3.26 63.00±2.74 

HP 5.00±0.48 0.72±0.34 25.12±15.78 0.99±0.20 25.00±8.18 44.50±5.70 

NF 4.45±0.08 1.53±0.27 4.39±0.76 0.90±0.08 28.50±4.81 58.50±4.18 

  ------------------------------------------ 20-40 cm ------------------------------------------ 

0.00 

ILF-ST 5.55±0.36 2.20±0.57 41.73±12.20 1.03±0.14 18.50±3.71 67.50±3.06 

ILF-EP 4.83±0.39 1.74±0.68 15.58±12.00 1.07±0.11 13.84±5.14 72.40±6.43 

ICLF 5.42±0.20 1.88±0.33 37.49±5.92 1.02±0.30 26.50±4.54 46.50±3.79 

5.25 

ILF-ST 4.94±0.51 1.17±0.47 20.73±18.30 1.12±0.13 20.50±5.59 65.50±4.11 

ILF-EP 4.69±0.12 0.83±0.55 9.27±3.15 1.16±0.18 13.00±7.71 70.00±5.30 
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Distance‡ Area pHH2O P BS BD Sand Clay 

m   mg dm-3 % g cm-3 dag kg-1  

ICLF 5.84±0.18 2.43±1.01 50.99±5.67 1.14±0.10 30.00±3.71 48.00±3.71 

21.00 

ILF-ST 5.08±0.56 0.91±0.39 25.82±19.16 1.04±0.14 18.00±5.86 67.00±8.37 

ILF-EP 4.71±0.10 0.42±0.16 7.61±2.72 1.04±0.14 11.84±5.64 75.40±4.63 

ICLF 5.95±0.04 1.99±0.84 52.15±2.89 1.18±0.03 30.50±3.95 50.00±4.33 

 ICL 5.82±0.13 1.85±0.34 48.89±4.76 1.00±0.06 20.50±2.50 56.00±2.24 

IP 5.23±0.44 1.30±0.41 30.17±14.05 0.87±0.18 19.50±9.78 59.00±11.12 

MP 4.69±0.08 1.08±0.37 9.90±5.42 1.01±0.06 23.50±3.79 63.50±6.75 

HP 4.65±0.09 1.04±0.39 12.40±6.44 1.16±0.08 25.00±7.37 46.00±8.02 

NF 4.40±0.02 1.25±0.11 5.04±0.50 0.87±0.09 22.50±2.09 50.00±7.71 

† The soil properties were determined by the methods described in Teixeira et al. (2017). Clay contents for ILF-

ST, ILF-EP and NF from Cipriani, Salman, da Cruz, et al. (2025), whereas MP values were directly measured. ‡ 

Distance from the trees in the tree-integrated systems. 

4.2.1.1 Integrated livestock-forestry (ILF) systems 

The experiments were initiated in February 2018 with the establishment of trees in a 

palisade grass pasture [Urochloa brizantha (Hochst. Ex A. Rich.) R. Webster ‘Marandu’], 

resulting in two low-tree-density integrated livestock–forestry (ILF) systems: one with 

Eucalyptus pellita F. Muell (ILF-EP) and another with Samanea tubulosa (Benth.) Barneby & 

J.W. Grimes (ILF-ST). 

In each ILF system, trees were planted in a single tree strip functioning primarily as a 

windbreak, composed of two rows approximately 300 m long, with spacing of 6.0 m between 

rows and 3.5 m between trees within rows, oriented along an azimuth of 320° (NW–SE). 

Considering the total area of each ILF system (12.8 ha), the initial tree density was 

approximately 13 trees ha-1, with 171 trees planted in each system. The E. pellita and S. tubulosa 

strips were separated by approximately 240 m (Figure 2.1). 

The planting was done manually, using post hole diggers and 30 cm-tall cuttings (E. 

pellita) and seedlings (S. tubulosa), 30 days after desiccating the pasture in the strip area with 

glyphosate. Fertilization was done with chemical NPK + micronutrients fertilizer  

(350 g plant-1) applied in the holes, just before planting, and as top-dressing applications (twice 

annually in 2018 and 2019, and once annually from 2020 to 2023). The mean total height of the 

trees was 5.9 m (S. tubulosa), and 19.8 m (E. pellita), and mean canopy diameter was 8.4 m (S. 

tubulosa), and 5.8 m (E. pellita), at the time of soil sampling (Cipriani et al. 2023; Oliveira et 

al. 2021; Welke et al. 2022). 
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The palisade grass was established before 1970, i.e., more than 40 years before tree 

planting, and its grazing management was carried out using 4 paddocks of 3.2 ha. The animals 

used were of the Girolando breed (dry cows and heifers) with ad libittum intake of salt and 

water. Grazing management followed a mob grazing strategy, in which animals were 

maintained at high stocking density for short occupation periods followed by adequate pasture 

recovery intervals. Average annual stocking rate was approximately two animal units per 

hectare in both ILF-ST and ILF-EP systems. Whole-area pasture fertilization and liming were 

rare, with the most recent application occurring five years before the planting of the trees. 

4.2.1.2 Integrated crop-livestock (ICL) and integrated crop-livestock-forestry (ICLF) systems 

From earlier than 1970 to 2008, the area where the ICL and ICLF was established 

(approximately 6 ha each) was occupied by a variety of pastures, such as Andropogon gayanus 

Kunth, U. humidicola, Mombaça grass [Megathyrsus maximus (Jacq.) BK Simon & SWL 

Jacobs] and Marandu grass. From 2008 to 2012, the areas served for experiments on no-till and 

cover crop succession, including, maize, rice, soybean, sorghum and U. ruziziensis (Townsend 

et al. 2013). From 2012 to 2020 the soybean/maize+Urochloa succession was used annually or 

every two years (Ribeiro et al. 2020). In 2020, U. brizantha x U. ruziziensis ‘Ipyporã’ pasture 

was established on no-till, remaining until soil sampling date. 

The ICLF was established in March 2013, with the planting of Eucalyptus spp. cuttings 

in seven strips, with four rows of 240 m each. Three tree arrangements (subsystems) were 

adopted, with 18, 30, and 42 m between strips, following an azimuth of 210° (NE–SW) (Feitosa 

et al. 2019, 2022). From late 2018 to early 2019, the eucalyptus trees were harvested and E. 

pellita seedlings were planted in between-rows, resulting in seven strips with two rows of trees 

each, and tree densities of 267, 180, and 136 trees ha-1, for the subsystems with 18, 30, and 42 

m between strips, respectively. Nevertheless, only the subsystem with 42 m between strips  

(136 trees ha-1) was considered in the present study. 

Soil preparation and fertilization for tree planting were as described for the ILF systems. 

The alleys between strips were managed as the ICL. The mean total height of the trees was 

between 10.2 and 12.4 m, and mean diameter at 1.30 m from the soil (DBH) was between 13.9 

and 16.5 cm at the time of soil sampling. 
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4.2.1.3 Treeless pastures 

Three treeless pasture systems were assessed, which are differentiated mainly by the 

variety of pasture: U. humidicola (HP), Marandu grass (MP) and Ipyporã grass (IP).  

The establishment date of HP and MP occurred 40 to 30 years before soil sampling. The Ipyporã 

grass was planted in 2019 on an area formerly occupied by Marandu grass and U. humidicola. 

The three treeless pasture areas can be considered moderately managed, rarely receiving liming 

and fertilization and with moderate grazing intensity. 

4.2.1.4 Native forest fragment (NF) 

An unmanaged NF fragment from the same experimental field was included as a 

reference area to represent baseline conditions without human intervention. The fragment spans 

41 ha of primary tropical rainforest, containing 99 woody species and 258 individuals per 

hectare. Sclerolobium paniculatum, Psidium araca, Eschweilera grandiflora, Licania 

heteromorpha, and Protium puncticulatum comprise 35 % of the relative density in the 

fragment (Bentes-Gama et al. 2009). 

4.2.2 Soil sampling 

Soil samples were collected with a Dutch auger in April 2024 (rainy season) from the 

0-10, 10-20, and 20-40 cm layers. In the ILF and ICLF systems, samples were taken at three 

distances from the tree rows: 0.00 m (the planting line), 5.25 m, and 21.00 m. The 5.25 and 

21.00 m distances were chosen for standardization, as they correspond to one-eighth and one-

half of the 42 m inter-row spacing used in previous studies conducted within the same ICLF 

system (Feitosa et al. 2019, 2022). Furthermore, these distances are representative of 

intermediate and distal zones among those adopted by studies assessing the influence of trees 

on pasture and soil attributes in integrated systems. 

The spatial distribution of sampling points was planned to ensure representativeness and 

minimize edge effects within the experimental areas. In NF, the five sampling points were 

established along a transect parallel to the boundary road, with each point located more than 30 

m from the edge to avoid external influences. Successive samples were collected approximately 

every 30 m along this transect to ensure spatial independence. In the treeless systems (ICL and 

pastures), the five sampling points were distributed randomly across the area, while maintaining 
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a minimum distance of 30 m from the edges and between points. In the ILF and ICLF systems, 

the five sampling points for each distance (0.00 m, 5.25 m and 21.00 m) were positioned along 

the tree rows. A 30 m buffer zone was maintained from both the start and the end of the rows. 

Samples were collected at intervals of approximately 30 m along the row, alternating the 

collection between the NE and SW sides of the planting line. Subsamples for soil permanganate 

oxidizable carbon (POXC) analysis were placed in a cooler and stored at 7 °C. Soil samples for 

other analysis were air-dried, ground, sieved (2 mm) and stored at room temperature. 

Five composite samples (prepared from two simple samples each) were taken per area, 

depth and distance, summing up 210 composite samples. Specifically, the NF, ICL and pasture 

areas (HP, IP and MP) contributed with 15 samples each (3 depths x 5 replicates), while the 

two ILF and the ICLF areas contributed with 45 samples each, factoring in the three distance 

levels (3 distances x 3 depths x 5 replicates). 

4.2.3 Total soil C content, stock and isotopic composition 

For the analyses of soil C and 13C, approximately 5 g subsamples were macerated and 

homogenized to pass through a 0.250 mm sieve. The analyses were conducted with an elemental 

analyzer coupled with a mass spectrometer (Thermo Scientific, EA IsoLink™ CN IRMS 

System; Bremen, Germany) at the Laboratório de Isótopos Estáveis, Centro de Energia Nuclear 

na Agricultura of Universidade de São Paulo (USP/CENA), Piracicaba, São Paulo state, Brazil. 

The stable isotope results were reported as δ13C (‰), using the international standard Vienna 

PeeDee Belemnite (V-PDB; NBS19 and NBS22), and were calculated using the equation 

proposed by (Farquhar; O’Leary; Berry, 1982): 

 

 

where: Rsample is the 13C/12C ratio of the samples; Rstandard is the 13C/12C ratio of the 

standards. 

Soil C stocks (SCS) were calculated by multiplying bulk density, layer thickness, and 

soil C contents (SCC), with correction for bulk density differences by an equivalent mass 

method (Ellert and Bettany 1995), using NF as reference. Soil C contents were expressed in 

dag kg-1, and C stocks were expressed in t ha-1. 

𝛿 𝐶 
13 = (

𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) × 1000 (1) 
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4.2.4 Soil organic and active carbon 

Soil organic carbon (SOC) content (dag kg-1) was determined using the Walkley-Black 

wet oxidation method (Walkley and Black 1934), assuming a correction factor of 1.33 to 

account for the incomplete oxidation inherent in the Walkley-Black procedure (Jackson 1982). 

Permanganate oxidizable carbon (POXC), an indicator of active soil carbon, was 

determined according to the method described by (Weil et al. 2003), with minor modifications. 

Briefly, 2.5 g of fresh soil were reacted with 20 mL of a 0.02 mol L-1 potassium permanganate 

(KMnO4) solution in a 50 mL centrifuge tube. The tubes were shaken on a reciprocal shaker at 

180 oscillations per minute for 2 min. After shaking, the soil-permanganate suspension was 

allowed to settle for 10 min. A 0.5 mL aliquot of the supernatant was then transferred to a 

separate tube containing 49.5 mL of deionized water to achieve a 1:100 dilution. Reference 

samples, containing KMnO4 solution but no soil, were run concurrently. The absorbance of the 

diluted supernatant was measured at 540 nm using a spectrophotometer. 

The amount of KMnO4 reduced by the soil sample was calculated from the decrease in 

absorbance relative to the initial concentration of the KMnO4 solution. POXC was then 

calculated using the following equation: 

𝑃𝑂𝑋 = (1 −
𝐴𝐵𝑆𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝐵𝑆𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
) 1,440 (2) 

 

Where POXC is the permanganate oxidizable carbon (mg C kg-1 soil) in the sample, 

ABSsample and ABSreference, are de absorbances of the samples and references, respectively, and 

1,440 is a factor that accounts for the molecular weight of carbon (12 g mol-1),the volume of 

KMnO4 used (0.02 L), the concentration of KMnO4 solution (0.02 mol L-1), the conversion 

from moles to mg, and the quantity of soil used (0.0025 kg). Results were expressed on an oven-

dry soil basis. 

4.2.5 Organic matter humification index 

Laser-induced fluorescence spectroscopy (LIFS) measurements were conducted using 

soil pellets, where 0.4 g of each sample was pressed with hydraulic press (5 t) for 1 min to 

obtain a soil pellet, with two pellets prepared per sample. The spectra acquisition utilized a 

continuous wave laser (maximum power of 20 mJ) with excitation at 405 nm, described by 

Santos et al. (2015). 
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The experimental parameters defined were: integration time = 650 ms; spectral  

averages = four per reading; boxcar = 8 (spectral smoothing parameter); four spectra collected 

per sample (one at each side of the pellets); and spectral area obtained from the integration of 

the 460 to 850 nm spectra. 

The average value of the spectral integrated area was used in the calculation of the OM 

humification index (HLIFS) proposed by (Milori et al. 2006), using the ratio of emission area 

under fluorescence spectrum and total carbon content as follows: 

𝐻𝐿𝐼𝐹𝑆 =
𝐴𝐿𝐼𝐹𝑆

𝐶𝑡𝑜𝑡𝑎𝑙
 

(3) 

Where HLIFS is the OM humification index (nondimensional), ALIFS is the average area 

under fluorescence spectrum, and Ctotal is the total carbon content (mg C kg-1 soil) of the sample, 

determined by an elemental analyzer, as previously described. 

4.2.6 Carbon management index 

The Carbon Management Index (CMI) was used to evaluate changes in soil carbon 

quality and quantity due to different land-use systems. The CMI was calculated following the 

methodology proposed by Blair et al. (1995), for the 0-40 cm soil layer. The native forest (NF) 

was selected as the reference area, with its CMI set at 100. 

The CMI is derived from two key components: the Carbon Pool Index (CPI) and the 

Lability Index (LI). The CPI was calculated to assess the quantity of total soil carbon relative 

to the reference area using the following equation: 

𝐶𝑃𝐼𝑖 =  
𝑆𝐶𝐶𝑖

𝑆𝐶𝐶𝑁𝐹
 

(4) 

 

Where CPIi is the carbon pool index of a given system, SCCi is the total soil carbon 

content of a given system and SCCNF is the total carbon content in NF soil, determined by an 

elemental analyzer, as previously described. 

The Lability Index (LI) was used to quantify the qualitative changes in soil carbon pools. 

It was calculated as the ratio of the lability of a given system to the lability of the reference area. 

Lability (L) was defined as the ratio of labile carbon to non-labile carbon, calculated as follows: 

𝐿 =
𝐿𝑎𝑏𝑖𝑙𝑒 𝑐𝑎𝑟𝑏𝑜𝑛

𝑁𝑜𝑛 − 𝑙𝑎𝑏𝑖𝑙𝑒 𝑐𝑎𝑟𝑏𝑜𝑛
 

(5) 
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Permanganate oxidizable carbon (POXC) was used as the indicator of the labile carbon 

fraction. The non-labile carbon fraction was determined by subtracting the POXC from the total 

C (SCC - POXC). The LI was then calculated using the following equation: 

𝐿𝐼𝑖 =  
𝐿𝑖

𝐿𝑁𝐹
 

(6) 

 

Where LIi is the Lability Index of a given system, Li is the lability of a given system and 

LNF is the lability of NF. 

Finally, CMI for each system was calculated using the following equation: 

𝐶𝑀𝐼𝑖 = 𝐶𝑃𝐼𝑖 × 𝐿𝐼𝑖 × 100 (7) 

 

Where CMIi is the carbon management index of a given system, CPIi is the Lability 

Index of that system and 100 is a factor to express CMIi as a percentage relative to NF. 

4.2.7 Statistical analysis 

The statistical analyses were performed using the following experimental design: 3 tree-

integrated systems (ILF-EP, ILF-ST and ICLF) × 3 distances from the trees (0.00, 5.25 and 

21.00 m) + 5 additional treatments (ICL, IP, MP, HP and NF), with 5 replicates. Each soil layer 

(0-10, 10-20 and 20-40 cm) was analyzed separately, except for carbon stock (SCS) and carbon 

management index (CMI), which corresponded to the 0-40 cm layer. 

After checking for the assumptions of homoscedasticity and normality, outlier removal, 

and application of the Box-Cox transformation (when necessary), the means of soil C contents, 

stocks and isotopes, and CPI, LI and CMI were subjected to ANOVA. Regression analysis was 

then performed to evaluate the effect of distance within the tree-integrated systems. 

Comparisons among ILFs and ICLF, within distances, were made using Tukey's test. For 

comparisons among the treeless systems and NF (additional treatments), Tukey's test was also 

used. To compare the combinations of tree-integrated systems and distances relative to treeless 

systems and NF, Dunnett's test was applied. To compare the CPI, LI and CMI means of each 

system with NF, the two-tailed one-sample t-test with FDR correction for multiple comparisons 

(Benjamini-Hochberg procedure) was used. 

For POXC and HLIFS, since Box-Cox transformation was ineffective, the Dunn’s test 

with FDR correction post hoc Kruskal-Wallis was used for comparisons among ILF and ICLF 

systems, within distances; among the treeless systems (additional treatments); and to compare 



140 

 

the combinations of tree-integrated systems and distances relative to the treeless systems and 

NF (totaling 64 pairwise comparisons). For distances within tree-integrated systems, firstly the 

aligned rank transformation (ART) was used to test the significance of the factor Distance and 

the interaction System x Distance (Wobbrock et al. 2011). If significant (the main factor or the 

interaction), a robust regression analysis was then performed to evaluate the effect of distance 

within the tree-integrated systems, using a median-based linear model (Siegel repeated 

medians). 

To account for potential textural variations among the experimental areas, an analysis 

of covariance (ANCOVA) was performed using clay content as a covariate. For most variables 

(SCC, SCS, SOC, POXC, HLIFS, and CMI), clay content did not show a significant effect; for 

δ13C in the 20-40 cm layer, the significance was marginal (p = 0.048). These results indicate 

that the observed differences in soil carbon dynamics were primarily driven by management 

practices rather than soil texture. The 5 % significance level was adopted in all analyses. 

Analyses were performed with the aid of Minitab 22 software and R packages: Tratamentos.ad 

(Azevedo 2022), dunn.test (Dinno 2024), ARTool (Kay et al. 2025) and mblm (Komsta 2019). 

Graphics were constructed with Origin 2025 software. 

4.3 Results 

4.3.1 Soil C content and isotopic composition 

In the superficial layer (0-10 cm), the differences in SCC were less pronounced 

compared to the deeper layers (Table 4.2). Among tree-integrated systems, the ICLF system 

showed the lowest SCC levels (2.25 dag kg-1 on average). Conversely, SCC tended to increase 

with increasing distance in ILF-ST (Table 4.3), resulting in the ILF-ST at 21.00 m from the tree 

line exhibiting the highest SCC among all managed areas (4.35 dag kg-1). Notably, except for 

the ILF-ST at 21.00 m treatment, the SCC in native forest (2.72 dag kg-1) was not significantly 

different from most pasture or integrated systems. 
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Table 4.2 - Soil carbon content (SCC) and Isotopic composition (δ13C) for soil layers (0-10, 10-20 and 20-40 cm) 

across different land-use systems (mean ± standard deviation). ILF-ST: integrated livestock-forestry with Samanea 

tubulosa. ILF-EP: integrated livestock-forestry with Eucalyptus pellita. ICLF: integrated crop-livestock-forestry. 

ICL: integrated crop-livestock. IP: Urochloa brizantha x U. ruziziensis ‘Ipyporã’ pasture. MP: U. brizantha 

‘Marandu’ pasture. HP: U. humidicola pasture. NF: native forest. 

Variable Distance Area Layer 

 m  0-10 cm 10-20 cm 20-40 cm 

SCC 

(dag kg-1) 

0.00 

ILF-ST 3.06±0.22 A 2.96±0.30 A†‡§ 3.01±0.32 A†‡#§¶ 

ILF-EP 3.04±0.15 A 2.86±0.18 A§ 2.61±0.30 A†§ 

ICLF 2.25±0.32 B 1.79±0.39 B#¶ 1.35±0.23 B‡# 

5.25 

ILF-ST 3.11±0.29 A 2.91±0.27 A§ 2.43±0.35 A§ 

ILF-EP 2.98±0.26 A§ 2.72±0.32 A§ 2.32±0.48 A§ 

ICLF 2.13±0.08 B 1.83±0.12 B#¶ 1.35±0.23 B‡# 

21.00 

ILF-ST 4.35±1.03 A†‡#§¶ 3.66±0.95 A†‡§¶ 2.85±0.29 A†§¶ 

ILF-EP 3.12±0.65 A 3.05±0.67 AB†‡§ 2.32±0.84 AB§ 

ICLF 2.37±1.08 B 2.52±0.21 B# 1.46±0.38 B 

 

ICL 2.60±0.37 a 2.22±0.40 ab 1.81±0.43 ab 

IP 2.87±0.80 a 2.21±0.37 ab 2.17±0.67 a 

MP 2.75±1.04 a 2.71±0.79 a 2.15±0.42 a 

HP 2.16±0.14 a 1.71±0.18 b 1.38±0.28 b 

NF 2.83±0.75 a 2.49±0.32 a 1.93±0.34 ab 

δ13C 

(‰) 

0.00 

ILF-ST -22.94±1.09 A¶ -23.40±0.75 B¶ -23.63±0.70 B¶ 

ILF-EP -22.30±1.54 A¶ -22.06±1.24 AB¶ -22.69±0.84 B¶ 

ICLF -20.68±0.95 A§¶ -20.39±1.25 A#§¶ -19.99±1.30 A‡#¶ 

5.25 

ILF-ST -23.62±1.08 B¶ -23.66±0.51 B¶ -24.48±0.49 B†¶ 

ILF-EP -23.41±2.48 B¶ -22.36±1.36 B¶ -22.82±1.27 B¶ 

ICLF -19.75±0.87 A#§¶ -20.42±0.93 A#§¶ -19.58±1.09 A‡#§¶ 

21.00 

ILF-ST -23.14±1.68 B¶ -23.28±1.26 B¶ -23.97±0.87 B¶ 

ILF-EP -21.50±1.58 AB¶ -22.11±1.27 AB¶ -22.90±1.17 B¶ 

ICLF -19.95±0.63 A#§¶ -20.36±0.71 A#§¶ -19.29±0.54 A†‡#§¶ 

 ICL -21.73±2.76 a -21.81±2.04 a -21.79±2.37 a 

IP -22.58±2.08 a -22.50±0.83 a -24.99±2.22 b 

MP -22.96±1.85 a -23.54±1.82 a -23.91±1.61 ab 

HP -23.58±1.62 a -23.26±1.78 a -22.35±2.30 a 

NF -28.04±0.34 b -27.94±0.35 b -27.49±0.13 c 

Data were analyzed by factorial ANOVA at the 5 % significance level. Tukey’s test was used to compare tree-

integrated systems within distances (capital letters), and treeless systems and NF among themselves (lowercase 

letters). Systems sharing the same letters do not differ statistically. Dunnett’s test was used to compare treeless 

systems with tree-integrated systems (the symbols †, ‡, #, § and ¶ indicate a significant difference relative to ICL, IP, 

MP, HP and NF, respectively). 

 

In the intermediate (10-20 cm) and deepest (20-40 cm) layers, the differentiation among 

areas was clearer. ILF-ST and ILF-EP maintained the highest SCCs in these depths, while ICLF 

and HP generally exhibited the lowest values. The ILF-ST and ICLF systems showed a 
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significant distance effect at the 10-20 cm layer, with SCC significantly increasing with 

increasing distance from the tree line. Moreover, at the 20-40 cm layer, SCC showed a quadratic 

effect with distance in ICLF, decreasing at 5.25 m, but increasing farther from the tree line. 

Remarkably, except for ICLF and HP in the 10-20 cm layer, the differences in SCC between 

NF and other areas were not statistically significant, being even higher in ILF-ST in some 

comparisons. 

Table 4.3 - Regression equations and determination coefficients (R²) for soil carbon content (SCC) as a function 

of distance from trees in tree-integrated systems and soil layer (0-10, 10-20 and 20-40 cm)†. ILF-ST: integrated 

livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus pellita; ICLF: 

integrated crop-livestock-forestry; ns: non-significant. 

Layer Area Equation R²‡ 

0-10 cm 

ILF-ST Y = 2.932 + 0.066x 0.956 

ILF-EP ns -- 

ICLF ns -- 

10-20 cm 

ILF-ST Y = 2.859 + 0.036x 0.910 

ILF-EP ns -- 

ICLF Y = 1.725 + 0.037x 0.962 

20-40 cm 

ILF-ST Y = 3.005 - 0.144x + 0.006x² 1.000 

ILF-EP ns -- 

ICLF ns -- 

† For each sampling year, only indicators with a significant effect of distance (p < 0.05) in at least one management 

system are presented. ‡ The R² values of 1.000 for quadratic models result from the number of distance levels (n = 

3) being equal to the number of estimated model parameters. 

 

The carbon isotopic composition (δ13C) showed significant variation across land-use 

systems and soil depths (Table 4.2). In all layers, the native forest (NF) fragment exhibited the 

most negative δ13C (approximately -28 ‰), significantly different from all managed systems. 

Conversely, the less negative values were observed in the integrated crop-livestock-forestry 

(ICLF) system (approximately -20 ‰). In the 0-10 and 10-20 cm layers, average δ13C values 

ranged from -23 to -20 ‰, approximately, among managed systems. 

The values for ILF-ST and ILF-EP, in general, were significantly more negative than 

those of ICLF system. Differences among systems were clearer in the deepest layer (20-40 cm). 

ICLF consistently remained the most 13C-enriched system (approximately -19.6 ‰) among the 

tree-integrated treatments, being statistically different from ILF-ST and ILF-EP at all distances. 

Also, ICL and Humidicola pasture (HP) mean δ13C values (-21.8 ‰ and -22.4 ‰, respectively) 

were significantly higher than Ipyporã pasture (IP) mean δ13C (-25.0 ‰). No significant effect 

of distance was observed on δ13C in any layer. 
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4.3.2 Soil C stock 

The soil carbon stock (SCS), calculated for the 0-40 cm soil layer, showed significant 

variation across the distinct land-use systems (Figure 4.1). Tukey's test showed that the treeless 

systems grouped into distinct categories: the MP system maintained the highest SCS  

(84.8 t ha-1), being statistically similar to NF (78.1 t ha-1), IP (76.4 t ha-1) and ICL  

(74.4 t ha-1); the HP system showed the lowest SCS among all systems evaluated  

(59.0 t ha-1), being statistically lower than MP. 

 

 

Figure 4.1 - Soil carbon stock (SCS) in the 0-40 cm layer across different land-use systems. Data were analyzed 

by factorial ANOVA at the 5 % significance level. Capital letters compare tree-integrated systems within the same 

distance. Lowercase letters compare treeless systems and NF among themselves. Systems sharing the same letters 

do not differ statistically, according to the Tukey’s test. The symbols †, ‡, #, § and ¶  indicate a significant difference 

relative to ICL, IP, MP, HP and NF, respectively, according to the Dunnett’s test. Blue lines and text represent the 

linear regression analysis used to evaluate the effect of distance from the tree line within the tree-integrated 

systems. The equation and R² are provided for significant regressions. ns: non-significant regression. ILF-ST: 

integrated livestock-forestry with Samanea tubulosa. ILF-EP: integrated livestock-forestry with Eucalyptus 

pellita. ICLF: integrated crop-livestock-forestry. ICL: integrated crop-livestock. IP: Urochloa brizantha x U. 

ruziziensis ‘Ipyporã’ pasture. MP: U. brizantha ‘Marandu’ pasture. HP: U. humidicola pasture. NF: native forest. 

SCS values are corrected for bulk density differences by an equivalent mass method, using NF as reference. 

 

The ILF-ST system was the only system to show a significant linear effect of distance 

on SCS, which increased with increasing distance. The ILF-ST at 21.00 m recorded the highest 

average SCS of all treatments (120.5 t ha-1). The ILF-EP and ICLF systems showed no 
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significant linear relationship between SCS and distance, recording 95.6 (ILF-EP) and  

64.9 (ICLF) t ha-1 on average. At the 0.00 m distance (closest to the tree line), the ILF-ST and 

ILF-EP systems maintained the highest SCS (104.4 and 98.0 t ha-1, respectively) and were 

statistically similar. The ICLF system showed a significantly lower SCS (62.0 t ha-1). At the 

21.00 m distance, the ILF-ST system maintained the highest SCS, being statistically higher than 

ILF-EP (96.3 t ha-1), which was also statistically higher than ICLF (72.0 t ha-1). 

The comparison of tree-integrated systems against the treeless systems revealed the 

following: the ILF-ST system at 21.00 m maintained SCS values significantly higher than all 

treeless systems and even the NF; at 0.00 m, the ILF-ST was statistically similar only to MP; 

at 5.25 m, ILF-ST was statistically superior to only to HP; the ILF-EP system was also 

significantly higher than HP, at all distances. Conversely, the ICLF system (at all distances) 

showed the lowest performance among the tree-integrated systems, being statistically lower 

than MP at 5.25 m, but statistically similar to all treeless systems and NF at 0.00 and 21.00 m. 

4.3.3 Soil organic and active carbon 

The soil organic carbon (SOC) content showed significant variation across land-use 

systems and soil depths, with distinct patterns observed in the tree-integrated systems (Table 

4.4). In the topsoil, the ILF-ST and MP systems maintained the highest SOC levels among all 

treatments (mean of 2.27 and 2.33 dag kg-1, respectively). MP and NF exhibited the highest 

SOC among the treeless systems, while ICL, IP and HP showed lower values (1.62, 1.60 and 

1.38, respectively), but still statistically similar to NF (1.85 dag kg-1). The ILF-EP and ICLF 

systems, showed significantly lower SOC (mean of 1.74 and 1.52 dag kg-1, respectively) than 

ILF-ST and MP, but statistically similar values than NF, ICL, IP and HP. 

The differentiation of SOC among systems remained pronounced in the intermediate 

layer. ILF-ST and MP maintained the highest SOC contents (mean of 2.10 and 1.97 dag kg-1 

respectively). ICLF showed the lowest SOC among the integrated systems (1.17 dag kg-1).  

The NF fragment maintained the second highest SOC among the additional treatments  

(1.78 dag kg-1). The IP and HP systems recorded the lowest SOC (1.25 and 1.07 da kg-1, 

respectively), often being statistically similar to the lowest-performing tree-integrated system 

(ICLF). 

In the deepest layer, the SOC content continued to reflect the differences in 

management, although the range of values narrowed. MP and NF maintained the highest SOC 

among the additional treatments (1.57 and 1.55 dag kg-1, respectively), whereas IP and HP 



145 

 

 

 

recorded the lowest SOC (1.13 and 0.87 dag kg-1, respectively). The ILF-ST system, especially 

at 21.00 m, in which mean SOC was 2.20 dag kg-1, maintained SOC values significantly higher 

than most systems, whereas ICLF showed the lowest values among the tree-integrated systems 

(mean of 0.97 dag kg-1). 

Table 4.4 - Soil organic carbon (SOC) content for soil layers (0-10, 10-20 and 20-40 cm) across different land-use 

systems (mean ± standard deviation, dag kg-1). ILF-ST: integrated livestock-forestry with Samanea tubulosa. ILF-

EP: integrated livestock-forestry with Eucalyptus pellita. ICLF: integrated crop-livestock-forestry. ICL: integrated 

crop-livestock. IP: Urochloa brizantha x U. ruziziensis ‘Ipyporã’ pasture. MP: U. brizantha ‘Marandu’ pasture. 

HP: U. humidicola pasture. NF: native forest. 

 

Distance Area Layer 

m  0-10 cm 10-20 cm 20-40 cm 

0.00 

ILF-ST 2.31±0.27 A†‡§ 2.16±0.15 A†‡§ 1.93±0.16 A†‡§ 

ILF-EP 1.82±0.14 B# 1.74±0.22 B‡§ 1.50±0.30 B§ 

ICLF 1.54±0.23 B# 1.19±0.22 B‡¶ 0.96±0.10 C#¶ 

5.25 

ILF-ST 1.97±0.17 A§ 1.74±0.18 A‡§ 1.50±0.20 A§ 

ILF-EP 1.67±0.09 AB# 1.53±0.11 B§ 1.31±0.19 AB§ 

ICLF 1.50±0.13 B# 1.15±0.04 B‡¶ 1.02±0.14 B#¶ 

21.00 

ILF-ST 2.51±0.40 A†‡§¶ 2.40±0.46 A†‡§ 2.20±0.40 A†‡#§¶ 

ILF-EP 1.75±0.26 B# 1.54±0.23 B§ 1.20±0.18 B 

ICLF 1.53±0.16 B# 1.16±0.22 C‡¶ 0.95±0.12 B#¶ 

 

ICL 1.62±0.28 b 1.47±0.26 bc 1.23±0.25 ab 

IP 1.60±0.16 b 1.25±0.08 c 1.13±0.18 b 

MP 2.33±0.68 a 1.97±0.54 a 1.57±0.22 a 

HP 1.38±0.10 b 1.07±0.14 c 0.87±0.11 b 

NF 1.85±0.40 ab 1.78±0.35 ab 1.55±0.32 a 

Data were analyzed by factorial ANOVA at the 5 % significance level. Tukey’s test was used to compare tree-integrated 

systems within distances (capital letters), and treeless systems and NF among themselves (lowercase letters). Systems sharing 

the same letters do not differ statistically. Dunnett’s test was used to compare treeless systems and NF with tree-integrated 

systems (the symbols †, ‡, #, § and ¶ indicate a significant difference relative to ICL, IP, MP, HP and NF, respectively). 

 

 

The spatial distribution of SOC content was significantly influenced by the management 

system and soil depth, with varying regression models adjusted for each layer (Table 4.5).  

In the uppermost soil layer (0-10 cm), only the ILF-ST system exhibited a significant response 

to distance from the trees, following a quadratic model, with lower SOC content in the 

intermediate distance. 
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At the intermediate layer (10-20 cm), distinct spatial patterns emerged between the 

forestry-integrated systems. The ILF-ST system maintained a quadratic behavior, while the 

ILF-EP system showed a linear decrease in carbon content as the distance from the Eucalyptus 

pellita trees increased. Similar to the surface layer, the ICLF system did not show a significant 

regression adjustment for SOC at this depth. In the deepest evaluated layer (20-40 cm), 

significant spatial variation was exclusively observed in the ILF-ST system, where the SOC 

content adjusted to a quadratic model. 

Table 4.5 - Regression equations and determination coefficients (R²) for soil organic carbon (SOC) content (dag 

kg-1) as a function of distance from trees in tree-integrated systems and soil layers (0-10, 10-20 and 20-40 cm). 

ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with 

Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; ns: non-significant (p > 0.05). 

Layer Area Equation R²† 

0-10 cm 

ILF-ST Y = 2.315 - 0.091x + 0.005x² 1.000 

ILF-EP ns -- 

ICLF ns -- 

10-20 cm 

ILF-ST Y = 2.161 - 0.111x + 0.006x² 1.000 

ILF-EP Y = 1.450 - 0.013x 0.828 

ICLF ns -- 

20-40 cm 

ILF-ST Y = 1.929 - 0.114x + 0.006x² 1.000 

ILF-EP ns -- 

ICLF ns -- 

† The R² values of 1.000 for quadratic models result from the number of distance levels (n = 3) being equal to the 

number of estimated model parameters. 

 

The permanganate oxidizable carbon (POXC), which represents the labile C fraction, 

varied significantly across land-use systems and soil depths (Table 4.6). The native forest (NF) 

fragment, the integrated crop-livestock system (ICL) and silvopastoral system with S. tubulosa 

(ILF-ST) consistently maintained the highest POXC content across all three soil layers (0-10, 

10-20, and 20-40 cm). 

In contrast, the lowest POXC values were observed in the pasture with U. humidicola 

(HP) and the integrated crop-livestock-forestry system (ICLF), particularly farther from the tree 

line (5.25 and 21.00 m distances). The pastures with ipyporã (IP) and marandu (MP) grasses, 

and and the silvopastoral system with E. pellita presented intermediate POXC levels. In general, 

observed POXC contents decreased with increasing depth (502.93, 422.92 and 360.40 mg kg-1 

on average for the 0-10, 10-20 and 20-40 cm layers, respectively). 
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Table 4.6 - Permanganate oxidizable carbon (POXC) for soil layers (0-10, 10-20 and 20-40 cm) across different 

land-use systems (median ± interquartile range, mg kg-1). ILF-ST: integrated livestock-forestry with Samanea 

tubulosa. ILF-EP: integrated livestock-forestry with Eucalyptus pellita. ICLF: integrated crop-livestock-forestry. 

ICL: integrated crop-livestock. IP: Urochloa brizantha x U. ruziziensis ‘Ipyporã’ pasture. MP: U. brizantha 

‘Marandu’ pasture. HP: U. humidicola pasture. NF: native forest. 

Distance Area Layer 

m  0-10 cm 10-20 cm 20-40 cm 

0.00 

ILF-ST 565.58±156.77 A§ 460.97±123.90 A§ 396.85±73.99 A§ 

ILF-EP 590.93±125.70 A§ 519.64±126.04 A‡§ 395.79±101.93 A§ 

ICLF 446.82±233.39 A§ 370.75±125.45 A¶ 261.62±65.10 A¶ 

5.25 

ILF-ST 582.40±41.96 A§ 505.03±83.17 A‡§ 490.01±76.43 A§ 

ILF-EP 452.50±33.67 A 362.97±92.89 A¶ 308.45±112.08 B 

ICLF 355.85±49.64 B†#¶ 239.26±79.52 B†#¶ 225.35±81.00 B¶ 

21.00 

ILF-ST 654.32±234.25 A‡ 534.64±269.10 A‡§ 529.56±193.00 A§ 

ILF-EP 454.76±49.07 A 391.29±38.17 B¶ 331.46±125.43 B¶ 

ICLF 371.50±56.27 B†¶ 278.40±61.33 B†#¶ 232.81±122.78 B¶ 

 

ICL 634.90±235.12 a 545.39±119.95 a 435.37±204.05 ab 

IP 439.96±232.53 ab 340.98±161.89 bc 358.65±176.10 ab 

MP 616.15±389.17 a 507.15±98.26 ab 308.57±230.76 ab 

HP 329.80±34.04 b 239.43±45.53 c 190.74±65.02 b 

NF 576.48±124.05 a 550.41±111.29 a 612.36±185.48 a 

Data were analyzed using the Kruskal-Wallis test followed by Dunn's post hoc tests with FDR correction 

(Benjamini-Hochberg) at the 5 % significance level. Capital letters compare tree-integrated systems within the 

same distance. Lowercase letters compare the treeless systems and the native forest fragment among themselves. 

Systems sharing the same letters do not differ statistically. The symbols †, ‡, #, § and ¶ indicate a significant difference 

relative to ICL, IP, MP, HP and NF, respectively. 

 

The median-based linear model (MBLM) analysis indicated that the distance from the 

tree line significantly influenced the POXC content in the 10-20 (ILF-ST, ILF-EP and ICLF) 

and 20-40 cm (ILF-ST and ILF-EP) (Table 4.7). In ILF-ST, POXC tended to increase with 

distance, whereas in ILF-EP and ICLF, POXC content significantly decreased with increasing 

distance from the tree line. 
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Table 4.7 - Regression equations (MBLM) and Kendall’s rank correlation coefficient (τ) for permanganate 

oxidizable carbon (POXC) (mg kg-1) as a function of distance from trees in tree-integrated systems and soil layers 

(10-20 and 20-40 cm)†. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated 

livestock-forestry with Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; ns: non-significant (p > 0.05). 

Layer Area Equation‡ τ§ 

10-20 cm 

ILF-ST Y = 461.719 + 6.100x 0.439 

ILF-EP Y = 442.620 - 4.719x -0.507 

ICLF Y = 290.199 - 3.660x -0.372 

20-40 cm 

ILF-ST Y = 403.263 + 10.218x 0.597 

ILF-EP Y = 393.373 - 5.456x -0.575 

ICLF ns -- 

† No significant effect of distance was observed in the 0-10 cm layer. ‡ Regression parameters estimated by Siegel’s 

repeated medians method. § Kendall’s tau indicates the strength of the monotonic relationship. 

4.3.4 Soil organic matter humification 

The humification level of soil organic matter (HLIFS) showed significant variation across 

the distinct land-use systems and soil layers (Table 4.8). Across all soil depths, the integrated 

livestock-forestry systems (ILF-ST and ILF-EP), the Marandu pasture (MP) and the native 

forest (NF) fragment consistently maintained the lowest HLIFS values, with no statistical 

difference among them (1.10, 1.29, 1.77 in average for the 0-10, 10-20 and 20-40 cm layers, 

respectively). On the other hand, the integrated crop-livestock (ICL) and integrated crop-

livestock-forestry (ICLF) systems, and Ipyporã (IP) and Humidicola (HP) pastures, presented 

the highest values, also with no statistical difference among them (5.62, 7.10 and 11.52 in 

average for the 0-10, 10-20 and 20-40 cm layers, respectively). Noticeably, HLIFS values 

increased with increasing depth. 

Table 4.8 - Humification index of soil organic matter (HLIFS) for soil layers (0-10, 10-20 and 20-40 cm) across 

different land-use systems (median ± interquartile range). ILF-ST: integrated livestock-forestry with Samanea 

tubulosa. ILF-EP: integrated livestock-forestry with Eucalyptus pellita. ICLF: integrated crop-livestock-forestry. 

ICL: integrated crop-livestock. IP: Urochloa brizantha x U. ruziziensis ‘Ipyporã’ pasture. MP: U. brizantha 

‘Marandu’ pasture. HP: U. humidicola pasture. NF: native forest. 

Distance Area Layer 

m  0-10 cm 10-20 cm 20-40 cm 

0.00 

ILF-ST 0.87±0.20 B†‡§ 0.79±0.26 B†‡§ 0.89±0.21 B†‡§ 

ILF-EP 1.30±0.60 B§ 1.93±0.93 B§ 1.63±1.18 B§ 

ICLF 5.15±2.61 A#¶ 7.61±4.67 A#¶ 12.81±5.65 A#¶ 

5.25 

ILF-ST 0.93±0.36 B†‡§ 1.10±0.31 B†‡§ 1.29±0.90 B†‡§ 

ILF-EP 1.39±0.39 B§ 1.76±0.80 B§ 2.17±1.16 B§ 

ICLF 4.83±1.40 A# 6.68±2.43 A#¶ 13.13±5.84 A#¶ 

21.00 
ILF-ST 0.59±0.37 B†‡§ 0.89±0.35 B†‡§ 0.91±0.34 B†‡§ 

ILF-EP 1.53±0.87 B§ 1.65±0.73 B§ 2.99±2.54 B 
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Distance Area Layer 

m  0-10 cm 10-20 cm 20-40 cm 

ICLF 7.22±4.15 A#¶ 5.03±1.82 A# 11.00±5.93 A#¶ 

 

ICL 4.69±1.86 ab 5.65±2.95 ab 9.73±6.18 ab 

IP 4.88±3.78 ab 6.35±2.21 ab 6.59±5.61 ab 

MP 1.10±0.61 c 1.07±0.64 c 1.47±0.84 c 

HP 6.81±2.28 a 9.52±2.97 a 13.64±7.79 a 

NF 1.18±0.52 bc 1.37±0.71 bc 1.79±0.95 bc 

Data were analyzed using the Kruskal-Wallis test followed by Dunn's post hoc tests with FDR correction 

(Benjamini-Hochberg) at the 5 % significance level. Capital letters compare tree-integrated systems within the 

same distance. Lowercase letters compare the treeless systems and the native forest fragment among themselves. 

Systems sharing the same letters do not differ statistically. The symbols †, ‡, #, § and ¶ indicate a significant difference 

relative to ICL, IP, MP, HP and NF, respectively. 

 

When comparing the tree-integrated systems (ILF-EP, ILF-ST, and ICLF) at the same 

distance from the tree line, ICLF showed a significantly higher HLIFS than ILF-ST and ILF-ST 

across all layers. The comparison of tree-integrated systems and distances relative to treeless 

treatments showed a pattern across layers: ILF-ST showed significantly lower values than ICL, 

IP and HP; ILF-EP showed lower significantly lower values than HP (except for the 21.00 m 

distance in the 20-40 cm layer); and ICLF showed higher values than MP and NF (except for 

the 5.25 and 21.00 m distances in the 0-10 and 10-20 cm layers). 

The median-based linear model (MBLM) analysis showed that HLIFS exhibited distinct 

spatial patterns across soil layers (Table 4.9). In the surface layer (0-10 cm), a significant linear 

decrease in the humification index was observed for the ILF-ST system as distance from the 

tree row increased, while no significant spatial effects were detected for ILF-EP and ICLF at 

this depth. Conversely, at the 10-20 cm layer, the ICLF system was the only one to show a 

significant spatial trend, characterized by a linear reduction in HLIFS with increasing distance. 

In the deepest layer (20-40 cm), the spatial dynamics reversed compared to the surface; ILF-ST 

and ILF-EP systems showed a linear increase in the humification index as distance from the 

trees increased. Specifically, the ILF-EP system showed a more pronounced increase than ILF-

ST. For the ICLF system at this depth, the effect of distance was non-significant. 
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Table 4.9 - Regression equations (MBLM) and Kendall’s rank correlation coefficient (τ) for soil organic matter 

humification index (HLIFS) as a function of distance from trees in tree-integrated systems and soil layers (0-10, 10-

20 and 20-40 cm)†. ILF-ST: integrated livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-

forestry with Eucalyptus pellita; ICLF: integrated crop-livestock-forestry; ns: non-significant (p > 0.05). 

Layer Area Equation† τ‡ 

0-10 cm 

ILF-ST Y = 1.056 - 0.077x -0.349 

ILF-EP ns -- 

ICLF ns -- 

10-20 cm 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 7.421 - 0.114x -0.484 

20-40 cm 

ILF-ST Y = 0.981 + 0.073x 0.124 

ILF-EP Y = 1.028 + 0.571x 0.349 

ICLF ns -- 

† Regression parameters estimated by Siegel’s repeated medians method. ‡ Kendall’s tau indicates the strength of 

the monotonic relationship. 

4.3.5 Carbon management index 

The soil carbon dynamics, expressed through the carbon pool index (CPI), lability index 

(LI), and carbon management index (CMI), varied significantly among land-use systems and 

sampling distances (Table 4.10). Regarding the CPI, the integrated systems ILF-ST and ILF-

EP maintained values superior to the ICLF and HP systems across all evaluated distances. 

Specifically, at the 21.00 m distance, the ILF-ST system reached the highest CPI (1.52), being 

statistically different from the treeless systems, as well as the native forest reference. 

The lability index highlighted differences in the quality of the accumulated carbon. The 

ICL forestry system presented the highest LI (0.92), being statistically superior to the other 

managed systems (except for ICLF at the 0.00 m distance) and the only managed system with 

LI not significantly different from NF. No significant difference was observed among tree-

integrated systems within distances. 

The Carbon Management Index (CMI), which integrates both the quantity (CPI) and 

lability (LI) of carbon, revealed that the ILF-ST system provided the most favorable carbon 

management conditions being the only tree-integrated system statistically comparable to NF at 

all distances. Conversely, the ICLF system consistently presented the lowest CMI values among 

the integrated systems, ranging from 46.55 to 56.50, which were statistically inferior at certain 

distances, significantly lower than the ICL and IP systems, besides NF. Among the treeless 

pastures, the HP system showed the lowest CMI (41.77), while MP (76.32) and ICL (83.00) 

systems exhibited the highest management indices, statistically not different from NF. 
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Table 4.10 - Carbon pool index (CPI), lability index (LI) and carbon management index (CMI) across different 

land-use systems (mean ± standard deviation). ILF-ST: integrated livestock-forestry with Samanea tubulosa. ILF-

EP: integrated livestock-forestry with Eucalyptus pellita. ICLF: integrated crop-livestock-forestry. ICL: integrated 

crop-livestock. IP: Urochloa brizantha x U. ruziziensis ‘Ipyporã’ pasture. MP: U. brizantha ‘Marandu’ pasture. 

HP: U. humidicola pasture. 

Distance (m) Area CPI LI CMI 

0.00 

ILF-ST 1.38±0.19 A†§¶ 0.63±0.13 A†¶ 81.70±18.29 A§ 

ILF-EP 1.26±0.19 A§ 0.68±0.06 A†¶ 82.14±6.43 A§¶ 

ICLF 0.74±0.12 B¶ 0.79±0.15 A 56.50±7.90 B†¶ 

5.25 

ILF-ST 1.23±0.21 A§ 0.74±0.09 A¶ 88.58±11.88 A‡§ 

ILF-EP 1.15±0.09 A§¶ 0.57±0.08 A†¶ 64.08±9.09 B¶ 

ICLF 0.74±0.11 B¶ 0.65±0.12 A†¶ 46.55±5.98 B†#¶ 

21.00 

ILF-ST 1.52±0.24 A†‡#§¶ 0.69±0.09 A†¶ 103.19±25.06 A‡#§ 

ILF-EP 1.20±0.20 A§ 0.54±0.10 A†¶ 60.69±2.65 B¶ 

ICLF 0.85±0.15 B 0.59±0.08 A†¶ 48.01±6.90 B†#¶ 

 

ICL 0.95±0.24 a 0.92±0.25 a 83.00±19.22 a 

IP 1.07±0.38 a 0.63±0.12 b¶ 63.04±13.79 ab¶ 

MP 1.12±0.36 a 0.71±0.09 b¶ 76.32±21.18 a 

HP 0.75±0.17 a 0.58±0.11 b¶ 41.77±7.69 b¶ 

NF 1.00±0.00 1.00±0.00 100.00±0.00 

Data were analyzed by factorial ANOVA at the 5 % significance level. Tukey’s test was used to compare tree-

integrated systems within distances (capital letters), and treeless systems among themselves (lowercase letters). 

Systems sharing the same letters do not differ statistically. Dunnett’s test was used to compare treeless systems 

with tree-integrated systems (the symbols †, ‡, # and  § indicate a significant difference relative to ICL, IP, MP, HP 

and NF, respectively). The symbol ¶ indicates a significant difference from NF reference (one-sample t-tests with 

FDR correction). 

 

Regression analysis revealed distinct patterns for CPI, LI and CMI across the integrated 

systems (Table 4.11). While CPI did not exhibit a significant response to distance from the tree 

row in any system, the quality-related indices (LI and CMI) were significantly affected. 

Specifically, LI in the ICLF system followed a significant linear decrease as distance from the 

trees increased, whereas the ILF-ST and ILF-EP systems showed non-significant spatial 

variation for this parameter. 

The CMI, which provides a holistic view of soil carbon quality, exhibited significant 

linear responses in ILF-ST and ILF-EP, though in opposite directions. In the ILF-ST system, 

the CMI increased linearly with distance from the Samanea tubulosa trees. Conversely, the ILF-

EP system showed a linear reduction in CMI as distance from the Eucalyptus pellita row 

increased. No significant spatial adjustment for CMI was found in the ICLF system. 
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Table 4.11 - Regression equations and determination coefficients (R²) for lability index (LI) and carbon 

management index (CMI) as a function of distance from trees in tree-integrated systems†. ILF-ST: integrated 

livestock-forestry with Samanea tubulosa; ILF-EP: integrated livestock-forestry with Eucalyptus pellita; ICLF: 

integrated crop-livestock-forestry; ns: non-significant. 

Variable Area Equation R² 

LI 

ILF-ST ns -- 

ILF-EP ns -- 

ICLF Y = 0.749 - 0.008x 0.776 

CMI 

ILF-ST Y = 82.397 + 1.001x 0.994 

ILF-EP Y = 76.279 - 0.835x 0.627 

ICLF ns -- 

† No significant effect of distance was observed for carbon pool index (CPI). 

 

4.4 Discussion 

4.4.1 Soil carbon content, stock and isotopic composition 

The findings indicate that integrated systems, particularly ILF-ST, can significantly 

enhance soil carbon sequestration compared to traditional pastures and NF. It is worth noticing 

that SCC differences were more pronounced in the deepest layer (20-40 cm), reflecting the 

contribution of root biomass to carbon storage in these livestock systems (Frazão et al. 2023; 

Olaya‐Montes et al. 2021). 

Additionally, no integrated nor monoculture pasture system exhibited statistically lower 

values than NF, suggesting that even moderately managed monoculture pastures can achieve 

comparable soil carbon levels to native forests, emphasizing the importance of sustainable 

management practices in enhancing soil carbon stocks in the region. In fact, SCS depletion is 

usually observed in studies with degraded areas, but not in managed systems (Bieluczyk et al. 

2025; Freitas et al. 2020; Marques et al. 2015; Mascarenhas et al. 2017). The native forest SCS 

was in the range of those usually reported for Rondônia Oxisols (Bernoux et al. 1998; 

Moquedace et al. 2024; Moraes et al. 1995), serving as a suitable baseline for evaluating the 

effectiveness of the livestock systems in carbon management. 

The apparent negative influence of trees in ILF-ST and ICLF observed in some of the 

layers might be due to lower pasture biomass production of grass near the tree line, which can 

affect overall carbon storage dynamics (Bieluczyk et al. 2020; Pezzopane et al. 2019; Sarto et 

al. 2020a). Moreover, lower fine root yield from pasture or crops in the presence of trees is 

expected (Bieluczyk et al. 2023, 2024), which may also impact negatively on SCC and SCS. 

These results underscore the necessity for ongoing research to refine management strategies 
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that optimize carbon sequestration in integrated systems while maintaining pasture productivity 

and ecological balance. 

The pasture species might also have influenced the results. Urochloa humidocola 

pasture (HP) showed the lowest SCC and SCS, whereas Marandu pasture (MP), the highest. 

Moreover, ILF-ST and ILF-EP, which are composed of Marandu pasture, demonstrated 

superior performance in carbon management compared to ICLF, which is composed of Ipyporã 

pasture, highlighting the importance of selecting appropriate species for enhancing soil carbon 

stocks in pasture and integrated system (Rodriguez et al. 2025; Tessema et al. 2021). 

Native forest showed distinctly lower δ13C values than all studied livestock systems, 

indicating the that the carbon sources in the managed systems are predominantly derived from 

C4 plants (Sarto et al. 2020a). Remarkably, δ13C among managed systems followed and inverted 

pattern than that of SCS and SCC, with ILF-ST and ILF-EP, showing more negative δ13C values 

than ICLF, indicating a faster shift in carbon sources in ICLF and ICL. While this might be due 

to higher diversity of C4 residues sources, such as maize and rice, this can also be attributed to 

native carbon depletion in ICLF and ICL, since they showed lower overall SCC and SCS 

(Bieluczyk et al. 2025). 

4.4.2 Carbon fractions 

Soil organic carbon (SOC) variations among areas were similar to those observed for 

SCC, but with more pronounced differences within ILF systems. In fact, the ILF-ST system 

exhibited higher SOC levels compared to both ILF-EP and ICLF systems. Moreover, the 

influence of distance to the trees varied between ILF-ST and ILF-EP in the 20-40 cm layer. In 

the former, SOC was higher close to the tree line, while in the latter, SOC decreased with 

distance. Also, active carbon (POXC) was higher in ILF-ST and was lower close to  

the S. tubulosa trees, but higher close to the eucalyptus trees in ILF-EP (in the 10-20 and  

20-40 cm layers) and ICLF (in the 10-20 cm layer). These findings indicate differing dynamics 

in carbon storage influenced by tree species. 

The humification level of soil organic matter (HLIFS) highlights the influence of 

management and Urochloa species on carbon dynamics. In all assessed layers, areas can be 

divided by HLIFS basically into two groups: those with Ipyporã and U. humidicola pastures 

(ICLF, ICL, IP and and HP) exhibiting higher humification levels compared to those with 

Marandu pasture (ILF-ST, ILF-EP and MP) and NF. This can be attributed to differences in the 

quality of the organic residues predominating in each area, such as C:N and lignin:cellulose 
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ratios (Murindangabo et al. 2023; Z. Zhang et al. 2022). In addition, areas with higher content 

of labile carbon (such as POXC) tend to show lower humification levels, since the presence of 

more labile carbon indicates a higher turnover rate of organic matter and relative lower 

contribution of more stable organic matter for total SCC (Bento et al. 2025; Segnini et al. 2019). 

4.4.3 Carbon management index 

The general reduction in LI across practically all managed systems relative to the native 

forest indicates a fundamental shift in carbon quality following land-use conversion. Although 

these managed systems effectively accumulate total carbon (high CPI), the resulting carbon 

pools are less labile and more recalcitrant than those in undisturbed ecosystems. In addition, 

the lower CPI and CMI values found in the ICLF system, but not in the ICL system suggest 

that the presence of trees might have hindered forage biomass production, limiting the buildup 

of stable carbon pools over time. This negative effect of trees was not observed in ILF-ST and 

ILF-EP, which, besides having considerably lower tree density than ICLF (13 vs.  

136 trees ha-1), is composed of Marandu pasture, instead of Ipyporã pasture. 

Furthermore, while ICLF and ILF-EP systems, both composed of E. pellita, followed a 

linear decrease in LI and CMI, respectively, as distance from trees increased, ILF-ST followed 

a reverse trend, highlighting differences in tree species influence. These results emphasize that 

while tree integration is a robust strategy for carbon sequestration, the specific choice of tree 

and forage species significantly dictate the balance between carbon quantity and its biological 

availability for soil health. 

The CMI of ILF-ST, ICL and IP did not differ significantly from NF, indicating that 

these systems can effectively manage carbon levels comparable to native forest conditions. On 

the contrary, ICLF and HP demonstrated significantly lower CMI values, indicating a less 

effective carbon management performance compared to native forest systems (Baldotto et al. 

2015). Therefore, by integrating labile and non-labile fractions of soil organic carbon, we can 

better understand the implications of different land-use systems on carbon dynamics and inform 

management practices that enhance soil health and sustainability, than looking only to SCC or 

SCS. 
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4.5 Conclusion 

The management of soil carbon in integrated production and pasture systems in Western 

Amazonia presents both opportunities and challenges. The findings of this study reveal that 

while integrated systems, particularly those utilizing native species such as Samanea tubulosa, 

demonstrate potential for enhancing soil carbon sequestration, they do not consistently 

outperform traditional monoculture pastures or replicate the carbon storage capabilities of 

native forests. The observed variations in soil carbon content and stock across different land-

use systems underscore the complexities involved in achieving effective carbon management. 

Additionally, the reliance on specific pasture species and the influence of tree integration on 

pasture biomass and soil health must be carefully evaluated to avoid undermining the ecological 

benefits of these systems. 

The carbon management index (CMI) results suggest that many integrated systems may 

fall short of the carbon management performance exhibited by native forests, raising concerns 

about their viability as a sustainable alternative to conventional practices. Therefore, while 

integrated crop-livestock-forestry systems hold promise, a more nuanced approach that 

prioritizes the conservation of native ecosystems and explores diverse sustainable agricultural 

practices is essential for achieving long-term carbon management goals and preserving 

biodiversity in the Amazon. 
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5 SUMMARY AND CONCLUSIONS 

This thesis provides a comprehensive evaluation of the transition from extensive land 

use to sustainable intensification in Western Amazonia. It starts from the premise that soils in 

the region, particularly in Rondônia, are characterized by high acidity and low natural fertility. 

Therefore, maintaining and enhancing soil quality is not only an environmental goal but a 

productive necessity. This research highlights that the future of Amazonian livestock 

production depends on management systems capable of conserving soil fertility, with the 

integration of the native legume Samanea tubulosa emerging as a superior biological strategy 

to overcome these natural soil limitations. By integrating microbiological, holistic soil quality, 

and carbon sequestration data, several key conclusions can be drawn: 

First, the structure of the soil microbiome is profoundly reshaped by land-use systems. 

While the conversion of native forests to pastures leads to a simplification of microbial 

networks, the integration of trees, particularly S. tubulosa, acts as a catalyst for biological 

recovery. This native species promotes greater microbial diversity, enhances functional 

connectivity, and creates specialized niches for nitrogen-fixing bacteria, outperforming exotic 

eucalyptus systems and conventional pastures in restoring the biological complexity essential 

for nutrient cycling in these naturally nutrient-poor environments. 

Second, soil health in the Amazon is highly resilient to intensification when appropriate 

management practices are applied. The use of composite soil quality indices (SQI) 

demonstrated that all intensified systems (ICL, ICLF, ILF, and well-managed monocultures) 

maintain functional stability and can decouple cattle ranching from the traditional cycle of soil 

exhaustion common in the region. Notably, well-managed treeless pastures (such as Ipyporã) 

proved to be a viable and sustainable option, showing that productivity and soil stability can be 

achieved even without the forest component, provided that soil fertility and grazing are 

correctly managed. 

Third, the potential for soil carbon sequestration is significantly enhanced in integrated 

systems, with S. tubulosa again showing superior performance. The ability of this native legume 

to increase carbon stocks in deeper soil layers and achieve a Carbon Management Index (CMI) 

comparable to native forests underscores its role in climate change mitigation. The isotopic data 

confirms that while integrated systems accelerate carbon turnover, they also provide a pathway 

for building stable organic matter pools that are often lost in degraded extensive pastures. 
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In summary, this research concludes that sustainable intensification is not a one-size-

fits-all approach but a spectrum of viable management strategies. For Western Amazonia, while 

well-managed monocultures ensure productive stability, the integration of native tree species 

represents the gold standard for multifunctional land use. To ensure the long-term resilience of 

the Amazonian regional economy and its ecosystems, public policies and management practices 

must prioritize the adoption of these intensified models, which transform naturally fragile soils 

into productive and stable carbon sinks. By doing so, it is possible to maintain the region's 

position as an agricultural powerhouse while restoring the intricate soil networks and carbon 

sinks that sustain the global environment. 

Finally, the presence of native forest fragments remains irreplaceable. These areas serve 

as vital repositories of specialized microorganisms and complex ecological interactions that are 

not fully replicated in managed systems. This underscores the fundamental importance of 

permanent preservation areas (APPs) and legal reserves within rural properties as sources of 

biological inocula and ecosystem stability. 


