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Intensification and diversification of degraded pasture areas in Brazil: potential of soil C

ABSTRACT

accumulation and mitigation of the climate changes

Pasture improvements in Brazil, where pastures occupy ~167 million ha, have great potential
for soil carbon (C) accumulation and to mitigate of greenhouse gases (GHG), such as the carbon dioxide
(COy). However, soil degradation on current pasture areas (> 50% are degraded) is an issue to be solved
through sustainable management. The aim of our current field study was to quantify soil C stocks and
to elucidate the processes, involved in the soil C accumulation in areas subjected to different intensive
and diversified systems of pasture management in Brazil. Treatments included fertilized pasture (FP),
integrated crop-livestock (ICL) and integrated livestock-forest (ILF), compared to the extensive form
(conventional management system) under contrasting climatic conditions (tropical humid, tropical
mesic and subtropical). To meet this goals, there wetre avaluaded i) the soil C stocks changes and the
soil organic matter (SOM) quality; ii) the relationships between the soil C and N stocks with the different
phosphorus (P) fractions; iii) the soil chemical and biochemical properties and, the soil bacterial
community structure to assess the controlling factors on soil C accumulation and, iv) the use
mathematical modeling to predict the soil C changes and GHG emissions. In general, the adoption of
more intensive and diversified systems of pasture management in areas previously used with extensive
management systems increased the soil C stocks and the soil C lability. Likewise, there was an
improvement in the soil chemical properties related to soil fertility, especially in soil P. The increase in
the labile P contents was directly proportional to the increase of the more labile SOM fractions.
Furthermore, the conversion of conventional management system to more intensive and diversified
pasture management systems, besides changing the soil chemical and biochemical properties and the
soil bacterial community structure, also modified the mechanisms that control the soil C accumulation.
According to the structural equation modeling, the improvement in the soil chemical properties was the
factor that most influenced in soil C accumulation. In addition, through long-term predictions
performed with the DayCent model, it was found that while extensively managed pastures were a GHG
source to the atmosphere, systems of pasture management, such as FP, ICL and ILF were GHG sinks.
Thus, for the conditions tested in this study the DayCent model proved to be an a efficient and cost-
effective tool to predict soil C pool changes and to monitor GHG emissions. Finally, it is believed that
the results found in this thesis can assist national initiatives aimed at restoring degraded pasture areas
(e.g., “ABC Plan”), as well as fits the scope of the Brazil’s NDC (Nationally Determined Contribution)
for mitigating GHG emissions (reduce emissions 37% by 2025 and 43% by 2030) through the increase
of the soil C stocks and, adopting sustainable pasture management systems.

Keywords: Sustainability; Integrated agricultural systems; SOM; P fractions; Soil bacterial community
structure; CO; emissions; Modeling



RESUMO

acumulo de C no solo e mitigagao das mudangas climaticas

Melhorar a qualidade das pastagens no Brasil, onde as mesmas ocupam ~167 milhées de ha,
tém grande potencial para acumulo de carbono (C) no solo e para mitigar gases de efeito estufa (GEE),
como ¢ o caso do didxido de carbono (CO3). No entanto, a degradacio do solo nas areas de pastagens
atuais (> 50% estdo degradadas) é um problema a ser resolvido por meio de sistemas sustentaveis de
manejo de pastagens. O objetivo do presente estudo de campo foi quantificar os estoques de C do solo
e elucidar os processos envolvidos no acimulo de C no solo em areas submetidas a diferentes sistemas
intensivos e diversificados de manejo de pastagens no Brasil. Os tratamentos incluiram pastagem
fertilizada (PF), integracio lavoura-pecuaria (ILP) e integracdo pecuatia-floresta (IPF), em comparacio
a forma extensiva (sistema de manejo convencional) sob condi¢es climaticas contrastantes (tropical
umido, tropical mesic e subtropical). Para atender a esses objetivos, foram avaliados i) as mudangas nos
estoques de C do solo e na qualidade da matéria organica do solo (MOS); ii) as relagdes entre os estoques
de C e N do solo com as diferentes fragdes do foésforo (P) do solo; iii) as propriedades quimicas e
bioquimicas do solo e a estrutura da comunidade bacteriana do solo, visando avaliar os fatores de
controle do acimulo de C no solo e, iv) o uso de modelagem matematica para prever as mudangas do
C do solo e as emissées de GEE. Em geral, a ado¢io de sistemas mais intensivos e diversificados de
manejo de pastagens em dreas anteriormente utilizadas com sistemas de manejo extensivos, aumentou
os estoques a a labilidade do C do solo. Da mesma forma, houve uma melhoria nas propriedades
quimicas do solo relacionadas a fertilidade, principalmente no P do solo. O aumento do contetdo de P
labil foi diretamente proporcional ao aumento das fragoes mais labeis da SOM. Além disso, a conversao
de sistemas de manejo convencionais para sistemas de manejo de pastagens mais intensivos e
diversificados, além de alterar as propriedades quimicas e bioquimicas do solo e a estrutura da
comunidade bacteriana do solo, também modificou os mecanismos de controle do acimulo de C no
solo. De acordo com a modelagem de equa¢oes estruturais, a melhoria nas propriedades quimicas do
solo foi o fator que mais influenciou no acumulo de C no solo. Além disso, por meio das predicdes a
longo prazo realizadas com o modelo DayCent, verificou-se que enquanto pastagens extensivamente
manejadas foram uma fonte de GEE para a atmosfera, sistemas de manejo de pastagens como FP, ICL
e ILF foram sumidouros de GEE. Assim, para as condi¢des testadas neste estudo, o modelo DayCent
provou ser uma ferramenta eficiente e econémica para prever mudangas nos reservatorios de C do solo
e monitorar as emissdes de GEE. Por fim, acredita-se que os resultados encontrados nesta tese podem
auxiliar as iniciativas nacionais voltadas para a restaura¢do de dreas de pastagens degradadas (ex: “Plano
ABC”), bem como se enquadram no escopo do NDC (Contribuigao Nacionalmente Determinada) do
Brasil para mitigagdo de emissGes de GEE (reduzir as emissGes em 37% até 2025 ¢ 43% até 2030)
através do aumento dos estoques de C no solo e da adogdo de sistemas sustentiveis de manejo de
pastagens.

Palavras-chave: Sustentabilidade; Sistemas agricolas integrados; MOS; Fra¢des do P, Estrutura da
comunidade bacteriana do solo; Emissdes de CO2; Modelagem
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1. GENERAL INTRODUCTION

Globally, pastures areas correspond to two-thirds (3.2 billion hectares) of the total agricultural land (4.8
billion hectares) (FAO, 2020). However, according to FAO (Food and Agriculture Organization) while the area with
cropland increased by 5% (on average by > 0.2% yr!), the land used for pastures showed a decreased of 2% (on
average by < 0.1% yr!) during 1990—2018. In this scenario, for the same period the highest reductions were observed
in Oceania (< 26%), Asia (< 3%), Europe (< 3%) and Africa (< 3%). The only exception was in North America (>
2%) and South America (> 1%), where there were increased in the pasture areas. More specifically in South America,
Brazil is the main represent accounting with ~167 million ha of pastures (MapBiomas, 2020).

The pastures areas corresponded to 66% of the total area occupied by the Brazilian agriculture sector in
2019 (Figure 1a). For the 1985-2019 period (Figures 1c and 1d), the pastures areas increased 1.27 million ha yr! while
the agriculture area incresed 1.15 million ha yr'l. However, according to estimates made by LAPIG (Laboratério de
Processamento de Imagens e Geoprocessamento) approximately 56% of the total pastures areas in Brazil has some
degree of degradation (Figure 1b). Due to the great importance of this theme, in recent years there has been an increase
in environmental and market pressures for Brazil to seek to identify and also propose new alternatives for the recovery
of pastures (Kehoe et al., 2019). For Sattler et al. (2017), the main cause of pasture degradation is a combination of
inappropriate land use (land use for which it is environmentally unsuitable) and inappropriate land management
practices (land use in ways that could be sustainable if managed properly, but practical necessary are not adopted).
According to Dias-Filho (2014), despite the concern with the high incidence of degraded pasture areas there is great

potential for increasing the productivity of national livestock by simply recovering these unproductive areas.

moderate

Sl

14.86%

2404 ; severe

200+ //’_/;;'48 23.78%
{

120
63.75
+

@ —— Agriculture sector —— Pasture  —— Agriculture
255.13
+

Bl

2804

Area (ha x10%)

804

0 ___/ 43.83%

0 . , , ; : : .
1985 1990 1995 2000 2005 2010 2015 2020 not degraded
Year

1985

<30.000 ha |
30.000 - 100.000 ha b~
100.000 - 200.000 ha Oy

= 200.000 - 400.000 ha &_

= 400.000 - 700.000 ha y

= > 700.000 ha ¥

Figure 1. Analyses of the pasture areas in Brazil (a), degree of degradation (b) and evolution during 1985 (c) and 2019 (b).
Source: LAPIG  (https://pastagem.org/atlas/map), MapBiomas (https://mapbiomas.org/en) and IBGE
(https:/ /www.ibge.gov.bt/).
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In general, the main regions of Brazil with the greatest proportions of degraded pastures are found in the
Midwest and Northeast (Figure 2a). These areas are located in agricultural frontier regions, and the stigma of non-
demanding activity in inputs and technology has resulted in an increase in degraded pasture areas (Dias-Filho, 2014).
Nevertheless, as previously discussed there is a great potential for increasing the productivity (UA /ha) of Brazilian pastures.
Indeed, estimates made by LAPIG indicate that there is a wide possibility of increasing pasture productivity throughout
Brazil (Figure 1b). Aware of this possibility, the Brazilian government together with research institutions seek to propose
new initiatives for the sustainable management of pastures. An important evolution in public policy initiatives in Brazil was
the creation of the ABC Plan (National Plan for Low Carbon Emission in Agriculture) in 2010. Among the goals of the
ABC plan is the recovery of 15 million hectares of degraded pastures through the adoption of more intensive and diversified
systems of pasture management, such as fertilized pasture (FP), integrated crop-livestock (ICL), integrated livestock-forest
(ILF). Additionally to the socioeconomic benefits (e.g., increase in annual income and job opportunities) of adopting these
management systems, the ABC plan aims to reduce approximately 1168-1259 million t COzeq of the estimated greenhouse
gas (GHG) emissions for 2020-year (3236 million t COzeq). Thereby, it is widely known that the carbon (C) sequestration
in the soil is one of the most effective strategies for curbing the carbon dioxide (CO5) emissions to the atmosphere (Paustian

et al. 2016; Minasny et al. 2017; Cotrufo et al. 2019; Shi et al. 2020).

vt
B < (0.7 UA/ha
B Not degraded 0.8-1.0 UA/ha

u‘,\j’-\/‘, ’
Y, Mild 1.1-22 UA/ha

/ /(v‘ f
‘ ‘_f o' ’ Moderate R\& 2.3-2.7UA/ha

B >34 UA/a

Figure 2. Spatialization of the degree of degradation (a) and the potential for intensification of pastures (b) in Brazil.

Soutce: LAPIG (https://pastagem.otg/atlas/map).

The soil plays as the main carbon (C) sink (2500 Pg C), being the largest soil C pool among the terrestrial
ecosystems (approximately 4 times of the C compartment of vegetation and 3.3 times the C of the atmosphere) (Lal, 2004).
In this sence, pastures have great potential for CO sequestration since estimates show that globally C accumulation in
pastures can be 50% higher than it is in forests (FAO, 2007). However, inadequate pasture management can reduce the
potential for C sequestration and mitigate the CO; emissions. Thus, the adoption of more intensive and diversified systems
of pasture management can be an efficient alternative to avoid soil C losses, ensuring the sustainability of the livestock

system.
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Despite the eminent potential for carbon accumulation and sequestration with the adoption of more intensive
and diversified systems of pasture management, few studies have been carried out in Brazil seeking to evaluate the processes
and dynamics of the soil C accumulation of these management systems. The conversion of extensive system of pasture
management to more intensive and diversified systems of pasture management still need more studies, including: i) assess
the changes in the stocks of soil C in the soil and in different soil organic matter (SOM) fractions; ii) evaluate the relationship
between the total soil C and N, SOM fractions with phosphorus (P) fractions; iii) the changes and the relationship between
the soil C pools, soil chemical and biochemical properties and the soil microorganisms (e.g., bacteria and fungi) and,
iiif) calibrate mathematical models for long-term predictions of soil C pool changes and to monitor GHG emissions. In
this context, the present doctoral thesis sought to raise answers to these questions as well as to outline future perspectives

on this topic in Brazil.

1.1. General hypothesis

Due to the large potential in total area for improvement and intensification of the pastures in Brazil, the
hypothesis of this thesis is that the adoption of more intensive and diversified systems of pasture management [fertilized
pasture (FP), integrated crop-livestock (ICL), integrated livestock-forest (ILF)] in areas previously used with extensive

management systems, promotes increases in the flow of C inputs in the soil and favoring the soil C accumulation.

1.2. General objective

The main objective of this study was to quantify soil C stocks and to elucidate the processes (SOM quality,
interactions with the soil chemical and biochemical properties, mathematical modeling), involved in the soil C
accumulation with the pastureland intensification and diversification in different climatic conditions (tropical humid,

tropical mesic and subtropical) in Brazil.

1.3. Thesis structure

To meet the hypothesis and objective proposed, this thesis will be organized in four chapters. The first
chapter will address the changes in the soil C stocks and the quality of SOM with the conversion from extensively
managed pastures to more intensive and diversified systems of pasture management. In the second chapter, the
relationship between the soil C and N stocks with the different P fractions will be analyzed, since phosphorus is a
limiting nutrient in tropical soils and few studies have been carried out with this theme. The third chapter seeks to
evaluate the relationship between soil C pools, soil chemical and biochemical properties with the soil bacterial
community structure, and to assess the controlling factors on soil C accumulation under different pasture management
systems. Finally, the fourth chapter aims to use the DayCent model to predict the soil C changes and GHG emissions

due to the pastureland intensification and diversification in Brazil.
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2. CHANGES IN SOIL CARBON INDUCED BY THE INTENSIFICATION AND
DIVERSIFICATION OF PASTURELAND IN BRAZIL

Abstract

The extensive system of pasture management in Brazil can reduce soil C stocks and increase CO; emissions to the
atmosphere. However, the adoption of sustainable management systems can change these conditions and enact
modern practices of natural resource management as defined by the concept of ecosystem setvices. A field study was
therefore carried out to assess the effects of adopting more intensive and diversified systems of pasture management
on the quality and stocks of soil C. Treatments included fertilized pasture (FP), integrated crop-livestock (ICL), and
integrated livestock-forest (ILF) and were compared to conventional management systems (CSs) under different soil
and climate conditions (tropical humid, tropical mesic and subtropical). C stocks of in the soil and in different SOM
fractions were determined in the top one-metre layer. Adopting ICL systems under the conditions of a tropical humid
and subtropical climate afforded increases in soil C stocks of 0.75 Mg ha! yr! and 0. 0.15 Mg ha! yr'!, respectively,
relative to the CS. Similarly, the conversion of a CS to FP (tropical humid climate) and ILF (tropical mesic climate) led
to increases in soil C stocks of 2 and 0.55 Mg ha! yr'!, respectively. The adoption of more intensive and diversified
systems of pasture management also increased C lability and management indices under all climate conditions. These
results can be serve as a scientific basis for government initiatives focused on recovering degraded pastures in Brazil
through the use of more sustainable management systems.

Keywords: Ecosystem services; Fertilized pasture; Integrated crop-livestock; Integrated livestock-forest; CMI.

2.1. Introduction

Given the need to produce food to support growth in the world population, anthropic activities end up
changing natural ecosystems (Gang et al., 2014; Galan-Acedo et al., 2019). However, the indiscriminate intensification
of land management can have negative consequences for regulating and supporting services, especially due to soil
degradation (Gounand et al., 2018). For Lal (2014). In addition to the on-site effects of soil erosion (e.g., degrading
soil quality and reducing agronomic/biomass productivity), off-site impacts include an increase in greenhouse gas
(GHG) emissions to the atmosphere. Accordingly, ecosystem services are a principal focus of contemporary
conservation strategies that, among other targets, apply measures aimed at reducing GHG emissions such as CO»
(Millennium ecosystem assessment, 2005).

Pastures have great potential for CO2 sequestration since estimates show that globally, C accumulation in
pastures can be 50% higher than it is in forests (FAO, 2007); as such, C accumulation in pastures also exceeds its
accumulation in agricultural areas (Li et al., 2017). Pastureland corresponds to approximately 40% of the total land area
worldwide (Wang and Fang, 2009). Between 1970 and 2005, pastureland grew by approximately 4% globally, and this
growth influenced the demand for food, including that for meat and milk (Sattari et al., 2016). In Brazil, most of the
land has been allocated to pasture, covering approximately 159 million hectares (IBGE, 2017) and representing
approximately 16% of the equivalent land area of Europe.

However, soil degradation in pastureland in Brazil makes it difficult to provide ecosystem services.

Estimates show that 50% to 70% of all pastuteland is degraded and/or in some stage of degradation, resulting in low

* Current status: submitted
Damian, J.M., Matos, E.S., Pedreira, B.C., Carvalho, P.C.IF., Premazzi, .M., Cerri, C.E.P., 2021. Changes in soil carbon
induced by the intensification and diversification of pastureland in Brazil. Ecological Indicators. Under Reviesw.
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grass yields; on average, the grass grown in these areas supports one animal unit per hectare (Dias Filho, 2014). In
addition, it is estimated that livestock activity is responsible for 44% of GHG emissions generated by the land use
sector in Brazil (SEEG 2016). To change these conditions, the Brazilian government created the ‘“ABC Program’,
which, among other initiatives, aims to restore areas degraded as a result of extensive grazing. Fertilization and the use
of pasture in integrated systems [e.g., integrated crop-livestock (ICL) and integrated livestock-forest (ILF) systems]| are
among the management improvements recommended by the ABC Program to meet this need. Overall, these strategies
aim at reducing areas of degraded pasture (Gil et al., 2016), increasing economic revenue (Thornton and Herrero,
2015), reducing net CO2 emissions (Cohn et al., 2014) and improving soil quality, especially the amount of soil organic
matter (SOM) (Assmann et al., 2015).

The greatest input of C and N to the soil occurs through the cycling of the shoot and root biomass of
different plant species and through animal waste, which has been made possible by more intensive and diversified
systems of pasture management. These factors can play a key role in increasing soil C stocks (Rasse et al., 2005;
Cardinael et al., 2015a; Upson et al., 2016); however, it is necessary to identify how these management systems influence
soil C stocks at deeper layers and how changes in attempts to recover soil can affect SOM dynamics. According to
Ghimire et al. (2019), pasture systems sequester more C than agricultural soils, but C is so sensitive to such disturbances
that accrued C is easily lost when pastures are cultivated. However, sustainable management systems that contribute
to belowground C inputs and reduce soil disturbance can accumulate C.

For Sato et al. (2019), more intensive and diversified systems of pasture management may present a positive
C balance, making it possible to recommend this cultivation system for sustainable intensification as an alternative to
mitigate GHG emissions. However, Sarto et al. (2020) reported that despite the importance of these management
systems for C sequestration, qualitative and quantitative data on soil C stocks in tropical regions are still lacking. Based
on these issues, the hypothesis of the present study is based on the assumption that the intensification and
diversification of extensively managed pastureland (conventional management system) can increase soil labile carbon
as well as the rate of soil carbon stocks in different carbon pools (SOM fractions). As such, the aim of the present
study was to assess the quality (lability index and carbon management index) and accumulation (stocks) of soil C
submitted to more intensive and diversified systems of pasture management under different soil and climate conditions

in Brazil.

2.2. Materials and Methods

2.2.1. Description of the study sites

Study sites were selected to assess the effects of integrated production systems on C dynamics in the soil
under contrasting soil and climatic conditions in Brazil (Fig. 1a). The first site is located in Nova Guarita, Mato Grosso,
midwestern Brazil (Lat.: 10° 9' 10.41"S; Long.: 55° 31' 49.53"W) at 380 m elevation. The prevailing soil at this site is
classified as an Oxisol (USDA, 2014), and the local climate is classified as Aw (K&ppen), tropical hot and humid with
a mean annual temperature of 25.9°C and a mean annual rainfall level of 2,628 mm. The second site is located in Nova
Odessa, Sao Paulo, southeastern Brazil (Lat.: 22° 75' 12"S; Long.: 47° 27' 81"W) at 550 m elevation. The prevailing soil
in this region is also classified as Oxisol (USDA, 2014), and the local climate is classified as Cwa (K6ppen), tropical

rainy with dry winter with a mean annual temperature of 20.2°C and a mean annual rainfall level of 1,262 mm. The
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third site is located in Eldorado do Sul, Rio Grande do Sul, southern Brazil (Lat.: 30° 05' 22"S; Long.: 51° 39' 08"W) at
46 m elevation. The prevailing soil in this region is classified as Ultisol (USDA, 2014), and the local climate is classified
as Cfa (Képpen), subtropical with a mean annual temperature of 19.3°C and a mean annual rainfall level of 1,398 mm.
More details about the climatic conditions in Mato Grosso (tropical humid), Sdo Paulo (tropical mesic) and Rio Grande

do Sul (subtropical) can be found in Fig. 1b.

Study sites
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Figure 1. Geographic location and the climatic characterization in the study sites during the 38-year period. Bars represent

the standard deviation of the mean values (n = 38). INMET (2019).

2.2.2. Systems of pasture management and soil sampling

To assess the benefits of more intensive and diversified systems of pasture management, at each site, pastures
under a variety of management regimes were identified and compared to pastures under conventional systems of

pasture management (extensive), which is mainly characterized by a lack of control over grazing pressure and no
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fertilization. Typically, pastures under conventional management in Brazil have stocking rates of below 0.8 animal units

per hectare (AU-ha™!) IBGE, 2017). Specifically, the following systems of pasture management were compared:

)

iii)

Tropical humid treatments include the conventional system (CS), fertilized pasture (FP), ICL with
maize/soybeans and ICL with rice/soybean. The site is located in the Amazonian biome, and since 2004,
its native vegetation has been removed for pasture implementation under conventional management
systems. In the CS (equivalent edaphoclimatic conditions), in 2012 and 2015, ICL systems and FP were
implemented, respectively, as the current land use.

Tropical mesic treatments include the conventional system (CS), ILF with rotational grazing and ILF
with no grazing. The site is located in the Atlantic Forest biome, where native vegetation was removed
to implement the CS in 1995. In the CS (equivalent edaphoclimatic conditions), ILF systems were
implemented in 2015 as the current land use.

Subtropical treatments include the conventional system (CS); ICL with no grazing, ICL with rotational
stocking and moderate-intensity grazing, ICL with continuous stocking and moderate-intensity grazing,
ICL with rotational stocking and low-intensity grazing and ICL with continuous stocking and low-
intensity grazing. The CS is located in the Pampa biome, and in 2003, it was chosen for the installation
of a long-term experiment focused on ICL. Forage supplies were defined as those presenting 2.5
(moderate grazing intensity) and 5 times (low grazing intensity) more daily consumption of dry matter
based on NRC (1985) data by lambs or lactating ewes. The resulting forage supplies reached 10 kg
(moderate grazing intensity) and 20 kg (low grazing intensity) of forage dry mass per 100 kg ha™! animal

live weight.

More details about the management systems adopted at these sites, the applied fertilization and soil texture

features can be found in Table 1.
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Table 1. Description of the study areas.

Climatic Tropical humid Tropical mesic Subtropical
condition
Description Brachiaria ruziziensis Germ. & C.M. Evrard was Brachiaria brizantha cv. Marandu was used as Lolium multiflornm Lam. was used for pasture in

Crop nutritional

used for pasture in CS, FP and ICL.

CS: In this management system is characterized
by grazing all year. The stocking rate is ~0.5
AU-ha .

FP: In this management system is charactetized
by grazing all year. The stocking rate is ~1.2
AU ha™%.

ICL: In this management system, the cultivation
petiod is divided by the crop (october to march)
and pasture (may to september) phase. The
stocking rate is ~1.8 AU-ha™".

15 kg ha! of N and 60 kg ha'! of PO on a yeatly

pasture in CS and ILF. Two rows of Aftican
mahogany trees (Kaya ivorensis A. Chev.)
spaced 15x5m away from each other were
used in ILF.

CS: In this management system is
characterized by grazing all year. The
stocking rate is ~0.7 AU-ha™'.

ILF: In the management system with
integrated livestock-forest with rotational
grazing, the grazing phase is between may
and january. The stocking rate is ~2.9
AUrha™L.

ICL. The prevailing grass speciein the CS
(Pampa) was Paspalum notatum Fligge.

CS: In this management system is characterized
by grazing all year. The stocking rate is
~0.6AUha"!.

ICL: In this management system, the
cultivation period is divided by the crop
(november to may) and pasture (july to
october) phase. The stocking rate is ~2.1
AUrha™L.

18 kg ha! of N and 40 kg ha'! of P2O and 40 kg

management basis. ha' of K2O on a yeatly basis.
Pasture 15 kg ha'! of N; 80 kg ha! of P-O and 40 kg ha- 100 kg ha! of N on a yearly basis. 150 kg ha! of N and 60 kg ha'! of PO and 60
nutritional P'of K20 on a yearly basis. Application of 2000 kg ha'! of K2O on a yearly basis. Application of
management kg ha' of limestone at the time of system 1000 kg ha! of limestone at the time of system
deployment. deployment.
Oxisol! Oxisol? Ultisol®
Layers Sand Silt Clay Sand Silt Clay Sand Silt Clay
(cm) g kg (gkg? (gkg" (gkg? (gkg") (gkg" (gkg? (gkg? (g kg™
0-10 620£21.23 6714.24 313+8.49 561+13.44 175£7.78 264+8.49 630%7.78 220£15.56 150%8.49
10-20 610+56.57 88£7.07 302£12.02 569+0.71 176+14.14  254%11.31 625%12.03 203+2.83 170%6.36
20-40 480£21.23 67£4.24 453%20.51 520%15.56 149+7.74 331£7.07 552+11.31 221£7.07 227£6.36
40-60 412+14.85 32£2.82 556+10.61 508+25.46 143£33.23  329+16.97 525+4.95 195£8.49 280%£5.66
60-80 333£72.83 4712.83 580+81.32 493+30.41 180%9.46 327%£5.66 415£7.07 201+4.24 384£19.80
80-100 385+3.53 29£2.12 585+28.25 492+46.67 179£17.68 329+4.58 350+9.90 185%4.95 464£24.75

CS, conventional system; FP, fertilized pasture; ICL, integrated crop-livestock and ILF, integrated livestock-forest .10Oxisol formed from tertiary sediments - the
clay fraction is predominantly formed by kaolinite and Al oxide (gibbsite) (Campos, et al., 2011); 20xisol formed from basalt rocks - the clay fraction is
predominantly formed by kaolinite, Fe oxides (goethite, hematite and magnetite/maghemite), Al oxide (gibbsite) (Cherubin et al., 2016); 3Ultisols formed by granite
rocks - the clay fraction is predominantly formed by kaolinite and Fe oxides (hematite and goethite) (Bayer et al., 2011).

Soil sampling was carried out in August and October 2017 at sites with tropical humid and subtropical
climates, respectively, and in January 2018 at sites with tropical mesic climates. Samples from the three assessed sites
under each management system were collected in cross-sections with nine sampling areas (repetitions) spaced 50 m
apart. The soil samples were collected at depths of 0-10, 10-20, 20-30, 30-40, 40-50, 50—60, 60-70, 70-80, 80-90 and
90-100 cm with a Dutch auger. In addition, a trench was opened to collect undeformed samples with a Kopeck ring
in each assessment location at the same depths listed above. This procedure was adopted to determine bulk density
(BD), which was subsequently used to calculate C and N stocks. BD values for each site under different climatic
conditions can be found in Supplementary Table S1. After collection, all soil samples were air dried, ground and sieved
to 2 mm for the other assessments.

The chemical attributes of soil samples from each management system and location were determined based
on the method described by Raij et al. (2001). The results can be found in Supplementary Tables S2 (tropical humid),

S3 (tropical mesic) and S4 (subtropical).
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2.2.3. Carbon and nitrogen stocks

Soil C and N stocks (Mg ha™!) were calculated by multiplying the total C and N (g kg~!) by BD (g cm~3) and
depth (cm). However, different management systems can change BD; eventually, the soil mass that represents a certain
soil depth can also vary. Thus, C and N stock comparisons for each treatment must be performed with equal soil
masses by adjusting the soil depth based on a reference site (Ellert and Bettany, 1995). It is necessary to find a new
depth for each site to represent the same soil mass at all study sites to correct the soil mass. The mass representing the

same soil mass is also used to accurately determine the soil C and N stocks (Eq. 1).

Equivalent depth = (BDcs/BDip) X RD 0

where the equivalent depth is the new depth found in a specific site (cm), BDcs is the BD of each CS in each location
(in g cm3), BDip is the BD of each more intensive and diversified system of pasture management in each location (g

cm™?), and RD is the reference depth (cm).

The conversion factors (CFs) for conversion from a CS to more intensive and diversified systems of pasture
management (FP, ICL and ILF) were calculated considering changes in soil C stocks with the CS used as a reference

as described in Eq. (2).

CF=CM/CS o

where CF = the conversion factor; CM = soil C stocks of each more intensive and diversified systems of pasture
management (Mg ha); and CS = soil C stocks of the CS (Mg ha").

The rate of soil carbon change associated with both more intensive and diversified systems of pasture
management was calculated based on the difference in C stocks measured between the current and previous systems

of pasture management as described in Eq. (3).

AC=(Cc-Cp)/T
(Cc-Cp) o
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where AC = the rate of soil catbon change (Mg ha! yr1); Cc = soil C stocks of the current system of pasture
management (Mg ha!); Cp = soil C stocks of the previous system of pasture management (Mg ha'!); and T = time

passed since pasture management conversion (years).

2.2.4. Physical fractionation of SOM and the carbon management index

The soil was physically fractionated using the granulometric method. We used sieved (2 mm - TFSA) air-
dried soil samples; the procedure required the use of soil samples from layers 0-10, 40-50 and 90-100 cm. These layers
were selected based on our previous analysis of the results of soil C and N stocks. In addition, other studies show that
these layers show differences related to the relative amount and type of plant C input and differences with respect to
the impacts of pastureland intensification that allow an adequate assessment of management practice impacts on SOM
dynamics (Mello et al., 2014; Oliveira et al., 2017a; Wade et al., 2019).

Fractionation required the use of 20 g of soil samples that were weighed and transferred to 100 mL glass pots,
to which 70 mL of distilled water was added. The samples were subjected to ultrasound treatment (model VC505) for
15 min at 70% (500 W) of the maximum power of the device. This procedure provided approximately 130 J mL-" of
energy to the samples (Sonics Vibra Cell) (Cambardella and Elliott, 1992; Christensen, 1992). After sonication, samples
were sieved through a set of 75 and 53 pm sieves. The fractions remaining on the 75 um sieve were separated employing
the densimetric method using distilled water at organomineral-F1 (coarse sand) and organic-F2 (coarse light) (75-2000
um). Fractions that passed through the 75 pm sieve were separated through a 53 um sieve. This sieving (53-75 pm)
separated the organomineral- F3 fraction (fine sand). The fraction passing through the sieve (< 53 um) was labelled
the organomineral-F4 fraction (silt+clay) (Feller and Beare, 1997). This identification of different fractions allowed us
to determine C and N concentrations (%) per dry combustion in an elementary analyser (Nelson and Sommers 1996)
for each SOM fraction.

The total C and N contents (g kg!) in the SOM fractions were calculated by multiplying the C and N
concentrations in each fraction by their corresponding mass. Finally, soil C and N stocks (Mg ha™!) for each SOM
fraction were calculated by multiplying the total C and N contents by BD and depth. Although the fractionation of the
SOM method used in this study showed a good recovery rate (average recovery of 95%), we emphasize that differences
between the values of C and N stocks in the soil and the different SOM fractions are acceptable. Other factors, such
as characteristics inherent to the soil type in view of its segregation according to the soil granulometry and mode of

soil management adopted, can increase or reduce these differences.

2.2.5. Carbon management index
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The SOM fractionation results allowed for the calculation of the C management index (CMI) originally

proposed by Blair et al. (1995) with adaptations made by Diekow et al. (2005). The CMI was determined using Eq. (4):

CMI=CPI x LI x100
*

where the CPI (carbon pool index) = the total soil organic C of each more intensive and diversified system of pasture
management (Mg ha™')/the total organic C of each conventional system (Mg ha™!); LI (lability index) = the soil C
lability of each more intensive and diversified system of pasture management/the soil C lability of the conventional
system; lability = labile C (Mg ha~')/non labile C (Mg ha™1); labile C = the total organic C in the light coarse fraction

(Mg ha™'); and nonlabile C = the total soil organic C — labile C.

2.2.6. Data Analysis

The analysis of variance (ANOVA) was used to test the differences in stocks of C and N in the soil and in
the different SOM fractions, and in the soil C management indices of each climatic condition (tropical humid, tropical
mesic and subtropical). The Tukey test was used to compare the means of the different systems of pasture management
(CS, FP, ICL and ILF). The principal component analysis (PCA) analysis was also performed to investigate the
relationship between stocks of C and N in the soil and in the different SOM fractions for each climate condition. All
analyses were conducted using Statistical Analysis System — SAS v.9.3 software (SAS Inc., Cary, USA). Significant

differences were evaluated at the 0.05 level.

2.3. Results

2.3.1. Stocks of C and N in the soil and in the different SOM fractions

The adoption of more intensive and diversified systems of pasture management resulted in an increase in
stocks of C and N in the soil and in the different SOM fractions. In general, for each pasture management system,
there was a reduction in soil C and N stocks with depth (Table 2). However, when comparing the layers (0-10, 10-20,
20-30, 30-40, 40-50, 50-60, 60-70, 70—80, 80-90 and 90-100 cm), the more intensive and diversified systems of pasture
management showed greater soil C and N stocks than the CS. This effect can especially be seen in the 0-10, 20-30, 40-

50 and 90-100 cm layers. The greater responses of the soil C and N stocks in these layers justify the assessment
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approach applied in this study to the 0-10 (Table 2), 0-30, 0-50 and 0-100 cm layers (Table 3); international initiatives

also recommend examining these layers to inventory soil C and N stocks IPCC, FAO and ‘4 per 1000 initiative).
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Table 2. Soil C and N stocks (Mg ha™!) in different systems of pasture management under tropical humid, tropical mesic and subtropical climate conditions.

Soil layers

Climatic Management

condition systems 0-10 cm 10-20 cm 20-30 cm 30-40 cm 40-50 c(r:nStOCkS 50-60 cm 60-70 cm 70-80 cm 80-90 cm 90-100 cm
[ 15.80%3.67b 11.14%3.52¢ 7.79£3.25¢ 6.9512.12¢ 7.4411.62b 7.72£1.98b 7.2911.64b 6.531£1.50b 5.8911.34b 0.98%0.15b
E ] FP 32.96t4.61a 28.6911.63a 23.9712.85a 19.881+1.09a 15.8116.48a 15.40%1.96a 12.60+1.23a 10.26+1.20a 8.80£1.02a 1.581+0.19a
Eg ICLss 22.6414.38b 20.18%6.50b 15.27+3.22b 11.99£2.33b 10.6412.64b 8.8411.99b 7.8411.24b 7.29£0.90b 6.4410.82b 1.74+1.39a
ICLxs 15.7917.40b 14.57+5.71c 9.97£1.98¢ 9.6614.14b 9.5814.34b 6.87£2.40b 5.67£1.98b 3.91£2.04¢ 3.90£2.44b 0.67£0.41b
_ CcS 20.65%8.94a 27.761£9.71a 23.17£7.71a 16.30£1.59b 13.78+1.31b 11.431+1.41b 9.331£1.60b 9.69t1.71b 8.18%£1.30b 7.6311.27b
‘g % ILFrG 21.51£6.57a 32.02111.09a 22.55%£3.97a 17.50£1.70b 14.57+1.20b 12.031£0.94b 10.931+1.34a 10.59%1.72b 8.50£1.76b 8.561£1.33b
e E IL.ExG 19.8745.29a 33.75%£5.33a 22.84%3.12a 19.74+1.96a 16.94+1.93a 14.531+1.78a 12.411+1.54a 12.60+1.58a 12.38+3.49a 10.82+1.50a
CcS 16.431+3.76b 11.21+2.21a 11.6212.02a 11.92+3.02a 11.82+1.77a 11.774£1.54a 11.78%2.05a 12.51+1.56a 10.27+2.15a 9.52+1.13a
_ ICLxG 11.0943.12b 11.48+3.85a 9.16£2.56a 9.1712.14a 8.5212.41b 8.68+3.05b 9.351£2.24b 7.631£2.81b 6.4211.752 3.2211.26b
»g ICLrnt 16.541+4.47a 11.32+2.75a 10.80%+1.37a 10.25+0.87a 8.70£0.40b 9.01£0.58b 9.14£1.58b 8.05£1.79b 6.8211.982 5.41£1.29b
% ICLen 19.53+2.31a 10.42+2.31a 10.5612.94a 9.06£2.86a 9.27£0.32b 8.98+2.93b 7.99£0.64b 7.15%£1.61b 4.7612.18a 3.57£3.86b
Z ICLx1. 16.59+4.51b 8.9914.552 10.55+4.92a 9.56t4.66a 10.17+1.56a 9.87£5.11b 7.78%0.77b 6.36£1.02b 5.28%1.332 4.67%1.85b
ICLcr 16.74+1.18b 8.75%1.18a 9.98%£3.91a 9.8916.17a 7.87£1.80b 9.76£5.35b 7.60£1.80b 7.20£3.10b 6.21£3.552 3.88£3.60b
N stocks
csS 1.30+0.21b 1.10+0.32b 0.69£0.32¢ 0.69£0.16b 0.70£0.25b 0.74£0.21b 0.76%0.23b 0.59£0.18b 0.66£0.192a 0.12£0.032a
Eﬁ ] FP 2.80£0.32a 2.57£0.12a 2.16%0.21a 1.69+0.22a 1.28+0.54a 1.27+0.18a 0.95%0.37a 0.90£0.232 0.70£0.222a 0.13£0.04a
§§ ICLas 1.55+0.26b 1.43+0.57b 1.02+0.20b 0.79£0.25b 0.70£0.29b 0.57£0.27b 0.5310.29b 0.51£0.17b 0.43£0.14b 0.12%0.11a
ICLgs 0.98+0.63b 0.80£0.35¢ 0.51£0.25¢ 0.60£0.24b 0.57£0.43b 0.58+0.32b 0.35%0.15b 0.24£0.16¢ 0.36£0.16b 0.05%0.14a
_ csS 1.53+0.76a 1.94+0.77a 1.55+0.62a 1.04+0.22a 0.84£0.27a 0.68%0.18a 0.5410.21a 0.64£0.21a 0.46£0.182 0.47£0.19b
-g % ILFxG 1.57+0.51a 2.30£0.76a 1.69+0.35a 1.32+0.33a 1.08+0.28a 0.88%0.21a 0.7610.28a 0.75%£0.24a 0.64£0.262 0.61£0.17a
e E ILFxnG 1.11+0.35a 1.87+0.47a 1.23+0.36b 1.11+0.18a 0.85%0.22a 0.74£0.152a 0.59£0.17a 0.55%0.12a 0.54£0.252 0.42£0.19b
cs 1.394+0.40b 1.21+0.35a 1.27+0.22b 1.17+0.45a 0.83%0.27b 1.24+0.18a 1.09+0.65a 1.23+0.74a 1.18+0.52a 1.024+0.71a
_ ICLxG 1.38+0.35b 1.394+0.57a 1.15+0.43a 1.09+0.33a 0.75%0.62b 1.07+0.68a 1.08+0.52a 7.47£0.43 1.13+0.37a 0.66£0.492a
g ICLiy 1.67+0.51a 1.0910.34a 0.99£0.252 0.97£0.052a 0.86%0.152 0.81£0.08b 0.95%0.232a 0.9210.22b 0.91£0.282 0.76£0.16a
_% ICLey 1.94+0.25a 1.04+0.25a 1.02+0.21a 0.94£0.21a 0.97£0.11a 0.92+0.17b 1.04+0.29a 1.01+0.11a 0.64£0.11a 0.55%0.47a
g ICLg1. 1.64£0.452 0.96+0.44a 1.08%£0.57a 0.99£0.68a 0.94+0.12a 1.07£0.77a 0.91£0.05a 0.88+0.13b 0.97+0.12a 0.7210.11a
ICLcr 1.631£0.20a 1.02£0.20a 1.0520.19a 1.02£0.34a 0.8210.16b 1.2310.45a 0.9610.23a 0.93+0.10b 0.8710.09a 0.6710.08a

Unless indicated otherwise, data are the meants.e.m. (n = 9). Different lower-case letters mean significant differences in the same soil layers at the different treatments (p < 0.05). Tropical humid: CS, conventional system; FP,
fertilized pasture; ICLas, integrated crop-livestock with maize/soybeans; ICLgs, integrated crop-livestock with rice/soybeans. Tropical mesic: CS, conventional system; ILFrg, integrated livestock-forest with rotational grazing;
ILFng, integrated livestock-forest with no grazing. Subtropical: CS, conventional system; ICLxg, integrated crop-livestock with no grazing; ICLryy, integrated crop-livestock with rotational stocking and moderate-intensity
grazing; ICLcy, integrated crop-livestock with continuous stocking and moderate-intensity grazing; ICLg:, integrated crop-livestock with rotational stocking and low-intensity grazing; ICLcy, integrated crop-livestock with
continuous stocking and low-intensity grazing.
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Table 3. Soil C and N stocks (Mg ha') in different systems of pastute management for four soil layers (0-10, 0-30, 0-50 and 0-

100 cm) under tropical humid, tropical mesic and subtropical climate conditions.

Climatic Management C stocks N stocks C stocks N stocks C stocks N stocks
condition systems 0-30 cm 0-50 cm 0-100 cm
- (O 34.74£9.21b 3.07£0.83b 49.14£11.06c ~ 4.4520.97b 77.54£15.52¢ 7.32£1.56b
E FP 85.62%7.70a 7.53%0.55a 121.31£10.97a  10.50£0.91a 169.96+14.01a  14.45+1.38a
'—g. ICLs 58.08%£12.07b  3.9920.87b 80.72%16.25b  5.49%1.24b 112.87+20.09b  7.65+1.88b
a ICLgs 40.34£11.83b  2.30%0.99¢ 59.58%19.28¢  3.47%1.46¢ 80.60+25.73¢ 5.06£1.48¢
% CsS 71.59£13.07a  5.03%£1.23b 101.66+14.72a  6.91£1.17b 147.94£18.73b  9.70+1.52b
Ti ILFrG 76.08£9.80a 5.59£0.84a 108.15+11.64a  7.97£1.29a 158.76+14.75a  11.61+2.18a
§ ILFxG 76.4618.49a 4.21+0.89b 113.14£10.792  6.18%1.21b 175.87£16.46a  9.02+1.79b
Cs 39.26£6.15a 3.87£0.95a 63.01£8.07a 5.88£1.54a 118.84+11.26a  11.64£1.11b
ICLxG 31.73%5.16a 3.92%0.79a 49.41%7.54a 5.76£1.47a 84.72+9.99b 17.19+0.85a
g ICLgm 38.66£8.15a 3.76£1.05a 57.62£8.65a 5.59%1.15a 96.05%13.39a 9.96£1.85b
e
—E ICLcum 40.53%2.86a 4.01£0.21a 58.86£2.93a 5.89£0.18a 91.32£7.57b 10.04+0.91b
ICLge 36.1314.66a 3.67£0.69a 55.86t5.11a 5.60£0.77a 89.82+7.12b 10.16+0.78b
ICLcL 35.47£6.17a 3.71£0.34a 54.75%5.34a 5.73%£0.45a 86.32+12.36b 9.82£0.86b

Unless indicated otherwise, data are the meants.e.m. (n = 9). Different lower-case letters mean significant differences in the same soil layers at
the different treatments (p < 0.05). Tropical humid: CS, conventional system; FP, fertilized pasture; ICLys, integrated crop-livestock with
maize/soybeans; ICLgs, integrated crop-livestock with rice/soybeans. Tropical mesic: CS, conventional system; ILFgg, integrated livestock-
forest with rotational grazing; ILFxc, integrated livestock-forest with no grazing. Subtropical: CS, conventional system; ICLxg, integrated crop-
livestock with no grazing; ICLgy, integrated crop-livestock with rotational stocking and moderate-intensity grazing; ICLcyy, integrated crop-
livestock with continuous stocking and moderate-intensity grazing; ICLgy,, integrated crop-livestock with rotational stocking and low-intensity
grazing; ICLcy, integrated crop-livestock with continuous stocking and low-intensity grazing.

Under a tropical humid climate, the adoption of FP gave an increase in soil C and N stocks in the 0-10, 0-30,

0-50 and 0-100 cm layers relative to the CS (Table 2 and Table 3), especially in the 0-100 cm layer, where increases

were valued at 92 Mg ha! (>119%) and 7 Mg ha! (>97%), respectively. The conversion of the CS to FP also increased

the C and N of the F4 SOM fraction (Tables 4 and 5) in each layer under evaluation (0-10, 40-50 and 90-100 cm),

particularly in the 0-100 cm layer, where the increments were 74 Mg ha! (>92%) and 7 Mg ha-! (>108%), respectively.

The F4 fraction also showed the greatest relative contributions between the SOM fractions of FP (Fig. 2a). For FP, C

and N stocks in this fraction represented 91% and 98%, respectively, while for the CS, the values were 76% and 91%,

respectively.



Table 4. C stocks in different SOM fractions (Mg ha!) subjected to different systems of pasture management under each climatic condition.
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Layers ‘Tropical humid Tropical mesic Subtropical
0-10 cm F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4
Cs 0.87£0.15a 1.35+0.14a 0.18£0.02a 10.87£0.30b (6N 0.37£0.04a 2.54£0.93a 0.15£0.08b  19.19%4.98b CS 0.69£0.15b 1.06£0.66b  0.67+0.05a 12.00£0.81b
FP 0.77£0.04a 0.87£0.02a 0.17£0.04a 22.50£0.42a ILFrc  0.44%0.07a 2.60£1.14a 0.30£0.052 23.59%3.73a ICLne  1.29%0.222 2.24%0.252 0.44£0.12a 11.64£1.05b
ICLys  0.93£0.12a 1.15+0.07a 0.13£0.01a 15.44£0.85b ILFxe  0.43%0.06a 2.24%0.81a 0.23£0.16a 20.55%2.65b ICLrv  1.16£0.06a 1.57£0.66a 0.61£0.07a 12.56£1.11b
ICLrs  0.66%£0.05a 3.32£0.96a 0.32£0.05a 11.81£0.75b ICLen 1.44%0.21a 2.41£0.42a 0.83%0.14a 15.77£0.87a
ICLr.  1.04£0.11a 2.06%0.63a 0.65£0.18a 13.77£1.43b
ICLc 1.20%0.13a 1.70£0.57a 0.80£0.18a 13.50£0.67b
40-50 cm
CS 0.50£0.06a 0.90£0.29b  0.07£0.02a 7.27£0.55b CS 0.40£0.01a 0.93£0.20a 0.05£0.01a 14.02£0.96a CS 0.18£0.03b  0.06£0.03b  0.18%0.01a 5.56£0.42b
FP 0.26£0.02b  0.14£0.02b  0.05%0.01a 11.8240.09a ILFr¢  0.30£0.01a 0.74%£0.19a 0.16£0.19a 12.824+0.92a ICIxg  0.36%0.04b  0.0940.03b  0.17£0.05a 11.2240.31a
ICLys  0.55+0.03a 0.23£0.05b  0.03%0.01a 6.16£0.03b ILFxG  0.34%0.02a 0.50£0.082 0.06£0.02a 15.74%2.08a ICLrm  0.44%0.06a 0.19£0.03a 0.16£0.07a 7.83%0.51a
ICLzs  0.60£0.08a 2.70£0.24a 0.16£0.01a 8.80£0.17b ICLew 0.49£0.08a 0.09+0.11b  0.06%0.02a 8.4410.32a
ICLr.  0.39%0.03a 0.10£0.03b  0.13£0.01a 9.61£0.27a
ICLc. 0.47£0.07a 0.13+0.06b  0.18%0.05a 9.87£0.62a
90-100 cm
Cs 0.09£0.01a 0.14£0.02b  0.01£0.00a 0.84£0.04b (6N 0.39£0.19a 0.44£0.13a 0.04£0.01a 7.66£1.30a (6N 0.29£0.03a 0.01£0.01b  0.35%0.04a 6.16%1.35a
FP 0.66£0.11a 0.37£0.07b  0.10£0.15a 5.94£0.10a ILFr¢  0.27%0.07a 0.81£0.31a 0.06£0.01a 7.14£0.50a ICILne  0.19%0.02a 0.02£0.02b  0.20£0.02a 3.91£1.06b
ICLvs  0.81£0.14a 0.16£0.05b  0.09£0.01a 4.56%0.14a ILFxg  0.32£0.04a 0.3710.11a 0.07£0.00a 11.02%1.55a ICLrv  0.20£0.02a 0.03+0.03a 0.29%0.13a 4.58%0.75a
ICLrs  0.72%0.19a 1.11£0.08a 0.12£0.01a 4.69£0.16a ICLen 0.18%0.01a 0.05£0.02a 0.15£0.01a 5.17£1.36a
ICLr.  0.21£0.02a 0.02+0.01b  0.22%0.02a 3.94£0.89b
ICLc. 0.16x0.01a 0.02£0.01b_ 0.19£0.03a 2.89£0.15b
0-100 cm
CS 6.31£0.88a 9.90£2.25b 1.20%0.32a 80.6816.36b CS 3.89£0.04a 14.89+2.73a  1.35+0.23a 154.53%16.71a CS 5.24%0.17b  4.68+0.57b  3.41+0.33a 78.691+2.75b
FP 5.07£0.31a 4.55£1.30b 1.0240.08a 155.05£2.95a ILFr¢  3.53%0.15a 13.71£2.47a  1.76£0.84a 165.64£7.76a ICIxg  6.74%0392a 9.421+0.36a 2.92+0.26a 96.4718.04a
ICLys  7.25%0.47a 1.37£0.08b  0.2810.04a 101.38+14.20b ILFxe  3.74%0.08a 13.04£0.81a  1.58%0.18a 171.90£5.30a ICLrm  6.99%0.56a 8.14%1.20a 3.30£0.39a 94.4417.54a
ICLzs  6.34%0.30a 30.5412.452  2.16%1.34a 95.93+17.25b ICLew  8.75%1.08a 10.35£0.99a  3.62+0.33a 105.06£3.61a
ICLr.  6.09%0.41a 8.39%1.03a 3.67£0.81a 109.25£6.45a
ICLa.  7.47£0.96a 8.02+1.86a 4.75%1.152 107.5243.23a

Unless indicated otherwise, data are the mean®s.e.m. (n = 3). Different lower-case letters mean significant differences in the same soil layers at the different treatments (» < 0.05). Tropical humid: CS, conventional system;
FP, fertilized pasture; ICLuys, integrated crop-livestock with maize/soybeans; ICLgs, integrated crop-livestock with trice/soybeans. Tropical mesic: CS, conventional system; ILFrg, integrated livestock-forest with rotational
grazing; ILFxG, integrated livestock-forest with no grazing. Subtropical: CS, conventional system; ICLng, integrated crop-livestock with no grazing; ICLgy, integrated crop-livestock with rotational stocking and moderate-
intensity grazing; ICLcy, integrated crop-livestock with continuous stocking and moderate-intensity grazing; ICLgy, integrated crop-livestock with rotational stocking and low-intensity grazing; ICLcy, integrated crop-livestock
with continuous stocking and low-intensity grazing.F1, organomineral fraction (75-2000 pm); F2, organic fraction (75-2000 pm); F3, organomineral fraction (53-75 um); F4, organomineral fraction (<53 pum).
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Table 5. N stocks in different SOM fractions (Mg ha') subjected to different systems of pastute management under each climatic condition.

Layers Tropical humid Tropical mesic Subtropical

0-10 cm F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4
CS 0.00£0.002*  0.04£0.01b 0.01£0.00a 0.95£0.05b (6N 0.00£0.00a*  0.09+0.05a  0.01£0.01b 1.09+0.45b CS 0.28£0.01b 0.05£0.04b 0.05£0.00b 0.94£0.08b
FP 0.00£0.00a  0.03%0.01b 0.00£0.00a 2.02£0.052 ILFrc ~ 0.00£0.00a  0.07£0.03a  0.02£0.04a 1.921+0.32a ICIne  0.19£0.01b 0.10£0.01a 0.11£0.02a 2.50£0.11a
1CLwss 0.00£0.00a  0.05£0.00b 0.00£0.00a 1.18%0.06b ILFxe  0.00£0.00a  0.07£0.05a  0.01+0.01b 1.39+0.21a ICLrm  0.34£0.02a 0.12£0.05a 0.06£0.01b 1.21%+0.16b
1CLgs 0.00£0.00a  0.13%0.05a 0.01£0.00a 0.98£0.04b ICLen 0.40£0.01a 0.18£0.03a 0.07£0.01b 1.31£0.09b

ICLr.  0.3410.03a 0.16%0.05a 0.06%0.01b 1.26%0.14b
ICLc. 0.35+0.01a 0.11£0.04a 0.08%0.01b 1.27£0.08b

40-50 cm
CS 0.00£0.002*  0.02%0.00b 0.00+0.002* 0.50+0.02b CS 0.00+£0.002*  0.01£0.01a  0.00+0.002* 0.8210.14a CS 0.14£0.04b 0.00+0.00a 0.05%+0.00a 1.02£0.04a
FP 0.00£0.00a 0.01+0.00b 0.00+0.002a 1.05%0.05a ILFrc 0.00£0.00a 0.01£0.00a  0.00+0.00a 1.02£0.27a ICIng  0.25%0.01a 0.00£0.00a 0.031£0.01a 0.98+0.05a
ICLwms 0.00£0.00a 0.02+0.00b 0.00+0.002a 0.52+0.04b ILFxG  0.00£0.00a2 0.02£0.00a  0.00£0.00a 1.05£0.18a ICLrm  0.26£0.03a 0.00+0.00a 0.03+0.01a 0.85+0.08a
ICLgs 0.00£0.00a 0.07£0.01a 0.00£0.00a 0.78+0.05b ICLcn 0.2810.02a 0.01£0.00a 0.02£0.02a 0.99+0.06a
ICLr.  0.231£0.02a 0.00+0.00a 0.03+0.00a 1.02£0.09a
ICLc 0.2240.03a 0.00£0.00a 0.0310.01a 1.03£0.09a
90-100 cm
CS 0.00£0.002*  0.000.00b 0.00+0.00a* 0.06+0.01b CS 0.00+0.002*  0.01£0.00a  0.00+0.00b 0.41£0.15a CS 0.14£0.01a 0.00+0.002* 0.07+0.01a 0.87+0.02a
FP 0.00£0.00a 0.03+0.00b 0.00+0.002a 0.56+0.05a ILFr¢  0.00£0.00a 0.03£0.02a  0.00£0.01a 0.44£0.16a ICIng  0.16£0.02a 0.00+0.00a 0.06+0.02a 0.76+0.01a
ICTLas 0.00£0.00a 0.00+0.00b 0.00+0.002a 0.421+0.04a ILFxg 0.00£0.00a 0.01£0.00a  0.01£0.02a 0.59+0.14a ICLrn  0.1410.01a 0.00£0.00a 0.08%0.03a 0.91+0.05a
ICLgs 0.00£0.00a 0.07+0.01a 0.00+0.002a 0.48+0.03a ICLem 0.17£0.03a 0.00+0.00a 0.0410.00a 0.941+0.05a
ICIr.  0.17£0.022 0.00£0.00a 0.08%0.01a 0.88+0.11a
ICLc. 0.15£0.01a 0.00+0.00a 0.06+0.01a 0.92+0.04a
0-100 cm
CS 0.00+£0.002*  0.2520.06b 0.05+0.032a 6.55+0.79b CS 0.00+£0.002*  0.48%+0.132  0.01+0.01b 9.70+1.21a CS 1.87£0.09b 0.31+0.08b 0.451+0.06a 9.51+0.12b
FP 0.00£0.00a 0.14+0.03b 0.03+0.01a 13.6510.46a ILFrG 0.00£0.00a 0.35+0.02a  0.024+0.02b 13.26+1.04a ICIng  2.0910.052 0.60£0.04a 0.8310.11a 15.49+1.32a
ICLwms 0.00£0.00a 0.23+0.01b 0.02+0.01a 7.33+0.98b ILFxG  0.00£0.00a 0.36£0.08a  0.09£0.01a 11.4310.58a ICIrm  2.77£0.18a 0.591+0.232a 0.4410.082a 10.52£1.19b
ICLgs 0.00£0.00a 1.20£0.192 0.10+0.06a 8.16+0.82b ICLecn 3.2010.12a 0.74%0.08a 0.4210.04a 10.931£0.61b

ICLri.  2.74%0.12a 0.62%0.22a 0.49£0.08a 11.1620.33b
ICLa.  2.62%0.54a 0.54£0.17a 0.56£0.09a 11.29£0.65b

Unless indicated otherwise, data are the mean®s.e.m. (n = 3). Different lower-case letters mean significant differences in the same soil layers at the different treatments (p < 0.05). Tropical humid: CS, conventional system; FP, fertilized
pasture; ICLuys, integrated crop-livestock with maize/soybeans; ICLgs, integrated crop-livestock with rice/soybeans. Tropical mesic: CS, conventional system; ILFg, integrated livestock-forest with rotational grazing; ILFx, integrated
livestock-forest with no grazing. Subtropical: CS, conventional system; ICLxg, integrated crop-livestock with no grazing; ICLryy, integrated crop-livestock with rotational stocking and moderate-intensity grazing; ICLcy, integrated
crop-livestock with continuous stocking and moderate-intensity grazing; ICLgy, integrated crop-livestock with rotational stocking and low-intensity grazing; ICLcy, integrated crop-livestock with continuous stocking and low-intensity
grazing.F1, organomineral fraction (75-2000 um); F2, organic fraction (75-2000 pm); F3, organomineral fraction (53-75 pm); F4, organomineral fraction (<53 pm).*Below detection limit.
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Figure 2. Relative contributions of different SOM fractions subjected to different systems of pasture management in the
0-100 cm layer under tropical humid (a), tropical mesic (b) and subtropical (c) climate conditions. Different lower-case
letters mean significant differences in the same SOM fractions at the different treatments (p < 0.05). Tropical humid: CS,
conventional system; FP, fertilized pasture; ICLys, integtated crop-livestock with maize/soybeans; ICLgs, integtated crop-livestock with
rice/soybeans. Tropical mesic: CS, conventional system; ILFrg, integrated livestock-forest with rotational grazing; ILFxg, integrated
livestock-forest with no grazing. Subtropical: CS, conventional system; ICLng, integrated crop-livestock with no grazing; ICLgay,
integrated crop-livestock with rotational stocking and moderate-intensity grazing; ICLcy, integrated crop-livestock with continuous
stocking and moderate-intensity grazing; ICLgy, integrated crop-livestock with rotational stocking and low-intensity grazing; ICLc,

integrated crop-livestock with continuous stocking and low-intensity grazing.

The conversion of the CS to ICL under a tropical humid and subtropical climate also afforded increases in
stocks of C and N in the soil and in the different SOM fractions. ICL with maize/soybeans under the tropical humid
climate showed the greatest increments relative to the CS, where the increase in the 0-100 cm layer reached 35 Mg ha-
1 (>46%). Under the subtropical climate, the greatest effects were found in the 0-10 c¢m layer, where ICL with
continuous stocking and moderate-intensity grazing presented the largest increase in soil C and N stocks relative to

the CS of 3 Mg ha'! (>19%) and 0.55 Mg ha! (>40%), respectively. For the SOM fractions, the greatest effects of the
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conversion of the CS to the ICL management systems under the tropical humid and subtropical climates were found
for C and N of the F2 fraction (Tables 4 and 5). For the tropical humid and subtropical climates, respectively, the ICL
with rice/soybeans and ICL with continuous stocking and moderate-intensity grazing showed average increases in C
and N stocks of the F2 fraction of 13 Mg ha! (>165%) and 0.68 Mg ha'! (>259%) in the 0-100 cm layet, respectively.
The greater effects of these management systems on C and N of the F2 fraction can also be seen from the larger
relative contributions of this fraction relative to the CS (Fig. 2a and 2c¢). On average, for ICL with rice/soybeans and
ICL with continuous stocking and moderate-intensity grazing, the C and N stocks of the F2 fraction represented 13%
and 8%, respectively, while for the CS, these values were 7% and 3%, respectively.

Under the tropical mesic climate with the adoption of the ILF management systems, the greatest effects on
the stocks of soil C and N were found in the 0-100 cm layer (Table 3). For this layer, ILF with rotational grazing
especially stands out, with this management system showing increases of 12 Mg ha! (>8%) and 2 Mg ha' (>20%),
respectively, relative to the CS. ILF with rotational grazing also displayed the greatest increases in C and N in the SOM
fractions, particularly in the 0-10 cm layer (Tables 4 and 5). The increases in this layer occurred in the F3 and F4
fractions, where the respective values were 15 Mg ha'! (>100%) and 4 Mg ha"! (>23%) for C and 0.01 Mg ha-! (>100%)
and 0.83 Mg ha'! (>76%) for N. The relative contributions of these fractions (F3 and F4) to the C and N stocks under
ILF with rotational grazing were 0.89% and 89% for C and 0.65% and 97% for N, respectively (Supplementary Fig.

S1d). For the CS, these values were 0.54% and 81% for C and 0.04% and 85% for N, respectively.

2.3.2. Principal component analysis of stocks of C and N in the soil and in the different SOM

fractions

From a principal component analysis (PCA), it was possible to determine the relationship between stocks of
C and N in the soil and in the different SOM fractions for each climate condition. The PCA also helped us understand
the mechanisms of C and N accumulation affecting different soil pools with the conversion of the CS to more intensive
and diversified systems of pasture management. For FP under the tropical humid climate, as seen in the 0-100 cm layer
(Fig. 3a and 3b) and the 0-10, 40-50 and 90-100 cm layers (Supplementary Figs. S2a-S2c¢), there was a close relationship

between this management system and soil C and N and the C and N of the F4 SOM fraction.
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Figure 3. Principal component analysis (PCA) applied to the different systems of pasture management in the 0-100 cm

layer under tropical humid (a and b), tropical mesic (c and d) and subtropical (e and f) climate conditions. Tropical humid:
CS, conventional system; FP, fertilized pasture; ICLas, integrated crop-livestock with maize/soybeans; ICLgs, integrated crop-livestock
with rice/soybeans. Tropical mesic: CS, conventional system; ILFgg, integrated livestock-forest with rotational grazing; ILFxc, integrated
livestock-forest with no grazing. Subtropical: CS, conventional system; ICLng, integrated crop-livestock with no grazing; ICLgw,
integrated crop-livestock with rotational stocking and moderate-intensity grazing; ICLcy, integrated crop-livestock with continuous
stocking and moderate-intensity grazing; ICLgy, integrated crop-livestock with rotational stocking and low-intensity grazing; ICLct,
integrated crop-livestock with continuous stocking and low-intensity grazing. TC, total soil C; TN, total soil N; CF1, C of the F1 fraction
of SOM; NF1, N of the F1 fraction of SOM; CF2, C of the F2 fraction of SOM; NF2, N of the F2 fraction of SOM; CF3, C of the F3
fraction of SOM; NF3, N of the F3 fraction of SOM; CF4, C of the F4 fraction of SOM; NF4, N of the F4 fraction of SOM.

Under tropical humid and subtropical conditions, the ICL. management systems were closely related, mainly
due to C and N in the soil and in the F2, F3 and F4 SOM fractions (Fig. 3a and 3e). For the tropical humid climate,
ICL with rice/soybeans established a particular relationship with C and N of the F2 fraction in the 0-100 cm layer (Fig.
3a and 3b) and in the 0-10, 40-50 and 90-100 cm layers (Supplementary Figs. S2a-S2¢). However, for ICL with
maize/soybeans, a relationship was only found with C of the F1 fraction in the 0-100 cm and 0-10 cm layers. For the
subtropical climate, an important relationship was found between ICL with rotational stocking and moderate-intensity

grazing and ICL with continuous stocking and moderate-intensity grazing and soil C and N and with C from the F3
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and I'4 fractions in the 0-100 cm layer (Fig. 3e and 3f) and in the 0-10 and 90-100 cm layers (Supplementary Figs. S2g
and S2i).

For the ILF management systems under tropical mesic conditions, the relationship between ILF with
rotational grazing and C and N of the F2 fraction in the 0-100 c¢m layer (Fig. 3¢ and 3d) and in the 0-10, 40-50 and 90-
100 cm layers (Supplementary Figs. S2d-S2f) is noteworthy. A relationship was found between ILF with no grazing

and C and N of the F3 fraction in the 0-100 cm layer and in the 0-10, 40-50 and 90-100 cm layers.

2.3.3. Soil-carbon management indices

In general, the Clability (LI), pool (CPI) and management (CMI) indices under more intensive and diversified
systems of pasture management were higher than those found under the CS and were sensitive to changes in the
management system under the different climate conditions. For these indices (LI, CPI and CMI), FP presented superior
values to those of the CS for almost all of the layers under evaluation (Supplementary Figs. S3a-S3c and S4a-S4c). In

the 0-100 c¢m layer, the indices were 250% (Fig. 4a), 94% (Fig. 4b) and 86% (Fig. 4c) higher than those of the CS,

respectively.
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Figure 4. Carbon lability (LI), pool (CPI) and management (CMI) indices in different systems of pasture management in
the 0-100 cm layer under tropical humid (a, b and c), tropical mesic (d, e and f) and subtropical (g, h and i) climate conditions.
Different lower-case letters mean significant differences in the same soil C management indices at the different treatments
(» <0.05). Tropical humid: CS, conventional system; FP, fertilized pasture; ICLus, integrated crop-livestock with maize/soybeans; ICLgs,
integtrated crop-livestock with rice/soybeans. Tropical mesic: CS, conventional system; ILFgg, integrated livestock-forest with rotational
grazing; ILFNG, integrated livestock-forest with no grazing. Subtropical: CS, conventional system; ICLxg, integrated crop-livestock with
no grazing; ICLryy, integrated crop-livestock with rotational stocking and moderate-intensity grazing; ICLcyy, integrated crop-livestock
with continuous stocking and moderate-intensity grazing; ICLg;, integrated crop-livestock with rotational stocking and low-intensity

grazing; ICLcy, integrated crop-livestock with continuous stocking and low-intensity grazing.

LI, CPI and CMI were also higher than CS for the ICL management systems under tropical humid and
subtropical climate conditions. Undet the tropical humid climate, ICL with maize/soybeans gave the best results for
these management indices, particularly in the 0-100 cm layer. Under this management system, the results for LI, CPI
and CMI were 396% (Fig. 4a), 54% (Fig. 4b) and 73% (Fig. 4c) higher, respectively, than those of the CS. For the
subtropical climate, the CPI was no higher under the ICL management systems than under the CS in the 40-50
(Supplementary Fig. S3h), 90-100 (Supplementary Fig. S3i) and 0-100 cm (Fig. 4h) layers. However, IL and CMI
showed higher indices than those of the CS. ICL with continuous stocking and moderate-intensity grazing showed the
highest indices for the 0-100 cm layer, with respective values 156% (Fig. 4g) and 13% (Fig. 4i) greater than those under
of the CS.

The ILF management systems under the tropical mesic climate also showed higher values for LI, CPI and
CMI than the CS for each layer under evaluation (Supplementary Figs. S3d-S3f and S4d-S4f). The values of these
indices in the 0-100 cm layer were similar under ILF with rotational grazing and ILF with no grazing. The average

values were 96% (Fig. 4d), 14% (Fig. 4¢) and 15% (Fig. 4f) higher than those under the CS, respectively.

2.3.4. Conversion factors and rates of change in soil carbon stock

The effect of converting the CS into more intensive and diversified systems of pasture management generally
had a positive effect on the rate of soil carbon change and the conversion factor under the different climate conditions.
The conversion of the CS to FP contributed to an increase in the rate of soil carbon change and in the conversion
factor in all layers (0-10, 0-30, 0-50 and 0-100 cm) with an average increases for the 0-100 cm layer recorded at 2 Mg

ha! yr! (Fig. 52) and 1.45 (Fig. 5b), respectively.
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Figure 5. Rate of soil carbon change (a) and conversion factor (b) associated with the conversion from conventional system
to more intensive and diversified systems of pasture management for four soil layers (0-10,0-30, 0-50 and 0-100 cm) under
the different climatic conditions (tropical humid, tropical mesic and subtropical). The baseline is the soil C stocks in CS.
Different lower-case letters mean significant differences in the same soil layers at the different treatments (p < 0.05). Tropical
humid: CS, conventional system; FP, fertilized pasture; ICLys, integrated crop-livestock with maize/soybeans; ICLzs, integrated crop-
livestock with tice/soybeans. Tropical mesic: CS, conventional system; ILFrg, integrated livestock-forest with rotational grazing; ILFxe,
integrated livestock-forest with no grazing. Subtropical: CS, conventional system; ICLxg, integrated crop-livestock with no grazing;
ICLry, integrated crop-livestock with rotational stocking and moderate-intensity grazing; ICLcy, integrated crop-livestock with
continuous stocking and moderate-intensity grazing; ICLgy, integrated crop-livestock with rotational stocking and low-intensity grazing;

ICL¢, integrated crop-livestock with continuous stocking and low-intensity grazing.

There was also an increase in the rate of soil carbon change and in the conversion factor for almost all of the
layers under evaluation when converting the CS to the ICL management systems under a tropical humid and

subtropical climate. Under the tropical humid climate, in converting the CS to ICL with tice/soybeans and to ICL with
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maize/soybeans, the greatest effects on the rate of soil carbon change and on the conversion factor wete seen in the
0-30, 0-50 and 0-100 cm layers, where for the 0-100 cm layer, these management systems presented average increases
of 0.75 Mg ha! yr'! (Fig. 5a) and 1.41 (Fig. 5b), respectively. In converting the CS to the ICL. management systems
under a subtropical climate, the greatest effects on the rate of soil carbon change and on the conversion factor were
seen in the 0-10, 0-30 and 0-50 cm layers. However, when the 0-100 cm layer is considered, ICL with rotational stocking
and moderate-intensity grazing and ICL with continuous stocking and moderate-intensity grazing stand out with
respective average increases of 0.15 Mg ha! yr! (Fig. 5a) and 1.16 (Fig. 5b), respectively.

There was an increase in the rate of soil carbon change and in the conversion factor when converting the CS
to the ILF management systems under a tropical mesic climate, especially in the 0-30, 0-50 and 0-100 c¢m layers. For
the 0-100 cm layer, the conversion of the CS to ILF with rotational grazing and ILF with no grazing showed average

increases of 0.55 Mg ha'! yr! (Fig. 5a) and 1.12 (Fig. 5b), respectively.

2.4. Discussion

2.4.1. Effect of adopting more intensive and diversified systems of pasture management on C

and N stocks in the soil and in different SOM fractions

In general, soil C and N stocks decreased significantly with depth under each system of pasture management
(Table 2). For Ngaba et al. (2020), this effect is due to the topsoil being more biologically active and to the greater
contributions of roots relative to the subsoil. The same authors report that understanding the effect of depth on soil
C and N stocks is important, as it influences mechanisms of soil sequestration. Indeed, in this study, the greatest effects
of the more intensive and diversified systems of pasture management on soil C and N stocks relative to the CS were
found in the 0-10, 20-30, 40-50 and 90-100 cm layers. Segnini et al. (2019) found similar results for these layers when
evaluating the intensification of pastureland in relation to a CS. According to Mello et al. (2014), the evaluation of soil
C balance in the 0-30 cm, 0-50 cm and 0-100 cm layers is suitable to provide more complete information on the effects
of land use change in Brazil. To assess the efficiency of pasture management systems for storing C and N, it is therefore
recommended that evaluations be carried out to a depth of at least 1 m. For these and other reasons (see Sections 2.4
and 3.1), the 0-10, 0-30, 0-50 and 0-100 cm layers were considered in the present study in evaluating differences in C
and N stocks resulting from the adoption of more intensive and diversified systems of pasture management.

The adoption of FP, relative to the adoption of a CS, under tropical humid conditions increased soil C and

N stocks in the 0-10, 0-30, 0-50 and 0-100 cm layers (Tables 2 and 3). This result shows that applying mineral fertilizers
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is an important alternative means of increasing the soil C and N stocks of pastures under a CS in such conditions.
Mineral fertilizers mainly provide nutrients such as N, P, and Ca through the application of limestone; in weathered
soils, such as the soils found under these climate conditions, these nutrients are naturally deficient (Damian et al.,
2020). Improving soil fertility affords greater inputs of C and N via plant biomass due to improvements in the
productive environment of the soil under pasture (Chan et al., 2010) and to an increase in root biomass (C and N
uptake by roots) (Coonan et al., 2019). In addition, Chen et al. (2018) found that the application of N reduces the
activity of lignin-modifying enzymes, increasing recalcitrant soil C that acts to protect the most stable C from
degradation. The observed increased accumulation of C and N in the soil under FP can be explained by increases in
the stocks (Tables 4 and 5) and relative contributions (Fig. 2a) of C and N in the F4 SOM fraction within each layer
of soil. The F4 fraction is related to the greater stability of C and N due to mineral-SOM interactions occurring in the
soil microaggregates (Li et al., 2017; Roscoe et al., 2001).

For the ICL management systems under tropical humid and subtropical conditions, the adoption of these
management systems was efficient in increasing soil C and N stocks, especially under ICL with maize/soybeans
(tropical humid) and ICL with continuous stocking and moderate-intensity grazing (subtropical) (Table 3). This result
corroborates the results of other studies showing that ICL. management systems, due to the presence of various crops
together with an animal component, increase the amount and quality of biomass above and below ground, contributing
to increases in soil C and N stocks (Assmann et al., 2015; Carvalho et al., 2010; Salton et al., 2014). This effect can be
seen from the increase (Tables 4 and 5) and relative contributions (Figs. 2a and 2¢) of C and N stocks in the F2 SOM
fraction under ICL with rice/soybeans (tropical humid) and ICL with continuous stocking and moderate-intensity
grazing (subtropical), since this fraction includes the least-transformed plant residue in the soil. For ICL with
rice/soybeans, the effect can be attributed to the greater resilience of SOM, which is a result of planting rice and
soybeans in succession (Brar et al., 2013). For ICL with continuous stocking and moderate-intensity grazing, the results
show that this management system improves the efficiency of animal contributions, favouring the SOM fractions
responsible for supplying energy to soil microorganisms (F2) and for C and N cycling in the soil (Matsuoka et al., 2003;
Brandani et al., 2017).

Under the conditions of a tropical mesic climate, the ILF management systems also showed positive results,
such as an increase in C and N in the soil and in the different SOM fractions. ILF with rotational grazing had the
highest stocks of soil C and N in the 0-100 cm layer (Table 3). This can be attributed to the tree-like component,
which, despite the short period since planting, contributed to an increase in C and N stocks, mainly due to the capture
of more resources, such as solar radiation and water (Upson et al., 2016). Another important factor is the animal

component, where the input of urine and manure results in the continuous recycling of C and N over time (Liu et al,,
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2011). ILF with rotational grazing also showed the largest increase (Tables 4 and 5) and relative contributions
(Supplementary Fig. S1d) of C and N stocks in the F3 and F4 SOM fractions of the 0-10 cm layer. These results show
that the combination of animal waste and tree litter favours an increase in the soil C fractions in the intermediate
recalcitrant phase (FF3) and in the more recalcitrant fractions (I'4) (Fontaine et al., 2007).

Among the main effects of changes in soil C occurring with the adoption of management systems with FP,
ICL and ILF, we highlight the potential for a reduction in the decomposition of SOM. For Reay et al. (2008), the
reduction of microbial decomposition is a key process in increasing soil C stocks. In this sense, Carvalho et al. (2010)
reinforced the high capacity of more intensive and diversified systems of pasture management to accumulate C in
deeper soil layers through the accretion and deposition of degradation-resistant organic material. However, further
large-scale studies should be carried out to understand the biochemical processes involved in the long-term stability of
soil C under these management systems.

In general terms, it should be noted that the data show that the more weathered soils are (tropical humid >
tropical mesic > subtropical), the greater the stocks of C and N in the various SOM fractions will be and the greater
relative contributions of C and N in the silt- and clay-related fractions will become (e.g., F3 and F4). This reaffirms the
need for studies conducted under different climate conditions and with different soil classes to establish more intensive
and diversified systems of pasture management, particularly due to the great heterogeneity of the soil and climate in
Brazil. The results also confirm the assertions of Lehmann and Kleber (2015), who emphasize the importance of
further study on the interactions of SOM with minerals in the soil to understand their dynamics in different ecosystems.

Recently, Lavallee et al. (2020) proposed a conceptual method based on mineral-SOM interactions [particulate
organic matter (POM) and mineral-associated organic matter (MAOM)] to understand the formation, persistence, and
functions of SOM. The authors found that according to the microbial efficiency-matrix stabilization hypothesis, lower-
quality plant inputs should favour the formation of POM, while higher-quality plant inputs should result in greater
MAOM formation. In the present case, as the POM (the F1 and F2 fractions in this study) is controlled by microbial
and enzymatic inhibition, it has less persistence in the soil than the MAOM (the F3 and F4 fractions in this study);
MAOM persistence is controlled by interactions with the soil mineral matrix. Despite not being evaluated in this study,
the higher quality and greater quantity of animal and plant inputs resulting from the adoption of more intensive and

diversified systems of pasture management modify the mechanisms that regulate the stocks and persistence of soil C.

2.4.2. Relating stocks of C and N in the soil to the different SOM fractions for systems of

pasture management under different climatic conditions
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From the relationship between stocks of C and N in the soil and the different SOM fractions obtained from
the PCA under the various systems of pasture management, no relationship could be found for these attributes in the
CS for any of the climate conditions under evaluation (tropical humid, tropical mesic or subtropical) (Fig. 3a, 3¢ and
3e). Accordingly, it can be concluded that in a CS, dynamic processes of SOM and of C and N accumulation in the
various compartments are relatively slow. Furthermore, a CS is highly dependent on inputs of C and N from the
biomass of the grass used (de Moraes S4 et al., 2018).

For the more intensive and diversified systems of pasture management such as FP (tropical humid), ICL
(tropical humid and subtropical) and ILF (tropical mesic), the results of the PCA corroborate those shown in Section
4.1. In this case, the adoption of these management systems increases stocks of C and N in the soil and in the different
SOM fractions in relative to the CS. The intensification and diversification of areas of pasture under the CS through
fertilization and the correction of soil acidity (liming), in addition to the greater diversity of plants with different root
systems, favour greater C and N cycling and accumulation in the soil (Tracy and Zhang, 2008; Chavez et al., 2011;
Tivet et al., 2013). These properties are confirmed by the stronger relationship found between the more intensive and
diversified systems of pasture management and the C and N of the SOM fractions influenced by continuous inputs of
plant biomass (F1 and F2 fractions). Lin et al. (2020), in evaluating the period of pasture rotation, found the percentage
increase in coarse fractions (F1 and F2 fractions) to be three times that of finer fractions (F3 and F4 fractions) from

pasture years 1 to 5.

2.4.3. Soil C management indices under more intensive and diversified systems of pasture

management

The indicators of C management, i.c., the lability (LI), pool (CPI) and management (CMI) indices, were
sensitive in showing changes in systems of pasture management under the different climate conditions (Fig. 4;
Supplementary Fig. S3 and S4). This corroborates the results of Oliveira et al. (2017), who report that the methodology
used to calculate the indicators of C management through the physical fractionation of SOM described by Diekow et
al. (2005) is the most effective in describing management changes in tropical and subtropical regions. In addition, it
should be noted that among these indices, the CMI in particular allows gains or losses in soil quality to be assessed in
terms of the increase in C that occurs with a change in management systems.

For FP under the tropical humid climate, for each index under evaluation (LI, CPI and CMI), this
management system was superior to the CS, where the average increase was 140% (Fig. 4a-4c). The increase in these
indices observed relative to the CS suggests that the increase in grass biomass (Brachiaria) above and below ground is

the result of mineral fertilization. LI and CMI in particular are highly dependent on the continuous input of C via plant
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biomass (Rumpel & Kogel-Knabner, 2011). It should also be noted that the addition of nutrients such as N may heavily
influence the physiological pathways of C. In this case, soluble forms of C may also be related to increases in LI and
CMI under FP relative to those under a CS (Duval et al., 2016).

The ICL management systems under a tropical humid and subtropical climate showed the greatest increases
in LI and CMI relative to the CS. These increases were 145% (Fig. 4a and 4 g) and 43% (Fig. 4c and 4i), respectively,
in the 0-100 c¢m layer. Among the ICL management systems evaluated under the tropical humid climate, ICL with
maize/soybeans showed the greatest increases in LI and CMI. According to Loss et al. (2013), a mixture of
soybeans+maize+grass (brachiaria)+animal waste slows SOM decomposition. This process increases the amount and
resilience of the labile SOM fractions (F1 and F2), which are the fractions with the most influence on LI and CMIL.
Under the subtropical climate, ICL with continuous stocking and moderate-intensity grazing showed the greatest
increases in LI and CMI. Assmann et al. (2014) and Silva et al. (2014), in studies of different grazing intensities under
a subtropical climate, found higher respective values of 43% and 22% for LI and of 60% and 27% for CMI under
moderate grazing intensities relative to intensive grazing. In addition, the system of continuous animal management
adopted in the area may have contributed to the increase in these indices, particularly due to higher inputs of animal
waste. Animal waste is associated with enzymes (e.g., 8-glucosidase, proteases and alkaline phosphatase) directly or
indirectly responsible for SOM dynamics and with the accumulation of C in labile form in the soil (Alef et al., 1995;
Nunan et al., 20006).

Under the tropical mesic climate, despite the short period since implementation, the ILF management
systems contributed significantly to increases in LI, CPI and CMI relative to the CS (Fig. 4d-4f). These results
corroborate studies that indicate that such effects are mainly due to ILF increasing the annual addition of C (Barreto
etal, 2014; Ramesh et al., 2015). Moteover, these management systems modify the quality of SOM (e.g., the C/N ratio
and lignin, cellulose, hemicellulose, protein and carbohydrate content) and, consequently, the activity of soil
microorganisms and rates of SOM decomposition (Matos et al. 2020). Sharrow and Ismail (2004) also highlight the
importance of the animal component and of litter added to the soil under ILF. The authors report that under this
management system, 45 kg ha! of N is deposited by animal urine and approximately 95 kg ha! of is deposited C by
litter, favouring the rapid conversion of organic residue into labile C fractions and recalcitrant forms of C in the soil.
Furthermore, Leite et al. (2014), from studies of different ILF management systems, found respective values for LI,
CPI and CMI of 0.79, 1.26 and 108. These results are similar to those given in this work, presenting average values for

ILF with no grazing and ILF with rotational grazing of 1.02 (Fig. 4d), 1.14 (Fig. 4e) and 114 (Fig. 4f), respectively.
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2.4.4. Temporal assessment of C stocks with the adoption of more intensive and diversified

systems of pasture management

Converting the CS to FP under a tropical humid climate gave average increases of 2 Mg ha! yr! (Fig. 5a) and
45% (Fig. 5b) in the rate of soil carbon change and conversion factor, respectively, within the 0-100 cm layer. Braz et
al. (2013), in studies on management intensification in areas of degraded pasture in Brazil, found increases in the rate
of soil carbon change of 0.25 to 2.95 Mg ha! yr!'. The authors note that this large variation must be mainly due to
differences in soil texture; for this study, clay content was the highest among the three study areas (on average, 59%
higher). In this case, it should be noted that soil texture is an important parameter for evaluating increases in the rate
of soil carbon change in areas of pasture (Carvalho et al., 2010).

In the conversion of the CS to the ICL. management systems under the conditions of a tropical humid and
subtropical climate, increases were seen in the rate of soil carbon change and the conversion factor. In the 0-100 cm
layer, the average increases were 0.75 and 0.15 Mg ha! yr! (Fig. 5a) and 41% and 16% (Fig. 5b), respectively. Despite
mainly ICL with rice/soybeans and ICL with maize/soybeans under the tropical humid climate and ICL with rotational
stocking and moderate-intensity grazing and ICL with continuous stocking and moderate-intensity grazing under the
subtropical climate showing an increase in the rate of soil carbon change and the conversion factor, the ICL
management systems under the tropical humid climate had higher values for these parameters than under the
subtropical climate. This result may be associated with higher clay content levels found under a tropical humid climate,
which are 67% greater than those found under a subtropical climate. In addition, the time necessary for establishment
and adaptability to soil, climate and grassy conditions found in the Pampa biome (Paspalum notatum Fligge) favours
greater soil C stocks with more stability relative to the ICL. management systems (Franzluebbers et al., 2014; Vargas et
al,, 2015). The results found by Salton et al. (2014) under a tropical humid climate and by Cecagno et al. (2018) under
a subtropical climate corroborate those of this study. These authors found values for the rate of soil carbon change of
0.44 and 0.23 Mg ha'! yr'!, respectively.

Under the conditions of a tropical mesic climate, the conversion of the CS to the ILF systems increased the
rate of soil carbon change and the conversion factor. On average, for ILF with rotational grazing and ILF with no
grazing in the 0-100 cm layer, these increases were 0.55 Mg ha! yr! (Fig. 5a) and 12% (Fig. 5b), respectively. Despite
the short period since implantation, the observed rates of soil carbon change are consistent with estimates for
converting a CS to ILF, which range from approximately 0.10 to 4 Mg ha! yr! (Batjes, 2004; Thangata and Hildebrand,
2012). Chatterjee et al. (2018), in evaluating the contribution of ILF systems to increases in the rate of soil carbon

change, concluded that this management system increases rates of C stock by an average of 26% under tropical
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conditions relative to pasture alone. Furthermore, the authors agree with the results found in this study, especially
regarding the benefits of animal and forest components in increasing the C stock in areas of pasture.

Although the results found under the different climate conditions show that more intensive and diversified
systems of pasture management are efficient in accumulating soil C, a constant monitoring of soil C stocks is
recommended. For Toru and Kibret Raul (2019), it is essential to monitor soil C stocks, as each management system
has either a positive or negative impact on the carbon balance. Prediction models (e.g., Century and DayCent) can be
used for this purpose, and conducted studies in Brazil have already shown satisfactory results for monitoring soil C
stocks due to changes in management systems (Cerri et al., 2003; Oliveira et al., 2017b).

Several studies have found an increase in C stocks with the intensification and diversification of pastureland,
but there are still uncertainties surrounding the rate of soil C change over time (Paustian et al., 2016, Olson et al., 2017).
In this respect, the temporal dynamics of SOM and C and N cycling must be properly recognized for a more
comprehensive analysis. For Stanley et al. (2018), the rate of soil C sequestration is directly linked to land potential and
the productivity of both pasture and cattle and to the quality of the management system. For these authors, evaluations
that take into account the spatial and temporal scales are essential for more accurately estimating the effects of
management systems on C sequestration rates. Similarly, the Intergovernmental Panel on Climate Change (IPCC)
assumes that C stocks only stabilise to a new steady state 20 years after all changes in management are made IPCC
2006). Therefore, using the rate of soil carbon change found in this study would be significant only for the specific
period of data collection (2003-2018).

With this study, we contribute information that can expand the adoption of more sustainable management
systems in pastures in Brazil. According to Silva et al. (2017), the improved management of degraded pastures has a
potential role in SOC sequestration, potentially reducing the emissions intensity of stocking and finishing systems. On
the other hand, Batista et al. (2019) reported that the restoration of pastures on a large scale may not be sufficient to
increase soil C stocks and reduce GHG emissions and thus that Brazil should seck more diversified strategies for
pasture intensification. In this case, the systems of pasture management evaluated in this study (FP, ICL and ILF) show

great potential as sustainable production alternatives and as soil C sinks.

2.5. Conclusions

The adoption of more intensive and diversified systems of pasture management has led to significant changes
in C and N stocks under different soil and climate conditions. Overall, the adoption of ICL systems, compared to an

CS, was found to increase the rate of soil carbon change by 0.75 Mg ha! yr! under a tropical humid climate and by


https://www.sciencedirect.com/science/article/pii/S0308521X17310338#bb0205
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0.15 Mg ha! yr! under a subtropical climate. Likewise, for ILF systems under a tropical mesic climate and for FP
under a tropical humid climate, the rates of increase in soil carbon stocks were 0.55 and 2 Mg ha! yr1, respectively.
Management systems under ICL, FP and ILF provide greater inputs of plant biomass, and this effect generated an
increase in C stock mainly in the F1 (organomineral-75-2000 um) and F2 (organic-75-2000 pum) fractions of SOM with
a consequent increase in soil lability and carbon management indices. In addition, for the purpose of SOM monitoring
with the replacement of areas of conventional pasture by more intensive and diversified systems of pasture
management, measurements taking into account only superficial soil layers may increase bias in results. It is therefore
necessary to evaluate the soil C balance at a depth of at least 1 m when changing a pasture management system.

The results of the present study offer basic information for decision-making surrounding public policies and
programmes of the federal government aimed at reducing greenhouse gases in the atmosphere and soil degradation
(e.g., Brazil’'s NDC and ABC programme). Moreover, as Brazil has signed the Paris Agreement, it must reduce its
greenhouse gas emissions by 37% by 2025 and by 43% by 2030. According to our results and considering the studied
areas of conventional pasture under tropical humid (Mato Grosso = 1.60 Mha), tropical mesic (Sio Paulo = 0.10 Mha)
and subtropical (Rio Grande do Sul = 0.09 Mha) climates in Brazil IBGE, 2017), we project soil sequestration levels
of 118, 99 and 2 Tg CO> from the adoption of the FP, ICL and ILF management systems, tespectively. Together,
these values make up 51% of total emissions from the Brazilian agricultural sector (429 Tg CO») registered in 2015
(BRASIL, 2017). However, we emphasize that these results are restricted to the specific period of data collection (2003-
2018). Other studies should be carried out to help improve these estimates, especially taking into account greenhouse
gas emissions (e.g., CHy and N2O) resulting from the intensification and diversification of pasture areas in Brazil. Thus,
the information described in the present study can help governmental institutions made investments to mitigate such
emissions, particularly through projects focused on implementing integrated production systems in areas of

conventional pasture based on different soil and climate conditions.
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Supplementary Figure S1. Relative contributions of different SOM fractions subjected to systems of pasture management

for three soil layers (0-10, 40-50 and 90-100 cm) under tropical humid (a, b and c), tropical mesic (d, ¢ and f) and subtropical
(g, h and i) climate conditions. Mean values followed by the same letter did not statistically differ in the Tukey’s test at 5%

probability (p = 0.05). Tropical humid: CS, conventional system; FP, fertilized pasture; ICLuys, integrated crop-livestock with
maize/soybeans; ICLgs, integrated crop-livestock with rice/soybeans. Tropical mesic: CS, conventional system; ILFgg, integrated
livestock-forest with rotational grazing; ILFxg, integrated livestock-forest with no grazing. Subtropical: CS, conventional system; ICLxg,
integrated crop-livestock with no grazing; ICLry, integrated crop-livestock with rotational stocking and moderate-intensity grazing;
ICLcw, integrated crop-livestock with continuous stocking and moderate-intensity grazing; ICLgy, integrated crop-livestock with

rotational stocking and low-intensity grazing; ICLcr, integrated crop-livestock with continuous stocking and low-intensity grazing.
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Supplementary Figure S2. Principal component analysis (PCA) applied to the different systems of pasture management
for three soil layers (0-10, 40-50 and 90-100 cm) under tropical humid (a, b and c), tropical mesic (d, e and f) and subtropical
(g, h and i) climate conditions. Tropical humid: CS, conventional system; FP, fertilized pasture; ICLyss, integrated crop-livestock with
maize/soybeans; ICLgs, integrated crop-livestock with rice/soybeans. Tropical mesic: CS, conventional system; ILFrg, integrated
livestock-forest with rotational grazing; ILFxg, integrated livestock-forest with no grazing. Subtropical: CS, conventional system; ICLxg,
integrated crop-livestock with no grazing; ICLry, integrated crop-livestock with rotational stocking and moderate-intensity grazing;
ICLcyy, integrated crop-livestock with continuous stocking and moderate-intensity grazing; ICLgy, integrated crop-livestock with
rotational stocking and low-intensity grazing; ICLcy, integrated crop-livestock with continuous stocking and low-intensity grazing. TC,
total soil C; TN, total soil N; CF1, C of the F1 fraction of SOM; NF1, N of the Flfraction of SOM; CF2, C of the F2fraction of SOM;
NF2, N of the F2 fraction of SOM; CF3, C of the F3 fraction of SOM; NF3, N of the F3 fraction of SOM; CF4, C of the F4 fraction of

SOM; NF4, N of the F4 fraction of SOM.
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Supplementary Figure S3. Carbon lability (straight red line) and pool (red dotted line) indices in different systems of
pasture management for three soil layers (0-10, 40-50 and 90-100 cm) under tropical humid (a, b and c), tropical mesic (d,
¢ and f) and subtropical (g, h and i) climate conditions. Mean values followed by the same letter did not statistically differ

in the Tukey’s test at 5% probability (p < 0.05). Tropical humid: CS, conventional system; FP, fertilized pasture; ICLys, integrated
crop-livestock with maize/soybeans; ICLgs, integrated crop-livestock with tice/soybeans. Tropical mesic: CS, conventional system;
ILFgg, integrated livestock-forest with rotational grazing; ILFng, integrated livestock-forest with no grazing. Subtropical: CS,
conventional system; ICLng, integrated crop-livestock with no grazing; ICLgy, integrated crop-livestock with rotational stocking and
moderate-intensity grazing; ICLcyy, integrated crop-livestock with continuous stocking and moderate-intensity grazing; ICLgy,, integrated
crop-livestock with rotational stocking and low-intensity grazing; ICLcy, integrated crop-livestock with continuous stocking and low-

intensity grazing.
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Supplementary Figure S4. Carbon management index in different systems of pasture management for three soil layers
(0-10, 40-50 and 90-100 cm) under tropical humid (a, b and c), tropical mesic (d, e and f) and subtropical (g, h and i) climate
conditions. Mean values followed by the same letter did not statstically differ in the Tukey’s test at 5% probability (p <
0.05). Tropical humid: CS, conventional system; FP, fertilized pasture; ICLygs, integrated crop-livestock with maize/soybeans; ICLgs,
integrated crop-livestock with rice /soybeans. Tropical mesic: CS, conventional system; ILFrg, integrated livestock-forest with rotational
grazing; ILFNG, integrated livestock-forest with no grazing. Subtropical: CS, conventional system; ICLxg, integrated crop-livestock with
no grazing; ICLgry, integrated crop-livestock with rotational stocking and moderate-intensity grazing; ICLcy, integrated crop-livestock
with continuous stocking and moderate-intensity grazing; ICLgy, integrated crop-livestock with rotational stocking and low-intensity

grazing; ICLcy, integrated crop-livestock with continuous stocking and low-intensity grazing.
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Supplementary Table S1. Soil bulk density (g cm™3) in different systems of pasture management under tropical humid, tropical mesic and

subtropical climate conditions.

Layers Tropical humid Tropical mesic Subtropical
0-10 cm
CS 1.33£0.10 CS 1.03£0.23 CS 1.60£0.12
FP 1.18£0.06 ILFrG 1.30+0.08 ICLNG 1.39£0.09
ICLus 1.34+0.11 ILF~nG 1.18+0.22 ICLryM 1.51£0.14
ICLrs 1.38£0.14 ICLewm 1.50£0.19
ICLr 1.65£0.11
ICLcL 1.47£0.12
10-20 cm
CS 1.46£0.09 CS 1.5540.14 CS 1.60£0.18
FP 1.27£0.27 ILFrG 1.641+0.07 ICLNG 1.53%0.08
ICLms 1.31£0.14 ILFxG 1.52%0.04 ICLry 1.58%0.13
ICLrs 1.76£0.27 ICLewm 1.56%0.21
ICLr 1.66%0.09
ICLcL 1.5940.11
20-30 cm
CS 1.49£0.07 CS 1.66%0.01 CS 1.63%0.08
FP 1.08£0.10 ILFrG 1.76£0.04 ICLNG 1.74£0.07
ICLms 1.35£0.17 ILFxG 1.56%0.14 ICLry 1.69£0.12
ICLgs 1.6810.21 ICLem 1.65%0.07
ICLg1 1.64%0.06
ICLcL 1.65£0.10
30-40 cm
CS 1.51£0.16 CS 1.73£0.07 CS 1.65%0.09
FP 1.07£0.13 ILFrG 1.71£0.03 ICLNG 1.69%0.11
ICLus 1.28+0.12 ILFxnG 1.481+0.21 ICLrm 1.59£0.07
ICLgs 1.601+0.11 ICLem 1.69£0.09
ICLg1 1.67£0.06
ICLcL 1.64%0.06
40-50 cm
CS 1.52£0.15 CS 1.72£0.02 [N 1.62%0.05
FP 1.10£0.11 ILFrc 1.601+0.08 1CLNG 1.6620.10
ICLus 1.21+0.16 ILFxnG 1.56+0.04 ICLrm 1.58+0.12
ICLgs 1.56+0.09 ICLem 1.61£0.05
ICLrr 1.64%0.06
ICLcL 1.67£0.16
50-60 cm
CcS 1.4410.11 CS 1.63£0.01 CS 1.550.14
FP 1.041£0.17 ILFrc 1.621+0.10 1CLNG 1.56%0.11
ICLuis 1.27£0.24 ILF~G 1.62%0.06 ICLrym 1.49%0.15
ICLgs 1.43£0.16 ICLewm 1.48%0.10
ICLr1 1.66£0.17
ICLcL 1.62£0.06
60-70 cm
CS 1.4240.17 CcS 1.53£0.19 CcS 1.41£0.10
FP 1.03£0.29 ILFrG 1.62£0.08 ICILnG 1.43£0.09
ICLys 1.26£0.12 ILFnG 1.38%0.13 ICLryM 1.41£0.10
ICILgs 1.65£0.19 ICLeym 1.33£0.04
ICLg1 1.431£0.12
ICLcL 1.531£0.03
70-80 cm
CS 1.41£0.15 CS 1.66£0.09 CS 1.43£0.13
FP 1.06£0.21 ILFrG 1.54£0.05 ICILNG 1.42£0.19
ICLus 1.25£0.24 ILF~G 1.50£0.17 ICLryM 1.45£0.12
ICLgs 1.60£0.18 ICLem 1.41£0.11
ICLg1 1.50£0.07
ICLcrL 1.42£0.10
80-90 cm
CS 1.37£0.14 CS 1.62£0.09 CS 1.47£0.08
FP 1.05+0.21 ILFrG 1.57£0.04 1CLNG 1.48£0.19
ICLus 1.13£0.26 ILFxG 1.41£0.07 ICLrm 1.45£0.08
ICLgs 1.46%0.09 ICLem 1.531£0.10
ICLr1 1.46£0.11
ICLcrL 1.54£0.10
90-100 cm
CS 0.26+0.46 CS 1.57£0.13 [N 1.46%0.09
FP 1.10£0.22 ILFrG 1.54£0.06 ICLNG 1.45%0.10
ICLus 1.24£0.18 ILFNG 1.5810.11 ICLry 1.521£0.15
ICLgs 1.49£0.19 ICLeym 1.54£0.14
ICLrL 1.55£0.08
1CLcL 1.61£0.08

Unless indicated otherwise, data are the mean®s.e.m. (n = 3). Tropical humid: CS, conventional system; FP, fertilized pasture; ICLys, integrated crop-livestock
with maize/soybeans; ICLgs, integrated crop-livestock with rice/soybeans. Tropical mesic: CS, conventional system; ILFrg, integrated livestock-forest with
rotational grazing; ILFxg, integrated livestock-forest with no grazing. Subtropical: CS, conventional system; ICLNg, integrated crop-livestock with no grazing;
ICLrw, integrated crop-livestock with rotational stocking and moderate-intensity grazing; ICLcw, integrated crop-livestock with continuous stocking and
moderate-intensity grazing; ICLgy, integrated crop-livestock with rotational stocking and low-intensity grazing; ICLcy, integrated crop-livestock with continuous
stocking and low-intensity grazing.
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Layers Manangemant systems pH CaClz P K Ca Mg Al H+AI SB CECpn7 BS AS
0-10 cm index mg dm? mmole dm- %
(&N 4.33+0.21 3.70+ 0.26 2.37+0.50 6.01£0.79 1.99£ 0.13 0.19% 0.07 20.10% 1.72 10.73+ 0.79 32.43% 3.32 3118+ 0.75 0.00% 0.00
FP 4.70% 0.43 5.83+0.15 213+ 0.35 15.41% 1.41 3.92+ 0.63 0.91% 0.08 33.10% 4.36 2247+ 1.28 59.60% 2.76 40.06+ 3.54 5.23+0.99
ICLns 4.66% 0.42 8.84%+ 0.18 1.61£ 0.53 12.11£ 0.85 1.79% 1.14 0.23+0.23 20.03+ 1.75 17.77£ 1.04 38.70% 0.72 47.63+ 4.03 0.00%£ 0.00
1CLgs 5.20%£0.10 19.73% 0.55 4.63%+ 1.60 14.27+1.17 9.48%0.73 0.70% 0.40 19.43+ 2.28 27.38% 1.56 50.49£ 0.79 60.721+ 4.16 3.50% 0.69
10-20 cm
CS 4.50% 0.03 3.04+0.23 1.50% 0.07 6.18% 0.68 1.84% 0.27 0.51+0.14 17.27+1.18 9.86% 0.69 27.69% 0.82 33.56% 1.88 5.34%0.87
FP 4.85% 0.13 5.88%+ 0.16 1.78% 0.15 14.46% 1.51 3.59+ 0.46 0.92% 0.07 32,87+ 2.74 20.15+ 1.32 55.34% 1.56 37.59% 2.28 522+ 1.02
ICLus 4.75% 0.10 6.42% 0.07 1.49% 0.03 9.49% 0.13 2.56% 0.79 0.14%+0.11 17.73+ 2.18 16.11+ 1.90 33.77£ 1.18 44.28% 3.34 0.00% 0.00
ICLrs 5.00% 0.12 13.28% 0.34 3.00% 0.66 10.40% 0.56 6.77+ 0.23 0.70% 0.33 18.43+ 2.22 20.79£ 0.92 41.74% 1.36 49.00% 2.60 5.84% 0.84
20-40 cm
CS 4.33+0.15 2.38%+ 0.35 0.64% 0.36 6.34% 0.61 1.69% 0.42 0.82+ 0.22 14.43+ 0.70 8.98+ 0.60 22.94% 1.95 35.93+% 3.27 10.67+ 1.74
FP 5.00% 0.20 3.93+0.22 1.43£ 0.59 13,51+ 1.61 3.27+0.37 0.93%+ 0.10 32.63% 2.07 17.82+ 1.60 51.07£ 0.39 35.11% 1.06 521+ 1.04
ICLus 4.83% 0.30 4.00% 0.10 1.37£ 0.57 6.86% 1.11 3.34% 0.54 0.05% 0.02 15.41% 2.68 14.45+ 2.84 28.84% 1.64 40.95% 2.69 0.00% 0.00
ICLrs 4.80% 0.10 6.83% 0.16 1.26% 0.61 6.52% 0.41 4.06% 0.57 0.70% 0.28 17.45+ 2.28 14.25+ 2.47 32.98% 1.97 37.26% 2.14 8.18% 1.06
40-60 cm
CS 4.33% 0.45 3.12+0.26 0.62% 0.36 5.92% 0.64 1.71£ 0.40 0.02% 0.01 15.72+ 2.15 9.58+ 0.87 25.91% 1.67 34.35% 2.88 0.00% 0.00
FP 4.64% 0.25 331+ 0.15 0.64% 0.34 10.72+ 1.69 4.19% 0.34 0.82% 0.22 26.83% 3.75 14.25+1.82 46.45% 1.60 33.25% 1.10 6.20% 1.96
1CLs 4.8%0.10 2.54+ 0.35 1.95% 0.65 5.40% 1.95 1.86% 0.33 0.02% 0.01 13.02+ 1.82 9.53% 1.40 21.36% 1.93 39.094 3.54 0.00% 0.00
ICLgs 4.75% 0.21 1.46+ 0.21 0.58+ 0.29 5.00% 0.68 1.77£ 0.45 0.01% 0.01 14.15+ 1.89 746+ 1.17 22.57% 1.05 29.93% 1.84 0.00% 0.00
60-80 cm
Cs 4.42% 0.21 2.30% 0.20 0.29%0.18 5.49% 0.84 1.62% 0.51 0.83+ 0.17 13,98+ 1.88 8.09% 0.63 23.51% 0.97 34.26% 4.41 11.58+ 1.83
FP 4.77+ 0.15 2.27+0.15 0.74%+ 0.20 6.02% 0.22 3.08% 0.54 0.93% 0.08 21.58% 3.09 9.94+ 1.22 35.63% 1.03 32.421 6.31 10.26% 2.08
1CLs 4.80% 0.30 2.30% 0.20 1.20% 0.32 341+ 1.03 1.12£ 0.67 0.02% 0.01 12.05+ 0.98 6.30% 1.70 16.38% 1.09 29.42% 3.05 0.00% 0.00
1CLgs 5.30% 0.10 1.30£ 0.22 0.58+ 0.35 5.04% 0.94 2.28%0.36 0.01% 0.00 11.81+ 2.84 7.66% 1.52 21.88% 2.02 34.42% 135 0.00% 0.00
80-100 cm
Cs 5.17%0.15 2.50% 0.10 0.37% 0.25 5.57%0.63 0.79% 0.25 0.02% 0.01 14.46+ 1.57 8.79+ 1.38 23.67% 2.77 35.14%£ 1.00 0.00% 0.00
FP 4.90% 0.20 2.60% 0.15 0.81+0.12 5.96% 0.59 1.68% 0.32 0.90% 0.11 20.61£ 1.23 8.61+ 4.71 28.91% 1.50 20.37£ 1.20 14.56% 3.73
1CLas 4.80% 0.16 2.76+ 0.05 0.96% 0.22 4.95% 1.00 2.04%+ 0.09 0.01£0.01 13.50+ 2.24 9.92+ 1.54 28.73% 3.66 38.63% 3.26 0.00% 0.00
1CLgs 5.0740.18 1.74£ 0.21 0.43+ 0.33 5.12% 0.36 0.69% 0.42 0.01% 0.01 11.39+ 1.59 11.03+ 1.14 15.52+ 3.52 23.75% 1.68 0.00+ 0.00

Unless indicated otherwise, data are the meants.e.m. (n = 3). CS, conventional system; FP, fertilized pasture; ICLus, integrated crop-livestock with maize/soybeans; ICLgs, integrated crop-livestock with rice/soybeans. pH CaCly:
potential de hydrogen in solution of CaCl, 0.01 mol L1 (1:2.5)—active acidity; H +Al: potential acidity; SB: sum of bases; CECpH7: potential cations exchange capacity; BS: base saturation (%); AS: aluminum saturation.
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Supplementary Table S3. Characterization of soil chemical attributes for different systems of pasture management under tropical mesic climate.

Layers Manangemant systems pH CaClz P K Ca Mg Al H+AL SB CECpn7 BS AS
0-10 cm index mg dm-3 mmol. dm-3 %

CS 4.73%+ 0.21 2.97%0.15 1.60% 0.10 5.941% 0.40 5.78% 0.45 2391+ 0.72 31.30% 1.82 11.90+ 1.58 41.85+ 2.59 29.79+ 1.24 12.29+ 0.84

ILFrG 5.27+ 0.15 10.42+ 0.81 1.47£ 0.15 26.97+ 1.73 11.11£ 1.01 1.49% 0.21 25.35% 1.06 33,71+ 3.99 67.38% 7.05 66.68% 5.11 0.44+ 0.76

ILFxG 5.10% 0.20 5.35+0.79 1.25%£ 0.18 8.88+ (.87 5.94+ 0.67 2.06% 0.24 34.22+ 432 13.65+ 2.59 52.06% 2.31 34.18% 2.16 9.87+ 1.44
10-20 cm

CS 4.70+ 0.17 298+ 0.18 1.41+ 0.10 4.98%+ 0.20 4.97+ 0.09 2.60% 0.11 29.20% 1.30 10.15+ 1.30 38.88% 1.99 26.44+ 1.37 16.74% 1.86

ILFrG 4.98%+ 0.10 6.60% 0.48 1.15%£ 0.08 20.51+ 1.28 9.55% 0.83 1.64+ 0.22 25.39% 0.99 27.21+ 291 59.48+ 4.00 56.90% 3.77 3.93% 0.40

ILFxG 4.80%+ 0.28 3.84% 0.37 1.05% 0.04 6.45% 0.70 4.50% 0.79 4931+ 0.15 34.82+ 1.71 9.66+ 2.02 47.96+ 1.97 26.01+ 1.32 26.46% 4.56
20-40 cm

CS 4.67+ 0.15 3.00% 0.50 1.25% 0.15 4.00% 0.80 4.18%+ 0.60 2.82+ 0.54 27.10% 4.08 8.40% 1.10 3591+ 1.39 23.08+ 1.68 21.19+ 2.89

ILFrG 470+ 0.26 2.78+ 0.39 0.82+ 0.12 14.05+ 0.83 7.99+ 1.01 1.79£ 0.25 25.44% 2.68 20.71+ 1.98 51.59% 0.97 47.12+ 2.69 7.41+0.52

ILFxG 4.50% 0.36 2.33%0.15 0.86% 0.09 4.02% 0.53 3.05% 0.93 7.81% 0.53 3541+ 2.74 5.67+ 1.87 43.86+ 1.62 17.84% 1.60 43.05+ 7.75
40-60 cm

CS 4.07£ 0.25 2.83%0.15 1.38% 0.16 3.05% 0.58 2.08% 0.87 6.97+ 1.70 3298+ 1.50 5.49+ 0.81 39.35+ 1.08 16.30% 1.82 43.77+ 7.61

ILFrG 513+ 0.35 277+ 0.13 0.85+ 0.14 13.41+ 0.80 10.66% 1.45 0.74+ 0.43 17.75% 2.06 21.18+ 1.86 42.02+ 0.79 55.82% 4.50 337+ 0.72

ILFxG 5.26% 0.31 2.58+ 0.35 0.86+ 0.12 2.09+ 0.77 0.95+ 0.08 10.32+ 0.88 28.72+ 2.83 2.70+ 0.79 34.48+ 2.00 11.42+ 3.70 65.17+ 8.76
60-80 cm

CS 4.20% 0.36 2.30% 0.10 0.55% 0.13 2.08% 0.88 0.81£ 0.17 6.30% 1.23 30.75+ 2.01 2.65% 0.75 34.22+ 1.78 10.96% 3.29 46.71+ 14.36

ILFrG 5.27+ 0.31 2.90% 0.20 0.86% 0.05 5.02+ 0.78 3.53% 0.48 5.40% 0.74 25.10+ 3.21 6.36% 1.77 38.00+ 1.58 27.43% 4.04 28.19+ 8.75

ILFxG 4.44% 0.21 2.55% 0.25 0.69% 0.07 0.55% 0.13 0.90% 0.13 11.18% 1.06 4577+ 4.63 1.86+ 0.53 47.07+ 5.09 5.36% 0.84 68.59+ 12.71
80-100 cm

CS 436+ 0.14 297+ 0.15 0.56+ 0.05 3.96+ 0.40 0.74%+ 0.25 5.82+ 0.54 25.07+ 3.54 4.61+0.95 30.31% 0.88 18.15% 1.98 46.10% 8.46

ILFrG 4.65+ 0.15 2.90%+ 0.10 0.93+ 0.04 4.00% 0.20 2.09% 0.20 5.79+ 1.58 22,99+ 1.86 5.30% 0.96 32.38% 1.00 26.31+ 5.59 37.79%+ 9.74

ILFxG 4.77+ 0.17 2.41% 0.35 0.63% 0.12 0.67% 0.17 1.06+ 0.12 9.12+ 0.67 33.43+ 3.99 1.05+ 0.22 38.25+ 1.00 2.85% 0.49 75.70+ 10.51

Unless indicated otherwise, data are the meants.e.m. (n = 3). CS, conventional system; ILFrg, integrated livestock-forest with rotational grazing; ILFxe, integrated livestock-forest with no grazing.
pH CaCly: potential de hydrogen in solution of CaCl, 0.01 mol L1 (1:2.5)—active acidity; H +Al: potential acidity; SB: sum of bases; CECpH7: potential cations exchange capacity; BS: base saturation
(%0); AS: aluminum saturation.



Supplementary Table S4. Characterization of soil chemical attributes for different systems of pasture management under subtropical climate.

Deph Manangemant systems pH CaClz P K Ca Mg Al H+AI SB CECph7 BS AS
0-10 cm index mg dm? mmole dm-3 %
CS 4.50% 0.30 6.00% 0.50 2.13+0.15 5.80% 0.53 4,95+ 0.28 3.841+0.47 52.73% 4.78 12112129 63.88£2.43 18.57+ 254  20.88% 1.82
ICLne 3.65%+ 0.05 79.74% 3.71 2.08% 0.03 10.15£ 0.87  5.65+0.45 11.27£1.06  73.20% 2.68 15.87+£2.13  89.02% 1.38 21.50£ 1.30  34.38% 7.83
ICLryM 3.52% 0.34 84.08% 3.27 2.33+0.12 11.48% 1.08 6.08% 0.57 12.61£ 1.23 80.33% 5.49 17.84% 2.90 100.36+ 1.04 2341+ 285 32,77+ 7.24
ICLeym 3.66% 0.15 102.71+ 8.27 2.08% 0.03 8.12+ 0.57 4.12+ 0.89 13.53% 1.14 63.29% 5.05 12.70% 1.58 84.47% 2.46 17.03% 1.25 4474+ 8.42
ICLrr. 3.76% 0.23 92.09% 3.50 2.05% 0.04 12.02+ 1.55 627+ 1.17 12.67£ 1.25 71.51% 4.00 17.96% 2.32 82.28%+ 0.93 26.52+ 1.86 36.42% 9.14
ICLcL 3.65+0.22 80.11+£ 5.50 1.83% 0.54 8.19% 0.76 4.421+ 0.85 16.38+ 133 79.50% 2.60 1290+ 1.59  91.16% 8.88 16.091.92  44.01£ 6.38
10-20 cm
CS 4.57+0.19 14.74+ 5.50 2.06% 0.07 5.32% 0.55 4.03+ 0.39 4.67+ 0.87 46.72% 4.57 1049+ 1.40  58.84% 1.86 18.06+ 1.24 3218+ 5.71
ICLng 3.62% 0.16 51.63% 2.88 1.98% 0.02 10.25£0.12  4.64%0.48 11.55£0.82 5213+ 3.33 15.78% 1.71 71.17£0.20 28.98+2.56  29.92% 6.98
ICLryM 3.67% 0.24 53.82+ 1.42 2.14+ 0.08 1237+ 150  6.31+0.21 1271£ 0.68  49.64% 3.45 18.42+ 238 70.94+ 8.88 36.41£0.80  30.77+£ 8.02
ICLem 3.69% 0.09 62.54% 5.18 1.95%+0.03 9.75% 1.32 4.87% 0.86 14.38% 1.31 38.83% 3.46 14.43£1.80  60.45+ 1.29 37181232  44.39% 7.61
ICLrL 3.86+0.12 60.28% 1.17 2.05% 0.00 13.27+£0.40  6.97+0.37 11.97+£0.62  41.13£ 2.29 19.55+2.43  60.21£ 0.92 46871 1.77  31.87+9.24
ICLcL 377+ 0.15 49.05% 3.57 1.84%0.23 9.06% 1.15 5.13%£0.11 1512+ 0.41 49.66% 2.35 1421+ 182 65.85% 4.20 29.71£2.25  41.46% 6.83
20-40 cm
[N 4.64% 0.14 23.48% 2.41 1.98%0.03 4.84% 0.58 3.11£0.55 5.49% 1.30 40.70% 4.38 8.871 1.60 53.81%+2.33 17.55£1.96  43.49+10.28
ICLng 3.59% 0.34 23,521 2.14 1.88% 0.06 10.34£ 1.01 3.63£ 0.93 11.83£ 1.40  31.06% 4.89 15.70£ 1.29  53.33+0.98 36.46%1 417 25.46% 6.24
ICLryM 3.82+0.13 23.55+% 2.81 1.94% 0.05 13.26£1.99  6.54+0.85 12.81£0.90  18.95% 1.43 19.00£1.96  41.51+ 1.92 49.41+2.27 28781 9.32
ICLeM 3.73+0.15 22.37£ 2.10 1.82+ 0.03 11.38+2.08  5.63+0.84 1523+ 1.70  14.38% 2.18 1616213 36.43% 0.91 57.33% 4.21 44.03% 6.79
ICLrL 3.97+0.32 28.46% 1.17 2.05+ 0.04 14.52+2.07  7.68+0.73 11.28+1.60  10.75% 1.16 21.14£ 275 3813+ 1.92 67.21% 4.01 27.32+ 9.37
ICLcL 3.90% 0.10 17.99+ 2.09 1.861+ 0.10 9.93% 1.57 5.84% 0.89 13.85% 1.45 19.82+ 2.23 1552+ 113 40.54+ 0.84 43.33+2.66  38.90% 7.28
40-60 cm
[N 4.57£0.15 5.63% 2.85 0.21£0.03 4.87% 0.57 1.79%+ 0.25 21.82+2.04  66.09% 5.02 7.38% 0.80 77.95% 1.74 11.40£ 093 65.55+ 7.31
1CLxg 3.80+0.13 16.21+ 2.15 1.10%£ 0.02 9.27+1.03 316+ 1.12 1043+ 0.84  57.21% 5.50 11172209  68.01£ 238 19.83+ 146  37.57£7.05
1CLrm 3.69% 0.20 16.55+ 2.01 0.95+ 0.09 10.22+ 148 4.24+0.62 11.49+£1.08  53.89% 2.59 13.09+ 1.64  63.48% 1.84 24.78% 1.51 34.93% 5.64
ICLem 3.45+0.25 17.75+ 2.71 1.24%£ 0.05 10.99+ 136 4.74+ 0.85 1227+ 1.04  4857%2.83 1478+ 226  58.03% 1.83 30.96% 2.21 26.07£ 6.20
ICLRr. 4.14£ 0.14 17.32+ 2.52 1.05% 0.04 8.05% 1.68 2,521 0.43 12231 113 4244+ 3.49 10.77£1.09  49.53+5.16 24.69% 3.01 27.95% 7.41
ICLcr 3.60% 0.16 18.88% 1.97 0.93% 0.09 7.63£ 1.19 2.72% 0.81 9.97+ 1.11 29.98% 2.34 9.07£ 1.93 39.03% 1.39 31.54£3.60  25.11% 9.44
60-80 cm
CS 421+ 0.11 2.57+0.42 0.79+ 0.16 342+ 1.11 1.441£ 0.45 21.63£ 1.57  28.88+2.02 5.44% 0.66 43.33% 1.04 1347+ 1.71 65.54% 5.85
1CLxg 3.25+0.15 10.31+ 1.53 0.90+ 0.03 2.63+0.63 2.37+0.53 9.46% 0.90 17.47+ 0.74 4.07+1.33 37.19% 1.32 1513+ 1.19  30.17£ 8.88
1CLrm 3.63+0.12 15.46+ 3.56 0.84+ 0.08 421+ 0.89 2,77+ 0.37 8.53+ 2.52 18.49% 0.73 7.29%+ 1.51 37.80% 1.95 20291 1.08  35.96+ 4.08
ICLem 3.51+0.20 11.54+1.17 0.95% 0.05 451+ 1.79 2.58% 0.59 7.83% 0.84 18.67+ 0.70 7.38% 0.29 35.04% 3.21 26.79% 4.02 34,99+ 7.27
ICLRr. 3.28% 0.20 13.09£ 2.93 0.72£0.12 3.24%£ 0.60 1.38% 0.50 718t 1.41 15.78% 1.18 5.40% 0.57 39.89% 2.21 1592+ 475  42.30+9.29
ICLcr 471+ 0.18 14.55% 3.73 0.62£ 0.09 4.63% 1.02 1.63+0.38 6.52£ 1.00 21.07% 1.66 6.54% 0.56 37.93% 1.55 17.87£1.50  36.13+ 11.74
80-100 cm
CS 4.57+0.31 2.34%+0.35 0.86% 0.04 3.30+0.73 3.73+0.24 2232+ 1.86 7511+ 11.55 7.55% 0.90 91.95% 3.45 8.29+ 1.87 63.40% 11.12
1CLxg 4.27+ 0.38 5.02% 0.39 0.71+ 0.07 274+ 0.47 1.54% 0.47 13.08+2.08  29.28% 5.53 4.87+ 0.69 38.16% 2.67 12,54+ 0.69  49.71% 16.43
ICLrm 4.39+0.18 4.5310.53 0.73% 0.04 2.25% 0.30 1.59% 0.53 12124193 43.65% 8.19 5271 0.45 58.68% 1.51 8.641% 3.12 50.55% 13.06
ICLem 3.57+0.33 4.48% 0.78 0.67% 0.08 2,53+ 0.53 1.41+0.43 12.18£0.95  67.63%10.18 547+ 0.42 85.24+ 1.39 6.44% 2.24 40.52% 33.63
1CLrL 3.92+0.13 2.24%+0.36 0.54+ 0.05 1.37£ 0.57 1.44% 036 10.74£1.40  21.87£ 1.34 3.04+ 0.58 28.06% 1.56 1314+ 1.80  58.08% 17.46
1CLcL 4.27+ 0.20 2.10+0.21 0.44+ 0.06 1.44% 0.53 1.19£ 0.16 11.52+ 2.24  21.55% 2.74 2.94+ 0.33 28.89+ 1.48 9.41+ 1.83 51.93% 13.02

Unless indicated otherwise, data are the meants.e.m. (n = 3). CS, conventional system; ICLNG, integrated crop-livestock with no grazing; ICLgy, integrated crop-livestock with rotational stocking
and moderate-intensity grazing; ICLcyy, integrated crop-livestock with continuous stocking and moderate-intensity grazing; ICLgy, integrated crop-livestock with rotational stocking and low-intensity
grazing; ICLcy, integrated crop-livestock with continuous stocking and low-intensity grazing. pH CaCly: potential de hydrogen in solution of CaCl, 0.01 mol -1 (1:2.5)—active acidity; H +Al: potential
acidity; SB: sum of bases; CECpH7: potential cations exchange capacity; BS: base saturation (%); AS: aluminum saturation.
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3. CHANGES IN SOIL PHOSPHORUS POOL INDUCED BY PASTURELAND
INTENSIFICATION AND DIVERSIFICATION IN BRAZIL

Abstract

The adoption of more intensive and diversified pasture systems is a promising alternative to improve sustainability
of grazing lands in Brazil. Phosphorus (P) is one of the main determinants of ecosystem function in these management
systems; therefore, we assessed the effects of adopting more intensive and diversified pasture management systems on
soil P dynamics in a set of field experiments. Treatments included fertilized pasture (FP), integrated crop-livestock
(ICL), integrated livestock-forest (ILF), compared to conventional management systems (CS) under contrasting
climatic conditions (tropical humid, tropical mesic and subtropical). P fractions and total P were determined by soil
layer to 1 m depth. Size and distribution of P stocks were related to soil organic matter (SOM) fractions and to clay
type and content. Based on the results, P biological fraction represented 9% of P in the soil, on average, in CS under
the three assessed climatic conditions. Management systems with FP and the ones with ICL and ILF mainly influenced
labile (0.01, 0.02 and 0.03 Mg ha! yrl, respectively), moderately labile (0.03, 0.01 and 0.07 Mg ha"! yr'!, respectively)
and total soil P fractions (0.21, 0.08 and 0.20 Mg ha! yr1, respectively). Clay content and pH were the soil properties
mostly related to P fractions; besides, P fractions presented close relationship with these fractions and with total soil
Cand N, as well as with different SOM fractions. These results can be the scientific basis for governmental initiatives
focused on recovering degraded pasture sites in Brazil. The establishment of management practices that favor efficient
P use are essential to improve the sustainability of production systems.

Keywords: Ecosystem services, Integrated crop-livestock, Integrated livestock-forest, P fractions, SOM fractions.

3.1. Introduction

Globally pastures cover approximately 3 billion ha corresponding to 67% of agricultural land and
accounting for 30% of beef produced on the planet (FAO, 2003; Ramankutty et al., 2008). Pasture accounts for largest
land use in Brazil of approximately 159 million ha (IBGE, 2017) accounting for ~19% of Brazil’s land area, equal to
about 16% of the land surface of Europe. It is estimated that from 50% to 70% of the total pasture area in Brazil
suffers some degree of degradation, with forage yields of 34-36% of their real potential (Dias Filho, 2014; Strassburg
et al., 2014).

In 2012, the Brazilian government launched the “ABC Plan”, due to the large extent of pasture degradation
and global pressures for more sustainable production (Chaudhary et al., 2018). This plan aims to finance management
improvements to restore degraded extensively grazed lands with soil amendments (e.g., lime, gypsum and fertilization)
and by adopting more intensively managed and diversified systems, such as fertilized pasture (FP), integrated crop-
livestock systems (ICL) and integrated crop-forest (ILF). The adoption of integrated systems leads to greater diversity
of products (grain, beef, timber) and thus opportunity for higher incomes to producers (Michalk et al., 2019; Cortner
et al., 2019). Several studies point out that integrated systems can better mitigate greenhouse gas emissions compared
to extensively grazed low-input pastures (Torres et al., 2017; Ghahramania and Bowranb, 2018), while enhancing soil
chemical, physical and biological features (Liebig et al., 2017; Costa et al., 2018), mainly due to increased nutrient

cycling and nutrient availability (Portilho et al., 2018; Jose et al., 2019).

" Current status: published. Available at:

Damian, .M., Firmano, R.F., Cherubin, M.R., Pavinato, P.S., Soares, T.M., Paustian, K., Cerri, C.E.P., 2020. Changes
in soil phosphorus pool induced by pastureland intensificationand diversification in Brazil. Sci. Total Environ. 703,
135463. doi: 10.1016/j.scitotenv.2019.135463
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Phosphorus (P) is one of the nutrients most limiting to plant growth in many soils in tropical and subtropical
environments, mainly because of the high adsorption of phosphate ions by aluminum (Al) and iron (Fe) oxides and
hydroxides, which ate abundant in these highly weathered soils (Novais et al., 2007). Brazil is important for global food
security due to its large land base, but has a high dependence on inorganic P fertilizers for crop production due to high
consumption and P adsorption (Withers et al., 2018). P adsorption to colloidal minerals in these soils is almost
irreversible and reduces P availability to plants (Pavinato et al., 2009; Boitt et al., 2018). However, the adoption of more
intensive and diversified pasture management systems can both increase P inputs to soil and potentially change soil P
dynamics so as to increase availability to plants. In addition, integrated systems can increase SOM content through
increase crop residue and manure inputs and greater organic matter input below-ground (Sulc and Franzluebbers.,
2014; Salton et al.,, 2014). Together, these effects can change not only the P content in the soil, but also its availability
to plants due to several mechanisms such as (i) higher production of organic acids (citrate) that increases P availability
(Bayon et al., 20006); (ii) higher organic P content in the soil — which is lesser susceptible to strong adsorption in
functional groups of Fe and Al oxides and hydroxides than inorganic P (Pavinato et al., 2017); and (iii) higher P content
near the soil surface due to turnover in the root system of grass species (Merlin et al., 2015). All these changes depend
on soil type, climatic conditions and management system.

In studies conducted in Brazil, Cherubin et al. (2016) and Franco et al. (2015) reported that the distribution
on P among different pools in soil can be useful indicators for evaluating changes in land-use change on soil quality.
In this context, the hypothesis in the current study is that intensification and diversification of extensively managed
pastures (conventional management system) would result in soil P-pool modifications, mainly in the labile P fractions.
The FP, ICL and ILF systems were assessed to test this hypothesis in three climate zones: tropical humid (Midwest),

tropical mesic (Southeast), and subtropical (South), in Brazil.

3.2. Materials and Methods

3.2.1. Study site descriptions

Three sites were selected to assess the effects of integrated production systems on P dynamics in the soil
under contrasting soil and climatic conditions in Brazil (Figure 1a). The first site was located in Nova Guarita, Mato
Grosso, Midwest Brazil (Lat.: 10° 9' 10.41"S; Long.: 55° 31' 49.53"W) at 380m elevation. The prevailing soil in this site
was classified as Oxisol (USDA, 2014) and the climate was classified as Aw (KSppen), tropical hot and humid, with
mean annual temperature 25.9°C and mean annual rainfall of 2,628mm. The second site was located in Nova Odessa,
Sdo Paulo, South-castern Brazil (Lat.: 22° 75' 12"S; Long.: 47° 27' 81"W) at 550m elevation. The prevailing soil in this
region was also classified as Oxisol (USDA, 2014) and the climate was Cwa (K&ppen), tropical rainy with dry winter,
with mean annual temperature 20.2°C and mean annual rainfall of 1,262mm. The third site was located in Eldorado
do Sul, Rio Grande do Sul, Southern Brazil (Lat.: 30° 05' 22"S; Long.: 51° 39' 08"W) at 46m elevation. The prevailing
soil in this region was classified as Ultisol (USDA, 2014) and climate was classified as Cfa (K&ppen), subtropical with
mean annual temperature 19.3°C and mean annual rainfall of 1,398mm. More details about the climatic conditions in
Mato Grosso (Tropical humid), Sio Paulo (tropical mesic) and Rio Grande do Sul (Subtropical) states can be found in

Figure 1b.
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Figure 1. Geographic location (a) and mean annual rainfall, and maximum and minimum temperature in the study sites

during the 38-year period (b). Bars represent the standard deviation of the mean values (n = 38). INMET (2019).

3.2.2. Systems of pasture management and soil sampling

Soil samples were collected in conventional (extensive) pasture management systems in each region. These
conventional sites lacked control over grazing pressure and received no fertilization. In each region, contrasting
improved management systems, with more intensive and diversified management regimes were selected, as described
below:

i) Tropical humid - treatments included: 1) conventional system (CS); 2) fertilized pasture (FP) and

3) integrated crop-livestock (ICL). This site is located in the Amazonian biome and, back in 2004,
its native vegetation was removed for pasture implementation under conventional management
systems. In 2012 and 2015, parts of the atea were converted to integrated crop-livestock and
fertilized pasture systems, respectively.

i) Tropical mesic - treatments included: 1) conventional system (CS) and 2) integrated livestock-

forest (ILF). This site is located in the Atlantic Forest biome, where native vegetation was removed



60

for the implementation of a conventional management system in 1995, parts of which were

converted to an integrated livestock-forest system in 2015.

iii) Subtropical - treatments included: 1) conventional system (CS) and 2) integrated crop-livestock

(ICL). This site is located in the Pampa biome, where parts of this biome were converted in 2003

to a long-term experiment with an integrated crop-livestock system.

More details about the management adopted in these sites, the applied fertilization and soil texture featuring

can be found in Table 1.

Table 1. Study site desctiptions.

Climatic Tropical humid Tropical mesic Subtropical
condition
Description Brachiaria rmziziensis Germ. & C.M. Evrard Brachiaria brizantha cv. Marandu was used as Experiment with ICL cultivated with

Crop nutritional
management

Pasture
nutritional
management

Depth
(cm)
0-10
10-20
20-40
40-60
60-80
80-100

was used for pasture in management
systems with CS*, FP and ICL. The
management system with ICL presented
history of soy/maize crops and rice/soy
succession crops.

15 kg ha'! of N and 60 kg ha! of P2O on a
yeatly basis.

15 kg ha'! of N; 80 kg ha'! of P-O and 40
kg ha! of KoO on a yearly basis.
Application of 2000 kg ha'! of limestone at
the time of system deployment.

Oxisol!
Sand Silt Clay
(g kg™ (gkg? (gkg"
620+21.23 67+4.24 3131£8.49
610£56.57 88£7.07 302+12.02
480+21.23 67+4.24 453+20.51
412+14.85 32£2.82 556+10.61
333%72.83 47£2.83 580%81.32
385+3.53 29+2.12 585+28.25

pasture in management systems with CS*
and ILF. Two rows of African mahogany
trees (Kaya ivorensis A. Chev.) spaced 15x5m
away from each other were used in the
management system with ILF.

100 kg ha! of N on a yearly basis.

Oxisol?

Sand Silt Clay
(kg (gkg? (kg
561+13.44 175%7.78 26418.49
569£0.71 176+14.14 254+11.31
520%+15.56 14917.74 331+7.07
508+£25.46 143+33.23 329+16.97
493130.41 18019.46 32715.66
492146.67 179+17.68 329+4.58

soy/maize succession ctops in summer and
with Lolium multiflorum Lam. in winter. The
prevailing grass species in the system with CS*
was Paspalum notatnm Fligge.

18 kg ha'! of N and 40 kg ha'! of P>O and 40
kg ha! of K>O on an yearly basis.

150 kg ha! of N and 60 kg ha! of PO and 60
kg ha'! of K>O on a yearly basis. Application of
1000 kg ha'! of limestone at the time of system
deployment.

Uldisol®
Sand Silt Clay
(kg (gkg? (g kg
630+7.78  220%15.56 150%8.49
625+412.03  203%2.83 170%6.36
552+11.31 22147.07 227+6.36
525+4.95 195+8.49 280+5.66
415+7.07 201+4.24 384+19.80
350+9.90 18544.95 46442475

CS, conventional system; FP, fertilized pasture; ICL, integrated crop-livestock and ILF, integrated livestock-forest .! Oxisol formed from tertiary sediments
- the clay fraction is predominantly formed by kaolinite and Al oxide (gibbsite) (Campos et al., 2011); 2 Oxisol formed from basalt rocks - the clay fraction
is predominantly formed by kaolinite, Fe oxides (gocthite, hematite and magnetite/maghemite), Al oxide (gibbsite) (Cherubin et al., 2016); 3 Ultisols
formed by granite rocks - the clay fraction is predominantly formed by kaolinite and Fe oxides (hematite and goethite) (Bayer et al., 2011)." No soil
cotrection (e.g. lime, gypsum and fertilization).

Soil samples were taken in August and October 2017 at the tropical humid and subtropical sites,

respectively, and in January 2018 at the tropical mesic site. Samples at each site, under each management system, were

collected along transects with three sampling spots (repetitions) placed 50m away from each other. Samples were

removed at depths of 0-10, 10-20, 20—40, 40—60, 60—80 and 80—-100 cm with a Dutch auger. Adjacently, a trench was

opened to collect intact core samples with a Kopeck ring, for each depth, with three reps per treatment, to determine

bulk density (BD) (Supplementary Table S1). All soil samples were air dried, ground and sieved (2mm) for subsequent

analyses.

The chemical attributes of soil samples (i.e., N, P, K and pH etc.) from each management system and region

were determined based on the methods described by Raij et al. (2001). Results can be found in Supplementary Table

S2 (Tropical humid), S3 (tropical mesic) and S4 (Subtropical).

3.2.3. Fractionation and acid phosphatase analysis
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Phosphorus (P) fractions in soil samples were determined by measuring the inorganic (Pi) and organic P
(Po) as described by Hedley et al. (1982) and subsequently modified by Condron et al. (1985). This technique uses
sequential chemical extractants on the same sample to progressively extract P fractions, from the most labile to the
most stable pools. In total, 10 mL of extractant was added to 0.5 g soil in 15 mL centrifuge tubes (1:20 soil: solution
ratio) at each step; the tubes wete shaken end-ovet-end (vertical shaker, 60 tpm) for 16 h at 25 ‘C. Extractants were
used in the following order: anion exchange membrane (Piresin fraction), 0.5 M sodium bicarbonate (NaHCO3)
(fractions Pinic and Popic), 0.1 M sodium hydroxide (NaOH) (fractions Pinyan and Pohyd01), 1.0 M hydrochloric acid
(HC) (fractions PiHCI) and 0.5 M NaOH (fractions Pihyd05 and Ponyqos). The remaining soil was dried at 40 °C and
digested in HxSO4 + H2O» for residual P (Presiaua) determination. Phosphorus (P) concentrations were determined
through the method by Murphy and Riley (1962). Total P in the alkaline extracts was determined through digestion in
ammonium petsulphate + H2SO4 and autoclaved at 121°C and 103 KPa for 2h. Inotganic P fractions (Pi) in alkaline
extracts (NaHCO3 and NaOH) were determined through the method by Dick and Tabatabai (1977). Then organic P
(Po) was estimated as the difference between total P and Pi in the alkaline fractions.

P fractions were grouped based on relative P availability to plants, i.e., labile P (Piresin + Pibic + Pobic),
moderately labile P (Pinyao1 + Ponyaor + Pinci) and non-labile P (Pihydos + Pohydos + Presiqua). Another way to group P
fractions was proposed by Cross and Schlesinger (1995), who recommend grouping biological P pools, including all
organic fractions (Popic + Ponydor + Ponyaos), and the geochemical P, including all inorganic fractions and residual P
(Piresin + Pibic + Pinci + Pingdot + Pinydos + Presidual)-

In addition to mass concentration of P fractions in the soil (mg kg!), we calculated P stocks for each pool
- to Im depth (Mg ha') - by multiplying P concentration by bulk density and layer thickness for each field sample.
Phosphorus (P) stocks in more intensive and diversified pasture management systems were adjusted on a mass
equivalent basis (Ellert and Bettany 1995) relative to the conventional management system, to provide an unbiased
assessment of the effect of changes in pasture management system at each site (Lee et al., 2009). Average annual P
stock change rates were calculated by subtracting stocks in the conventional system at each location from stocks in the
more intensive/diversified pasture systems and dividing by years since conversion.

Acid phosphatase enzyme activity was measured in samples collected at layer 0-10cm, based on the method
described by Tabatabai (1994). One gram of soil was added to a solution of 5 mM p-nitrophenyl phosphate in 50 mM
sodium acetate buffer (pH 4.8) at 55°C, to measure the amount of p-nitrophenol released. The reaction was stopped
after 15 minutes by adding 1 ml of 0.1 M NaOH. The amount of p-nitrophenol released was measured in a
spectrophotometer at 410nm. The unit of phosphatase activity was defined as 1nmol of p-nitrophenol formed per

minute.

3.2.4. Total soil Cand N in SOM fractions

Total soil C and N (TC and TN) were measured on dry soil samples that were ground and sieved in 100
mesh (0.149 mm) (Supplementary Figures. S1a and S1b). SOM was physically fractionated through the granulometric
method modified by Christensen (1992), who used air-dried soil samples sieved in 2mm mesh (TFSA). After the end
of the process (sieving+ultrasound), soil samples (20 g) were divided into the following fractions: organomineral (F'1)
and organic fraction (F2) (75-2000 pm); organomineral fraction F3 (53-75 pm) and organomineral fraction F4 (< 53

um). Soil C and N content was determined using an elemental analyzer (Leco CN-2000®, St. Joseph, MI, USA). Total
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C and N contents in SOM fractions were calculated by multiplying C and N concentration in each fraction by its

corresponding mass (Supplementary Figures. S1c and S1d).

3.2.5. Data analysis

The effect of pasture management system under different climatic conditions on P pools were tested through
analysis of variance (ANOVA) (PROC GLM). The Tukey test (p < 0.05) was used to compare the means in case of
significant effect of each pasture management system at different depths. The Person’s correlation (PROC CORR)
was based on differences among P fractions in the soil, chemical attributes and clay content. Finally, principal
components analysis (PROC FACTOR) was used to assess the association between P fractions in the soil and SOM
fractions. All statistical analyses were carried out in the SAS-Statistical Analysis System software v.9.3 (SAS Inc., Cary,

USA).

3.3. Results

3.3.1. P contents in different fractions

The adoption of more intensive and diversified pasture management systems significantly changed the
amount and distribution of P fractions in the soil in comparison to CS for climate zone and across most soils depths
(Figure 2). The greatest differences were observed in the labile and moderately labile P fractions of organic (Po_bic
and Po_hyd0.1) and inorganic P (P_resin, Pi_bic, Pi_hyd0.1 and Pi_HCI). They showed higher P contents in the
organic fractions in conventional management systems (CS), whereas the highest P contents in the inorganic fractions
were observed in the more intensive and diversified management systems (FP, ICL or ILF). It is important pointing
out that, besides increased P fraction contents in the soil, the adoption of more intensive and diversified pasture
management systems also allowed the increased acid phosphatase activity in the 0-10 cm layer (Figure 3a). This enzyme

is strongly correlated to P fractions in the soil (ranging from 0.64 < r2 < 0.86) (Figures 3b-d).
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Figure 2. Phosphorus (P) contents in different fractions and in different soil layers in pasture management systems
subjected to tropical humid (a, b, ¢ and d), tropical mesic (e, f, g and h) and subtropical (i, j, 1 and m) climate conditions.
Bars represent the standard deviation of mean values (n = 3). Tropical humid: CS, conventional system; FP, fertilized
pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional system and ILF, integrated livestock-forest.

Subtropical: CS, conventional system and ICL, integrated crop-livestock.

The conversion of CS into ICL at the tropical humid site increased labile P (Pi_bic and Po_bic) by 11 and
58% for the full soil depth (0-100 cm) (Figure 2). Moderately labile fractions showed Pi_hyd0.1 increase of 5% in these
treatments. Increased non-labile fractions were only observed in P_residual (>22%) from CS to ICL. No increase in
total P was observed in this conversion. The FP also led to increased labile P (P_resin and Po_bic) by 58 to 76% in
layer 0-100 cm, in compatison to CS. There was increase in non-labile fractions (Po_hyd0.5 and P_residual) by 53 to
68% in comparison to CS. Finally, there was increase in total P after the conversion of CS into FP (>25%).

The conversion of CS into ILF under tropical mesic climate increased in the labile fractions (P_resin and

Po_bic) by 38 to 154% in the 0-100 cm layer (Figure 2). We also observed an increase of 2 to 35% in all moderately
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labile fractions concerning (Pi_hyd0.1, Po_hyd0.1 and Pi_HCI) due ILF, in comparison to CS. Non-labile fractions
only showed increase in P_residual (>21%). Total P increased due to this conversion (>25%).

Under subtropical climate, the conversion from CS to ICL led to increased labile fractions (P_resin, Pi_bic
and Po_bic) by 81 to 107% for the full soil depth (0-100 cm) (Figure 2). Moderately labile fractions (Pi_hyd0.1 and
Pi_HCI) also incresed by 2 to 165%. There was increase in non-labile fractions (Pi_hyd0.5 and Po_hyd0.5) by 64 to

110. This conversion of CS into ICL also recorded increased total P (>30%).
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Figure 3. Acid phosphatase activity at layer 0-10 cm in the pasture management systems (a) and its association with P

fractions under tropical humid (b), tropical mesic (c) and subtropical (d) climates. Bars represent the standard deviation of
mean values (n = 3). Mean values followed by the same letter did not differ from each other by Tukey test (p <0.05).
Tropical humid: CS, conventional system; FP, fertilized pasture and ICL, integrated crop-livestock. Tropical mesic: CS,
conventional system and ILF, integrated livestock-forest. Subtropical: CS, conventional system and ICL, integrated crop-

livestock.
3.3.2. P stocks in different fractions

Regardless of the climate condition and assessed fraction, the lowest P stocks observed in CS (Figure 4)

ranged from 0.59 to 5.16 Mg ha! in layer 0-100 cm. The FP significantly increased the P stocks, mainly in moderately
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labile and non-labile P fractions: 1.24 Mg ha! (>71%) and 6.35 Mg ha! (>123%), respectively, in comparison to CS
(Figure 4a). Overall, the adoption of integrated systems induced P stock inctease in all fractions in compatison to CS
(Figure 4a-c). The adoption of ICL increased by 0.47 Mg ha! (>80%) and 1.67 Mg ha! (>205%) the labile fractions
in soils subjected to tropical humid and subtropical climates, respectively. On the other hand, ILF increased by 0.76

Mg ha! (>88%) in the tropical mesic region.
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Figure 4. Labile, moderately labile and non-labile P stocks at layer 0-100 cm in different pasture management systems
under tropical humid (a), tropical mesic (b) and subtropical (c) climate conditions, and the relative contribution of each
fraction to Total P stock (d). Bars represent the standard deviation of the mean values (n = 3). Mean values followed by
the same letter did not differ from each other by Tukey test (p <0.05). Tropical humid: CS, conventional system; FP,
fertilized pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional system and ILF, integrated livestock-

forest. Subtropical: CS, conventional system and ICL, integrated crop-livestock.

The labile fraction represented approximately 12%, 6% and 15% of the total P stock in CS, FP and in the
means of integrated systems ICL and ILF, respectively (Figure 4d). Moderately labile fractions only presented increase
under subtropical climate in ICL: 1.29 Mg ha'! (>60%) in compatison to CS. On the other hand, ILF management

increased by 1.86 Mg ha! (>115%) in comparison to CS under tropical mesic climate. Moderately labile fractions
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represented approximately 29%, 19% and 24% of the total P stock in CS, FP and integrated systems ICL and ILF,
respectively (Figure 4d). Finally, significant increase was also observed in the non-labile fractions; increases ranged
from 3.85 Mgha'! (>74%) to 6.35 Mg ha'! (>123%) in integrated systems in comparison to CS. The non-labile fractions
have prevailed in the soil and they represented approximately 58%, 74% and 60% of the total P stock in systems CS,
FP and in integrated systems ICL and ILF, respectively. Overall, data have indicated that the more weathered the soils

(tropical humid > tropical mesic > subtropical), the higher the rate of P stock in non-labile fractions (Figure 4d).
3.3.3. P stocks in biological and geochemical fractions

The most intensive and diversified pasture management systems had the greatest P stocks in the biological
and geochemical P fractions in CS, under almost all climatic conditions (Figure 5). The FP system presented the highest
P stocks in the biological and geochemical P fractions under tropical humid climate: increase by 2.17 Mg ha! (>87%)
and 5.76 Mg ha! (>115%) in comparison to CS (Figure 5a). The adoption of the ICL system did not change the stocks
of biological P; however, it increased the stocks of geochemical P by 3.89 Mg ha! (>77%) in comparison to CS (Figure
5a). According to the proportional contributions of P fractions, CS presented the greatest contribution to the biological
fraction (33%), whereas ICL presented the lowest contribution (22%) to it (Figure 5d). The ICL system presented the
highest contribution (78%) to the geochemical P fraction; whereas it represented the lowest contribution in CS (67%).

The adoption of integrated systems under tropical mesic and subtropical climate induced biological and
geochemical P stock increase in comparison to CS (Figures 5b,c). Biological P increased by 2.29 (>89%)) and 1.74 Mg
ha! (>69%), and geochemical P by 3.19 (>85%) and 3.78 Mg ha"! (>119%) in comparison to CS under these climates,
respectively. Biological fractions (organic) represented 39%, 30% and 33% of the total P stock in the soil in CS, FL
and integrated systems ICL and ILF, on average; whereas the geochemical fraction prevailed in these same systems:

61%, 70% and 66%, respectively (Figure 5d).



67

@ NNes  [[[ee Erc Nes  [[M[wr

b
104
- s
2 a
oh
2 .
‘é a
%
~ 4 ) b
24
0 -
Biological P Geochemical P Biological P Geochemical P
12 @CS m]:m IcL @ I Biclogical P [l Geochemical P
10 1
ZicL
2
< 84 3 PP
Z 2§
&0 8 & -
2 6- 2 : cs
e 5.z
g g EILF
2 =
S g Bcs
s &
=
24 SIcL
g
Zcs
0- 7

Biological P Geochemical P 0 20 40 60 80 100
Relative contribution (%)

Figure 5. Biological and geochemical P stocks in layer 0-100 cm in different pasture management systems under tropical
humid (a), tropical mesic (b) and subtropical (c) climates, and the relative contribution of each fraction to the total P stock
(d). Bars represent the standard deviation of the mean values (n = 3). Mean values followed by the same letter did not differ
from each other by Tukey test (p <0.05). Tropical humid: CS, conventional system; FP, fertilized pasture and ICL, integrated
crop-livestock. Tropical mesic: CS, conventional system and ILF, integrated livestock-forest. Subtropical: CS, conventional

system and ICL, integrated crop-livestock.

3.3.4. Management-induced rates of change for P fractions

Overall, the annual P stock rate changes in different P fractions led to positive responses to CS conversion
into more intensive and diversified pasture management systems (Figure 6). The greatest differences were observed
under the tropical humid climate, in which CS conversion into FP increased labile, moderately labile and non-labile P
fractions by 0.01, 0.03 and 0.17 Mg ha™! yr~! (Figure 6a), and biological, geochemical and total P fractions by 0.00,
0.16 and 0.21 Mg ha~! yr~!, respectively (Figure 6b). The adoption of ICL induced increase by 0.02 and 0.11 Mg ha™!

yr~! in the labile and non-labile fractions (Figure 6a) and by 0.001, 0.10 and 0.09 Mg ha™! yr~! in the biological,



68

geochemical and total P fractions, respectively (Figure 6b). However, a slight annual decrease (-0.01 Mg ha™! yr~1) was

observed in the moderately-labile fractions in ICL in comparison to CS.
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Figure 6. Annual rate of changes in the labile, moderately labile and non-labile P stocks (a) and in the biological,
geochemical and total P stocks (b) in layer 0-100 cm, in compatison to the adoption of more intensive and diversified
pasture management systems under each of the assessed climate conditions. Bars represent the standard deviation of the
mean values (n = 3). Tropical humid: CS, conventional system; FP, fertilized pasture and ICL, integrated crop-livestock.
Tropical mesic: CS, conventional system and ILF, integrated livestock-forest. Subtropical: CS, conventional system and

ICL, integrated crop-livestock.

The conversion of CS into ILF under tropical mesic climate also resulted in increased annual P rates in all
fractions: 0.03, 0.08 and 0.11 Mg ha~! yr~! in the labile, moderately labile and non-labile fractions (Figure 6a) and 0.09,
0.13 and 0.20 Mg ha™! yr~! in biological, geochemical and total P fractions, respectively (Figure 6b). Similatly, one
could also observe the positive effects of subtropical climate on the annual rates of P after ICL adoption. Different

fractions presented similar values: mean increase by 0.03 Mg ha™! yr~! in comparison to CS.
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3.3.5. Correlation between P fractions based on soil chemical attributes, clay content and

association with SOM fractions

Within the pasture management systems tested, P fractions showed strong correlation to soil chemical
attributes and to clay content (Table 2 and Supplementary Table S5). Overall, clay content and soil pH were the
attributes presenting correlations to all assessed climatic conditions. It is important to highlighting the negative
cotrelation of clay content to labile and biological P fractions (at £? ranging from -0.61 to -0.81) and the positive its
cotrelations to moderately labile and non-labile, geochemical and total P fractions (at 2 ranging from 0.45 to 0.76).
The positive correlation of soil pH to the labile and moderately labile P fractions (at t? ranged from 0.44 to 0.58) stood
out; whereas the positive correlation of soil chemical attributes concerning Ca, Mg, BS and CECpH?7, mainly to labile

and moderately labile P fractions, stood out (at £ ranging from 0.40 to 0.81) among the other soil chemical properties.

Table 2. Pearson’s correlation coefficients between soil P pools and soil clay content, and chemical attributes.

Soil chemical , Soil P'pools .
attributes Lability Origin

Labile Mod. Labile Non-Labile Biological Geochemical Total
Clay -0.81%* 0.52% 0.45* -0.62%* 0.61%* 0.76%*
pH 0.44* 0.58* 0.32 0.21 0.11 0.26
K 0.21 0.05 -0.17 0.15 0.08 -0.13
Ca 0.51* 0.21 0.44* 0.05 -0.05 0.20
Mg 0.56* -0.18 0.49* 0.43* -0.08 0.15
BS 0.40% 0.53* 0.81* 0.18 0.46* 0.53*
CTCpH7 0.68** 0.10 0.56* 0.22 0.06 -0.17

* significant at 5% probability (p <0.05) and ** significant at 1% probability (p <0.01). Clay, clay content (g kg!); K, potassium (mmolc
dm3); Ca, calcium (mmolc dm-3); Mg, magnesium (mmolc dm-3); BS, base saturation (%) and CECppy, potential cation exchange
capacity (mmolc dm-3). Pearson's correlation was calculated by using the number of obsetvations “n” = 72.

The P fractions showed strong association with total soil C and N and with SOM fractions (Figure 7 and
Supplementary Figure S2). General results have represented 71% of the total data variation; therefore, the CS system
has presented association between moderately labile and biological P fractions, and C and N in SOM fractions F1 and
F2, respectively (Figure 7). The FP system presented association between non-labile and total P fractions, and C and
N in SOM fraction F4. There was association of labile and geochemical P fractions with total soil C and N, as well as
with C in SOM fractions F1 and F2. Finally, ILF did not lead to association with soil P fractions, but only to association

between these fractions and C and N in SOM fraction F3.
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Figure 7. Principal component analysis between P fractions in the soil and C and N stock in the soil, and SOM fractions
in pasture management systems under different climatic conditions in the soil layer 0-100 cm. LAP, labile P; MLP,
moderately labile P; NOP, non-labile P; GEP, geochemical P; BIP, biological P; TOP, total P. TC, total soil C; TN, total
soil N; CF1, total C in fraction F1; NF1, total N in fraction F1; CF2, total C in fraction F2; NF2, total N in fraction F2;
CF3, total C in fraction F3; NF3, total N in fraction F3; CF4, total C in fraction F4; NF4, total N in fraction F4. Tropical
humid: CS, conventional system; FP, fertilized pasture; ICL, integrated crop-livestock. Tropical mesic: CS, conventional

system; ILF, integrated livestock-forest. Subtropical: CS, conventional system; ICL, integrated crop-livestock.

3.4. Discussion

3.4.1. P fractions under more intensive and diversified pasture management systems

The conversion of CS into FP led to increased organic fraction (Po_bic) and P_resin in the labile fraction
(Figure 2a), as well as to organic (Po_hyd0.1 and Po_hyd0.5) and inorganic P in moderately labile (Figure 2b) and non-

labile fractions (Figure 2c), respectively, as well as to increased total P (Figure 2d). Although this conversion (CS to
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FP) also increased the inorganic P, it is important pointing out that the highest increase was observed in organic P.
This finding corresponds to the greatest activity of acid phosphatase enzyme due to the highest content of organic P
(Figures 3a and 3b), which met findings by Nesper et al. (2015), who highlight that well-managed pastures increase the
organic P in the soil, mainly P from myo-inositol hexakisphosphate.

The greatest P stocks in moderately labile and non-labile P fractions were observed in FP (Figure 4a), as
well as the greatest P stocks in the biological and geochemical P fractions (Figures 5a). The greatest P stocks in the
most stable fractions (moderately labile, non-labile and geochemical P) in this management system can be explained
by the “natural” process of P adsorption applied by fertilizer to the mineral colloids of weathered soils (Fe and Al
oxides) and proven by the increased P contents under this management system (Supplementary Table S2). Higher P
stocks in more stable fractions corroborate the findings by Conte et al. (2003), where they reported that pasture sites
fertilized with phosphate can be prone to P immobilization in the soil.

The CS conversion into ICL under tropical humid and subtropical climate led to the greatest Pi_bic and
Po_bic increase in labile P fractions (Figures 2a and 2e¢) and to Pi_hyd0.1 increase in moderately labile P fractions
(Figures 2b and 2f). The main difference in this conversion under the two climates is observed under the subtropical
climate condition, which showed P_resin and total P increase — this effect can be also attributed to implementation
time. Cooler temperatures in subtropical climate regions allow slower mineralization of surface organic waste than the
tropical humid climate, and this process can broaden the constant presence of carboxylic and phenolic groups with
potential to block P adsorption sites in Fe and Al oxides (Gatiboni et al., 2015). Moreover, the used grass species
(Lolium multiflorum Lam.) presented more significant P release into the soil due to the mineralization of crop waste
in comparison to the grass species used under tropical humid climate (Brachiaria spp) (Semmartin et al., 2008; Almeida
et al,, 2018). Yet, the effect of subtropical climate (low temperatures) did not influence the activity of acid phosphatase
(Figures 3a and 3d), and this finding is in compliance with studies that have reported that climate does not influence
the activity of this enzyme (Turner et al., 2003; Xiao-Guang et al., 2011). The most important effect results from the
quality of the management system. The shortest implementation time may explain the absence of total P increase in
ICL under tropical humid climate, and this outcome corroborates the study by Deiss et al. (2016), who highlighted
that management systems with ICL lead to greater P output through production components (beef and grains). The
increase in total P response is slower than that found in systems with annual crops and/or pasture.

Management systems with ICL under tropical humid and subtropical climate have presented the greatest P
stocks, mainly in the labile fraction (Figures 4a and 4c). It is noteworthy that this effect results from the greater and
constant input of inorganic P through fertilization; however, one cannot neglect the importance of different crop types
and animals in these sites, since they give more cycling to soil P through organic waste deposition and decomposition
(Fernandes et al., 2002; Rotta et al., 2015). Besides, the animal component greatly influences P cycling, because animals
have the ability to hydrolyse phytates into orthophosphates in their digestive system, and these orthophosphates will
be available for plants and microorganisms (Humer and Zebeli, 2015). It is essential to point out that ICL under
subtropical climate condition has presented the greatest P stock in the geochemical P fraction (Figures 5c). Costa et al.
(2014) also found greater P stocks in this fraction at depth 0-20 cm when they assessed a management system with
ICL under subtropical conditions. They suggested that the geochemical P rates in deeper layers could be higher, and
this hypothesis was confirmed by the P evaluation carried out in deeper soil layers (100 cm) in the current study. The
greatest geochemical P stock in the management system can also be related to the fact that, at the end of grazing, part

of the vegetal materials under and on the ground remains in the site, and it contributes to the accumulation of a greater



72

stock of geochemical P throughout the cultivation time. These inorganic reactions mostly regulate the P cycle in the
soil (Floate and Torrance, 1970; Rheinheimer and Anghinoni, 2003).

The CS conversion into ILF under tropical mesic conditions increased the P contents in the labile fractions
(P_resin and Po_bic) and in all moderately labile fractions (Pi_hyd0.1, Po_hyd0.1 and Pi_HCI) (Figures 2e and 2f).
Management systems with ILF presented greater volume of fine roots (~1.85 mg cm™3), and these roots accounted for
the lowest root exudate rates - this process stimulates the microbial community in the soil (Upson and Burgess, 2013).
The exudate/root combination can change the organic and inorganic forms of P in the soil, which are available for
plants and increase the activity of enzyme acid phosphatase (Figures 3a and 3c), as well as allow greater interaction
between roots and mycorrhizal fungi in the soil — these fungi are important for soil P cycling (Chen et al., 2004; Achat
et al.,, 2012; Nash et al., 2014). The ILF system also showed increase in non-labile (P_residual) and total P fractions,
and this outcome suggests that, despite the short implementation time, this management system is efficient to fulfil
plants’ P needs and to accumulate the excesses of P in non-labile forms in the soil.

The ILF system under tropical mesic climate presented the greatest P stocks, mainly in the labile, moderately
labile (Figure 4b) and biological fractions (Figure 5b). The positive effect of ILF in comparison to CS on these fractions
was assessed by Wang et al. (2017), who have explained that management systems based on perennial grass species
increase P reabsorption efficiency and, consequently, exhaust P availability in the soil (labile and moderately labile
fractions). This process slowly reduces microbial P biomass in the biological fraction. Yet, the initial ILF installation
stage can benefit from the greatest P contents in the soil, since P from organic waste decomposition — which adds to
the soil — is more significant than its absorption by trees, a fact that improves the quality of P in the labile fractions

and increases the demands by microorganisms in the soil (Fan et al., 2015).

3.4.2. Time evaluation of P stocks in more intensive and diversified pasture management

systems

The comparison between pasture systems under different climatic conditions to assess the rates of annual
changes in P stocks in the soil showed that, overall, more intensive and diversified pasture management systems have
more positive responses in comparison to CS (Figure 6). Regardless of the management system, higher rates of annual
changes in P stocks were observed under tropical humid climate (0.15 Mg ha™! yr~1). This outcome accounts for 36%
and 400% increase in P stocks under tropical mesic and subtropical climate conditions, which have recorded mean
annual changes of 0.11 and 0.03 Mg ha™! yr~!, respectively. Roy et al. (2017) conducted a study with phosphate
fertilization in a grain production site under tropical humid climate and found annual changes in P stocks by 0.014 Mg
ha™! yr! in the 0-20 cm layer. They have concluded that even after 30 years of intensive application of phosphate
fertilizer, soil adsorption ability remained high — approximately % of P applied to the soil remained unavailable for
plants. This information reinforces the importance of assessing different climatic conditions and soil types when it
comes to the implementation of more intensive and diversified pasture management systems, mainly because of the
great soil and climate heterogeneity in Brazil.

Only the conventional management conversion into ICL, under tropical humid climate, recorded negative
annual change rates: -0.08 Mg ha™! yr™! in the moderately labile fraction (Figure 6a). According to MacDonald et al.
(2012), the labile and moderately labile P fractions are strongly influenced by the management system under tropical
climate conditions, mainly in soil presenting low P content, such as the case of ICL under tropical humid climate in

the current study - this efficiency will be mainly influenced by cultivation time. MacDonald et al. (2011) carried out a
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global study about P content in agricultural soils and found that only 34% (0.004 Mg ha~! yr~1) of the total P stocked
in the soil (0.013 Mg ha™! yr~1) was in its labile form. Similar results were found in the present study: the mean of labile
P proportion in the rates of annual changes in P stocks in the soil reached 33%, 37% and 42% among pasture

management systems under tropical humid, tropical mesic and subtropical climate conditions, respectively.

3.4.3. Linking soil P pools to soil chemical and organic matter attributes in pasture

management systems

The strong correlation to soil chemical attributes, mainly to clay content and pH (Table 2), stand out among
the main effects leading to the greatest P accumulation in the soil given the adoption of more intensive and diversified
pasture management systems (sections 4.1 and 4.2). The close relationship between P fractions in the soil and clay
content can be explained by the prevalence of Fe and Al oxides and hydroxides in soil constitution, a fact that allows
great adsorption of phosphates (Novais et al., 2007; Conte et al., 2003). On the other hand, correlations to pH result
from greater P solubility due to P content increase (Gama-Rodrigues et al., 2014; Kruse et al., 2015), which results
from more intensive and diversified management systems. Cherubin et al. (2016) performed a study about the dynamics
of different P fractions in the soil in a site subjected to the conversion of native forest into pasture and sugarcane
crops. They found negative correlations between clay content and biological and labile P fractions, and positive
correlation of it to the geochemical P fractions, as well as positive correlation between pH and labile and biological P
fractions. The correlations found by Cherubin et al. (2016), meet the results in the present study, and indicates that
these P fractions (biological, labile and geochemical) account for the greatest variations in changes resulting from
different management systems.

The P fractions have also presented close relationship with the SOM fractions, which shows that SOM is
also an important is an important parameter for studies about the dynamics of P in tropical ecosystems (Figure 7). The
relationship between P and SOM fractions is of great importance, as according to Hagyéa and Téth (2018), P and
SOM are the main attributes used in international inventories for soil quality assessment in croplands and grasslands.
The CS assessed under the three climatic conditions showed similar correlation between moderately labile and
biological P fractions and N in SOM fractions F1 and F2. The strong relationship of CS with labile and biological P
fractions in addition to the SOM fractions points out the strong dependence of biomass production on the grassland
site, because SOM fractions F1 and F2 were formed by less transformed vegetal waste, which holds the P from fungi
that decompose such waste. The high dependence of the CS of biomass production on the grassland site, explains why
organic P fractions (e.g., labile and biological fractions) are expected to undergo faster enzymatic hydrolysis (Salas et
al., 2003; Von Liitzow et al., 2007). However, the high dependence of the CS of biomass production on the grassland
site can also highlight the high susceptibility of these systems to degradation, mainly because of excessive grazing,
which compromises the recycling of nutrients by biomass, such as P.

The relationship between non-labile and total P fractions and C and N stocks in SOM fraction F4 in the
FP system under tropical humid climate has shown that phosphate fertilizer application along with limestone may have
had some effect on such relationship (Figure 7). Fonte et al. (2014) found higher organic P contents in well-managed
pasture sites in comparison to the conventional management and this outcome suggests that this effect can be
associated with differences in soil structure. In the case of the present study, Ca?* increase resulting from limestone
application (Supplementary Table S2) works as ionic bridge between SOM bond to clay particles (F4). This process

improves soil aggregation and protects the organic forms of P (Briedis et al., 2012).
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There was association between labile and geochemical P fractions and total soil C and N, and C in SOM
fractions I'1 and F2 in ICL under tropical humid and subtropical climate (Figure 7). The strong relationship between
the P fractions (labile and geochemical) mainly with the total soil N, can be firstly attributed to the high demand for N
by crops in the ICL system to increase biomass, as well as to the high dependence of organic P in systems poor in this
nutrient, such as the case of the tropical humid climate condition (Ziadi et al., 2008). Furthermore, ICL is efficient to
provide vegetal waste (F1 and F2) in order to fulfil microbial activity demands in the soil and, consequently, to improve
the input of P available for plants (labile P). The association between labile P fractions and SOM fractions F1 and F2
may have resulted from the constant supply of animal and vegetal waste to microbial activity, since this process favors
SOM mineralization, a fact that may have influenced C and N accumulation in the soil (Six et al., 2002), as well as C
and N relationship with such P fraction.

There was not association between P fractions and ILF under tropical mesic climate conditions, but strong
ILF correlation to C and N in SOM fraction F3 (Figure 7). The ILF system greatly influenced C in the SOM fractions,
which had intermediate recalcitrance in the soil (F3). This SOM fraction can be working as gradual P release source in
the soil, as well as occupying P absorption location in the soil and, consequently, increasing its availability (Fontaine et
al., 2007; Rocha et al., 2015). The multifunctionality of this SOM fraction (F3), which acts as P soutce in the soil and
occupies P absorption location in it, can account for the lack of influence of a given specific P fraction in the ILF
system. Therefore, further studies must be carried out in order to better understand such association in soils subjected

to this management system.

3.5. Conclusions

Pasture intensification and diversification in sites previously managed under extensive practices (CS) have
changed the soil P fraction dynamics. The CS, without fertilization, presented the lowest P contents in the soil and the
highest organic P proportions (39%). This outcome suggests that P availability to fulfil plants’ nutritional demands
depends on SOM turnovers (Organic P). Management systems with FP increase the P content in the soil; however,
this P is mainly accumulated in moderately labile (0.03 Mg ha! yr') and non-labile P fractions (0.17 Mg ha! yr1).
Integrated systems (ICL and ILF) led to greater P content increase, mainly in labile (0.02 and 0.03 Mg ha'! yr,
respectively), moderately labile (0.01 and 0.08 Mg ha'! yr1, respectively) and total P fractions (0.06 and 0.20 Mg ha! yr-
1, respectively).

There was a close relationship between the P fractions with total soil C and N and with SOM fractions;
overall, labile, moderately labile and biological P fractions were more closely correlated to SOM fractions F1
(organomineral) and F2 (organic fraction 75-2000 pm), and the non-labile and geochemical P fractions had greater
correlation to SOM fractions F3 (53-75 um) and F4 (< 53 pum). The results also indicate that the P dynamics in the
soil in pasture sites is closely related to SOM dynamics. The labile and moderately labile P fractions are related to SOM
organomineral (F1) and organic fractions (75-2000 um), whereas the non-labile P fractions are related to SOM
organomineral fractions I'3 (53-75 um) and F4 (< 53 um).

The results found in this study may help efforts (e.g., Brazil’'s NDC and ABC Program) focused on
recovering degraded pasture sites in Brazil. The establishment of management practices that favor efficient P use are
essential to improve the sustainability of production systems. In addition, the adoption of sustainable management

systems can reduce the dependence on P fertilizers imports and also contribute to reducing the depletion of global P
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resources. Moreover, these results can also help mathematical models (such as Century and DayCent) whose aim lies

on predicting P contents based on management system changes throughout time in tropical pasture sites.
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Supplementary Figure S1. Total soil C and N stocks (a and b) and C and N stocks in different SOM fractions (c and d)

in pasture management systems under different climatic conditions in the soil layer 0-100 cm. Bars represent the standard
deviation of the mean values (n = 3). Tropical humid: CS, conventional system; FP, fertilized pasture and ICL, integrated
crop-livestock. Tropical mesic: CS, conventional system; and ILF, integrated livestock-forest. Subtropical: CS, conventional
system; and ICL, integrated crop-livestock. F1, organomineral fraction (75-2000 um); F2, organic fraction (75-2000 um);

I3, organomineral fraction (53-75 um); F4, organomineral fraction (<53 um). ‘Below the detection limit.
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Supplementary Figure S2. Principal component analysis between P fractions in the soil and C and N stocks in the soil,

and SOM fractions in pasture management systems under tropical humid (a), tropical mesic (b) and subtropical (c) climate
conditions, by taking into account the 0-100 cm layer. LAP, Labile P; MLP, moderately Labile P; NOP, Non-Labile P;
GEP, geochemical P; BIP, biological P; and TOP, total P. TC, total soil C; TN, total soil N; CF1, total C in fraction F1;
NF1, total N in fraction F1; CF2, total C in fraction F2; NF2, total N in fraction F2; CF3, total C in fraction F3; NF3, total
N in fraction F3; CF4, total C in fraction F4; and NF4, total N in fraction F4. Tropical humid: CS, conventional system;
FP, fertilized pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional system; and ILF, integrated

livestock-forest. Subtropical: CS, conventional system; and ICL, integrated crop-livestock.



82

Supplementary Table S1. Soil bulk density (g cm™) in pasture management systems under tropical humid, tropical mesic and subtropical

climate.
Depth Tropical humid Tropical mesic Subtropical

0-10 cm
CS 1.3310.10 CS 1.0310.23 CS 1.6010.12
FP 1.18%0.06 ILF 1.24£0.08 ICL 1.4410.09
ICL 1.401+0.13

10-20 cm
CS 1.4610.09 CS 1.55%0.14 CS 1.60%+0.18
FP 1.27£0.27 ILF 1.58+0.02 ICL 1.51%0.06
ICL 1.4410.04

20-40 cm
CS 1.40%0.11 CS 1.6910.04 CS 1.55%0.04
FP 1.20£0.10 ILF 1.63£0.07 ICL 1.5610.02
1ICL. 1.431+0.04

40-60 cm
CS 1.3940.13 CS 1.67%0.02 CS 1.50%0.09
FP 1.22+0.14 ILF 1.60£0.12 ICL 1.53+0.02
ICL 1.3510.07

60-80
CS 1.4310.02 CS 1.5940.12 CS 1.4310.02
FP 1.31+0.25 ILF 1.50£0.04 ICL 1.47%0.01
ICL 1.3840.03

80-100 cm
CS 1.1410.29 CS 1.5140.09 CS 1.50%0.04
FP 1.30%0.21 ILF 1.53+0.05 ICL 1.45%0.07
1CL 1.3840.03

Unless indicated otherwise, data are the meants.e.m. (n = 3). Tropical humid: CS, conventional system; FP, fertilized pasture and ICL, integrated crop-livestock.
Tropical mesic: CS, conventional system and ILF, integrated livestock-forest. Subtropical: CS, conventional system and ICL, integrated crop-livestock.
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Supplementary Table S2. Characterization of soil chemical attributes for pasture management systems under tropical humid climate.

Deph Manangemant pH CaCl; P K Ca Mg Al H+Al SB CECpnr BS AS
systems
0-10 cm mg kg1 mmol. dm-3 %
CS 433+ 0.21 3.70% 0.26 237+ 050 6.01£0.79 1.99+£0.13 0.19£0.07 2010+ 1.72 10.73£ 0.79 32.43+ 3.32 31.18+ 0.75 0.00% 0.00
FP 470+ 0.43 5.83% 0.15 213+ 035 1541141 3921063 091£0.08 33.10£436 2247+1.28 59.60% 2.76 40.06% 3.54 523+ 0.99
ICL 4931+ 0.26 14.29+ 0.37 312+ 1.07 1211£1.01 5.63+0.94 0471032 19.73+2.02 2257+ 1.30 44.60%+ 0.75 5418+ 4.10  3.50% 0.69
10-20 cm
CS 4.50%+ 0.03 3.04%+ 0.23 1.50%£ 0.07 6.18% 0.68 1.84£ 027 051014 17.27£1.18 9.86% 0.69 27.69% 0.82 33.56+ 1.88  5.34% 0.87
FP 4.85+0.13 5.88+ 0.16 1.78+ 0.15 1446+ 151 359+ 046 0.92+0.07 3287+274 20.15+1.32 5534+ 1.56 37.59+ 228 522+ 1.02
ICL 4.88+ 0.11 9.85+ 0.21 224+ 034 994+ 0.34 621+ 0.37 042+ 022 18.08+220 1845+ 141 37.76+1.27 46.64+ 297 5.84% 0.84
20-40 cm
CS 433+ 0.15 2.38%+ 0.35 0.64+ 036 6.34% 0.61 1.69£ 042 0.82+0.22 1443+ 0.70  8.98% 0.60 2294+ 1.95 35.93+ 3.27  10.67%£ 1.74
FP 5.00% 0.20 3,93+ 0.22 1.43£0.59 1351+ 1.61 3271037 093010 32.63+2.07 17.82x1.60 51.07% 0.39 3511+ 1.06 5.21% 1.04
ICL 4.83%+0.20 542+ 0.13 1.32+0.59  6.69% 0.76 370+ 0.55 0.38+0.15 1643+ 2.48 14.75+2.84 30.91%+ 1.80 3911+ 241  8.18% 1.06
40-60 cm
CS 433+ 0.45 3,12+ 0.26 0.62+ 0.36  5.92% 0.64 1.71£ 040 0.02£0.01 1572+ 2.15 9.58%+ 0.87 2591+ 1.67 34,35+ 2.88  0.00% 0.00
FP 4.64%+ 0.25 331+ 0.15 0.64+ 034  10.72£1.69 419+ 034 0.82£0.22 26.83£3.75 1425+ 1.82 46.45% 1.60 3325+ 1.10 6.20% 1.96
ICL 4.78%+ 0.16 2.02%+ 0.28 1.27£ 047 5.20% 1.31 1.82£ 0.39 0.02£0.01 13.58+1.86 8.50%+ 1.29 21.97+ 1.49 34,51+ 2.69  0.00£ 0.00
60-80 cm
CS 442+ 0.21 2.30% 0.20 0.29+ 0.18 5.49+ 0.84 1.62+ 0.51 0.83+0.17 1398+ 1.88 8.09% 0.63 23.51+0.97 3426+ 441  11.58+ 1.83
FP 477+ 0.15 227+ 0.15 0.74+ 0.20 6.02% 0.22 3.08% 0.54 0.93% 0.08 21.58+3.09 9.94% 1.22 35.63+ 1.03 3242+ 631  10.26% 2.08
ICL 5.05% 0.20 1.80% 0.21 0.89%+ 0.34  4.22+ 0.98 1.70£ 0.52  0.02£0.01 1193191 6.98%= 1.61 19.13% 1.56 31.92+ 2.02  0.00£ 0.00
80-100 cm
CS 517+ 0.15 2.50%+ 0.10 0.37+ 0.25 5.57% 0.63 0.79+ 0.25 0.02£ 0.01 14.46%f 1.57 8.79% 1.38 23.67% 2.77 35.14+ 1.00  0.00£ 0.00
FP 4.90%+ 0.20 2.60%+ 0.15 0.81+ 0.12  5.96% 0.59 1.681 0.32 090+ 0.11 20.61£1.23 8.61+ 4.71 2891+ 1.50 20.371 1.20  14.56% 3.73
ICL 4,94+ 0.17 225+ 0.13 0.70+ 0.28  5.04% 0.68 1.37£ 026 0.01£0.01 1244%+1.92 1047+ 134 22.12% 3.59 31.19% 2.47  0.00£ 0.00

Unless indicated otherwise, data are the meants.e.m. (n = 3). CS, conventional system; PF, fertilized pasture and ICL, integrated crop-livestock.). H+Al: potential acidity; SB: sum of bases; CECpH7: potential cations
exchange capacity; BS: base saturation (%0); AS: aluminum saturation. * Anionic Resin.
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Supplementary Table S3. Characterization of soil chemical attributes in pasture management systems under tropical mesic climate.

Deph Manangemant pH CaCl, P K Ca Mg Al H+Al SB CECpnr BS AS
systems
0-10 cm mg kg! mmol. dm-3 %
CS 4,731 0.21 2,971 0.15 1.60% 0.10 5.94% 0.40 5.78% 0.45 2.391% 0.72 31.30% 1.82 11.90+£ 1.58 41.85% 2.59 29.79+ 1.24  12.29%£ 0.84
ILF 519+ 0.18 7.88% 0.80 1.36x 0.17 17.93% 1.30 8.53% 0.84 1.78% 0.23 29.78% 2.69 23.78+ 3.29 59.72+ 4.68 50.43%+ 3.68 5.15% 1.10
10-20 cm
CS 4,70t 0.17 2,981 0.18 1.41+ 0.10 4.98% 0.20 4.97% 0.09 2.60x 0.11 29.20%+ 1.30 10.15% 1.30 38.88+ 1.99 26.44+ 137  16.74% 1.86
ILF 4.89% 0.19 4,221 0.43 1.10% 0.06 13.48+ 0.99 7.02% 0.81 3.28% 0.19 30.11% 1.35 18.43% 2.47 53.72% 2.98 41.45+ 2.53  15.19% 2.48
20-40 cm
CS 4.67+ 0.15 3.00% 0.50 1.25%£ 0.15 4.00% 0.80 4.18% 0.60 2.82+ 0.54 27.10% 4.08 8.40% 1.10 35.91+ 1.39 23.08% 1.68  21.19% 2.89
ILF 4.60% 0.31 2.55+ 0.27 0.84% 0.11 9.04% 0.68 5.52% 0.97 4.08% 0.39 30.43+ 2.71 13.19% 1.93 47.72+ 1.30 3248+ 215 25.23+ 4.14
40-60 cm
CS 4.07% 0.25 2.83% 0.15 1.38%+ 0.16 3.05% 0.58 2.08% 0.87 6.97% 1.70 32.98% 1.50 5.49% 0.81 39.35%+ 1.08 16.30+ 1.82  43.77% 7.61
ILF 5.20% 0.33 2.68% 0.24 0.85+ 0.13 7.75% 0.78 5.80% 0.76 5.53% 0.65 23.24+ 2.45 11.94% 1.32 38.25%+ 1.40 33.62+ 410 427+ 4.74
60-80 cm
CS 4.20% 0.36 2.30% 0.10 0.55£ 0.13 2.08% 0.88 0.81£ 0.17 6.30% 1.23 30.75% 2.01 2.65% 0.75 34.22+ 1.78 10.96x 3.29  46.71% 14.36
ILF 4.85% 0.26 2,731 0.23 0.77x 0.06 2.78% 0.45 2.21% 0.31 8.291% 0.90 35.43+ 3.92 411t 1.15 42.53+ 3.33 16.39% 1.64  48.39%+ 10.73
80-100 cm
CS 4.36% 0.14 297+ 0.15 0.56% 0.05 3.96% 0.40 0.74% 0.25 5.82% 0.54 25.07+ 3.54 4.61+ 0.95 30.31% 0.88 18.15£ 1.98  46.10% 8.46
ILF 471+ 0.16 2.65+ 0.23 0.78% 0.08 2.331+0.19 1.58+ 0.16 7.45+1.13 28.21+ 2.92 3.17% 0.59 33.31% 1.00 14.58% 3.04  56.74% 10.12

Unless indicated otherwise, data are the meants.e.m. (n = 3). CS, conventional system and ILF, integrated livestock-forest. H+Al: potential acidity; SB: sum of bases; CECpH7: potential cations exchange capacity; BS: base

saturation (%0); AS: aluminum saturation. *Anionic Resin.
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Supplementary Table S4. Characterization of soil chemical attributes in pasture management systems under subtropical climate.

Depth Manangemant pH CaCl; pP* K Ca Mg Al H+Al SB CECphr BS AS
systems
0-10 cm mg kg1 mmol. dm-3 %
CS 4.50% 0.30 6.00% 0.50 2131 0.15  5.80% 0.53 495+ 0.28  3.84% 0.47 5273+ 4.78 1211+ 1.29  63.88+ 2.43 18.57+ 2.54  20.88+ 1.82
ICL 3.64+ 0.24 89.75+ 5.14 2071018  9.95% 0.99 522+ 0.87 13.80%£ 1.23  73.66% 4.29 15.35+ 2.09  89.57+ 3.33 20.76£ 1.97  39.48+ 7.79
10-20 cm
CS 4571 0.19 14.74% 5.50 2.06£ 0.07 5321 0.55 4.0310.39  4.67£0.87 46.72% 4.57 10.49+ 1.40  58.84% 1.86 18.06+ 1.24 3218+ 5.71
ICL 3.62% 0.15 56.42+ 2.84 2.00£0.09 11.11£1.09 5821039  13.54£0.76  44.82+ 2.88 16.65+ 2.11  64.36+ 3.88 37541 1.79  37.12+7.93
20-40 cm
CS 4.64% 0.14 23.48* 2.41 1.98+ 0.03  4.84% 0.58 311+ 0.55 549+ 1.30 40.70% 4.38 8.87% 1.60 53.81+ 2.33 17.55+ 1.96  43.49+% 10.28
ICL 3.85%+ 0.19 23.09% 2.04 1.92+0.06 12272193 642+ 0.83 1329+ 141 1597f1.75 17.96+ 1.99  39.15%+ 1.40 54321 329  8.19%8.19
40-60 cm
CS 4571 0.15 5.63* 2.85 021£0.03 4871 0.57 1.79£ 0.25  21.82+2.04 66.09% 5.02 7.38% 0.80 7795+ 1.74 11.40+ 0.93 6555+ 7.31
ICL 3.72+ 0.19 17.63% 2.30 1.04+ 0.07  9.22+ 143 355+ 0.68 11.49% 1.09  43.72% 2.81 11.93+ 1.73  52.51+ 2.56 27.99% 2.58  28.52+ 7.17
60-80 cm
CS 4211 0.11 2571 0.42 0.791 016  3.42+ 1.11 144+ 045  21.63+ 1.57 28.88+% 2.02 5.44% 0.66 43331 1.04 13.47+1.71  65.54% 5.85
ICL 3.78+ 0.18 13.36% 2.85 0.78£ 0.09 4141 1.08 2.09t 046  7.51f 1.44 18.50% 1.07 6.65% 0.73 37.67% 2.23 20.22+ 2.84  37.34% 8.10
80-100 cm
CS 4571 0.31 2.34% 0.35 0.86t£ 0.04  3.30%0.73 373+ 0.24 2232+ 186 75.11£11.55 7.55% 0.90 91.95+ 3.45 8.29+ 1.87 63.40+ 11.12
ICL 4.041 0.21 3.33+ 0.47 0.60£ 0.06  1.90% 0.48 1.41+0.62  11.64+ 1.63  38.68% 5.53 418+ 0.45 50.22+ 1.49 9.41+ 2.25 12.57%+ 19.29

Unless indicated otherwise, data are the meants.e.m. (n = 3). CS, conventional system and ICL, integrated crop-livestock. H +Al: potential acidity; SB: sum of bases; CECpH7: potential cations exchange capacity; BS: base
saturation (%); AS: aluminum saturation. * Anionic Resin.
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Supplementary Table S5. Persons’ correlation coefficient between soil chemical attributes and clay (soil propetties), and P fractions in the soil in different pasture management systems under each of

the assessed climatic conditions.

Soil properties

Soil P pools (Mg

e Clay pH K Ca Mg BS CECpin
Tropical humid

cs FP ICL cs FP ICL cs FP ICL cs FP ICL s FP ICL cs FP  ICL cs FP ICL
Labile 051 0.95%%  0.91%k 004 0.83* 0.81% 012 033 012 031 0.88%  0.83% 029 073 0.82% 030 0.86*  0.78% 075 070% 042
Mod. labile 0.85%%  0.86%F  0.96%x 040 071%  0.86% 042 061 022 063 075%  0.70% 024 0.87F  0.75% 005 016  0.85% 086 075 0.73%
Nonlabile 0.81%x 0.91% 0.96%* 0.49 0.69 025 043 060 011 0.58 0.14 0.56 0.15 028 025 015 042 052 065 065 -0.62
Biological 075 0.93%%  _0.95%k 0.39 0.62 -0.36 032 062 0.8 0.12 0.71%  0.83% 0.19 0.89%  0.90% 021 058 056 082 074 033
Geochemical 0.86%* 0.96%* 0.89% 0.41 0.32 -0.22 0.42 011 041 0.62 0.18 0.42 0.31 0.04 -0.44 0.25 -0.10 0.62 0.75 -0.88 -0.52
Total 0.97%%  0.89%%  .0.97* 0.52 041 0.16 042 035 073 0.65 0.18 0.56 0.12 015 068 009 022 043 063 074 052

Tropical mesic

cs ILF cs ILF cs ILF cs ILF cs ILF cs ILF cs ILF
Labile -0.95%% -0.94%% 0.72% 0.76% 018 0.08 051 0.75% 047 0.81% -0.61 0.73% 022 0.76%
Mod. labile 0.92%% 0.92%x 061 0.81% 041 032 0.45 0.85% 20.10 0.71% 053 0.85% 0.08 0.84%
Nonlabile 0.90%* 0.93%x 053 0.62 0.10 0.44 061 053 012 042 072 0.19 011 035
Biological 0.93%* -0.86%% 017 0.53 025 012 0.15 032 0.63 053 063 041 0.63 2036
Geochemical 0.91%x 0.93%x 0.86% 0.16 061 0.68 053 0.43 053 062 -0.15 0.81% 0.68 0.71%
Total -0.92%% 0.92%% 0.22 0.64 011 013 0.62 0.55 0.15 0.42 055 0.71% 056 045

Subtropical

cs ICL cs ICL cs ICL cs ICL cs ICL cs ICL cs ICL
Labile 0.60 -0.97%% 0.61 0.70% 0.58 0.58 0.69 014 0.74% 0.73% 2018 0.74% 0.59 0.70%
Mod. labile 0.67 0.75 0.67 0.86% 0.67 0.72% 0.16 0.16 0.72% 0.78* 2009 0.79% 0.66 0.75%
Nonlabile 0.96%* 0.96%% 0.88% 0.84% 0.86% 0.85% 0.85% 0,09 034 0.67 0.67 0.55 0.87% 0.26
Biological 0.95%* -0.95%* 0.75% 0.84% 0.71% 0.74% 0.82% 0.15 0.41 0.52 0.52 0.61 0.72% 0.35
Greochemical 0.52 0.96%% 0.35 0.71% 047 0.15 0.18 0.1 0.19 0.68 0.84% 0.15 0.13 031
Total 0.76 0.94%x 015 0.73% 0.64 0.12 0.68 0.19 033 0.14 0.15%% 0.65 018 0.52

* significant at 5% probability (p <0.05) and ** significant at 1% probability (p <0.07). Clay: clay content (g kg™ 1); K, potassium (mmolc dm™ 3); Ca, calcium (mmolc dm™ 3); Mg, magnesium (mmolc dm™3); BS, base saturation
(%) e CECpHY7, potential cation exchange capacity (mmolc dm~ 3). Tropical humid: CS, conventional system; FP, fertilized pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional system; and ILF,
integrated livestock-forest. Subtropical: CS, conventional system; and ICL, integrated crop-livestock.
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4. PASTURELAND INTENSIFICATION AND DIVERSIFICATION IN BRAZIL MEDIATE
SOIL BACTERIAL COMMUNITY STRUCTURE CHANGES AND SOIL C
ACCUMULATION®

Abstract

Conventional pasture management has been responsible for diffuse soil degradationin tropical pastures. However,
sustainable management practices can be used to improve soil health. We tested the effect of adopting intensive and
diversified pasture management systems, i.e., fertilized pasture (FP), integrated crop-livestock (ICL) and integrated
livestock-forest (ILF), in comparison to conventional pasture management (CS) in Brazil. The treatments were located
under contrasting climate conditions (tropical humid, tropical mesic and subtropical) and soil types (Oxisol and
Ultisol). The conversion time from CS to FP, ICL and ILF ranged from 6, 3-15 and 3 years, respectively. We focus on
management effects on soil chemical and biochemical properties and their interactions with the soil bacterial
community structure and soil C accumulation. The results showed that pasture intensification and diversification in
sites previously managed under CS, increased by 82% the soil chemical properties related to soil fertility and shifted
the soil bacterial community structure. The soil biochemical properties such as microbial biomass C, geochemical P
and the enzymes B-glucosidase and acid phosphatase were the most sensitive in the conversion of CS to FP, ICL and
ILF. The structural equation modeling suggested that for FP, ICL and ILF there was a positive impact of soil bacterial
community structure and mainly soil chemical properties on soil C accumulation. Results in the present study provided
useful knowledge for the best understanding of soil-management-microbe interactions, and provide more insights into
the controlling factors of soil C accumulation during management system changes in pastures sites in Brazil.

Keywords: Pasture, Agroforestry; Soil organic carbon; Structural equation modelling.

4.1. Introduction

Pasture areas represent ~20% of the Earth terrestrial surface, and they have been in the mainstream for the
last decades given their great influence over the ecological balance and human subsistence. Moreover, they have been
the object of much research, which demonstrated that approximately half of these sites present different degrees of
degradation (Yang et al., 2019a). In Brazil, where pasture is the most common land use (~159 million hectares), it is
estimated that 50% to 70% of pasture land are degraded (Dias Filho, 2014; IBGE, 2017).

The conventional pasture management system in Brazil needs to be enhanced given the direct (low yield
and profitability) and indirect (erosion and silting of water source) effects of pasture site degradation (KKoyanagi et al.,
2019), and the great international pressure to implement sustainable alternative production processes (Ghahramania
and Bowranb, 2018). Encouraged by this scenario, the Brazilian government launched the “ABC Plan” that among
other aims finances measures such as the adoption of more intensive and diversified pasture management systems,
such as pasture fertilization (FP), integrated crop-livestock (ICL) and integrated livestock-forest (ILF) systems. These
initiatives are in compliance with up to date exploration strategies, such as the concept of ecosystem services
(Chaudhary et al., 2018). Besides, some studies in Brazil have already showed positive effects of adoption of more

intensive and diversified pasture management systems over C sequestration (Torres et al., 2017; Ghahramania and

" Current status: published. Available at:

Damian, J.M., Matos, E.S., Pedreira, B.C., Carvalho, P.C.F., Souza, A.J., Andreote, F.D., Premazzi, .M., Cerri, C.E.P.,
2020. Pastureland intensification and diversification in Brazil mediate soil bacterial community structure changes and
soil C accumulation. Appl. Soil Ecol. 160, 103858. doi: 10.1016/}.aps0il.2020.103858
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Bowranb, 2018), as well as over soil chemical (e.g., N, P and K) (Liebig et al., 2017; Moreira et al., 2018) and biochemical
(e.g., soil enzyme activities, C an N stored in the microbial biomass) (Acosta-Martinez et al., 2010; Costa et al., 2018)
properties. Nevertheless, knowledge about the relationships between chemical and biochemical properties with soil
microorganisms under more intensive and diversified pasture management systems remains unclear, especially in the
different edaphoclimatic conditions of Brazil (Melillo et al., 2017).

Soil microorganisms are highly sensitive to changes in management and in climate conditions; therefore,
these are effective indicators to assess the soil quality (Xu et al., 2017). It is important pointing out that bacteria account
for the most abundant and diversified group of soil microorganisms, they have multiple functions in the soil such as
decomposition, biochemical cycles and nutrient transformation (Zhang et al., 2017). Accordingly, among the main
initial effects of adopting more intensive and diversified pasture management systems is the increase in organic
compounds, because these management systems allow greater biomass inflow above and below ground. Moreover,
higher amounts of plant residues can increase microbial necromass accumulation overtime under these management
systems (Lange et al., 2015). These effects can also have a significant impact on the soil bactetial community structure
and in soil C accumulation (Salton et al., 2014). According to Zhou et al. (2018), soil C accumulation is strongly
interlinked and controlled through chemical and biochemical processes, as the soil organic matter (SOM) input and
subsequent decomposition. Therefore, although some studies in Brazil have already indicated the soil C accumulation
increased with the adoption of more intensive and diversified pasture management systems (Assmann et al., 2014;
Segnini et al., 2019), the underlying mechanisms still need to be understood.

Thus, the hypothesis in the current study lied on the assumption that intensifying and diversifying pastures
managed based on the extensive form (conventional management system), changes the dynamics of soil chemical and
biochemical properties and that such change affects soil bacterial community structure and soil C accumulation. In
order to test this hypothesis, management systems such as FP, ICL and ILF were evaluated in different climate zones
(tropical humid, tropical mesic, and subtropical) and soil types (Oxisol and Ultisol) in Brazil. The study aimed to
examine the following: (1) changes and the relationship between the soil C pools, soil chemical and biochemical
properties and the soil bacterial community structure and (2) assess the controlling factors on soil C accumulation in

the conversion of CS to more intensive and diversified pasture management systems.

4.2. Materials and Methods

4.2.1. Description of the study sites

Study sites were selected under contrasting soil and climatic conditions in Brazil (Figure 1a). The first site
is located in Nova Guarita, Mato Grosso, Midwest Brazil (Lat.: 10° 9' 10.41"S; Long.: 55° 31' 49.53"W) at 380 m
elevation. The prevailing soil in this site was classified as Oxisol (USDA, 2014) and the climate as Aw (Képpen),
tropical hot and humid, with a mean annual temperature 25.9 °C and a mean annual rainfall of 2628 mm. The second
site is located in Nova Odessa, Sdo Paulo, South-eastern Brazil (Lat.: 22° 75' 12"S; Long.: 47° 27' 81"W) at 550 m
elevation. The prevailing soil in this region was also classified as Oxisol (USDA, 2014) and the climate as Cwa
(Koppen), tropical rainy with dry winter, with a mean annual temperature 20.2 °C and a mean annual rainfall of 1262
mm. The third site is located in Eldorado do Sul, Rio Grande do Sul, Southern Brazil (Lat.: 30° 05' 22"S; Long.: 51°
39' 08"W) at 46 m elevation. The prevailing soil in this region is classified as Ultisol (USDA, 2014) and the climate as
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Cfa (K6ppen), subtropical at mean annual temperature 19.3 °C and a mean annual rainfall of 1398 mm. More details
about the climatic conditions in Mato Grosso (tropical humid), Sio Paulo (tropical mesic) and Rio Grande do Sul

(subtropical) states can be found in Figure 1b.
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Figure 1. Geographic location and the climatic characterization in the study sites during the 38-year period. Bars represent

the standard deviation of the mean values (n = 38). Source: https://portal.inmet.gov.br/.

4.2.2. Pasture management systems and soil sampling

Soil samples were collected in conventional (extensive) pasture management systems in each region. Areas
with conventional pasture management systems are mainly characterized by lack of control over grazing pressure and
no fertilization. The different pasture management systems evaluated under the tropical climate are located on the “JP
Agropecuaria” farm, while in the tropical mesic and subtropical climates experimental sites ate located in public
institutions (Instituto de Zootecnia and Faculty of Agronomy/UFRGS, tespectively). Specifically, the following

pasture management systems were evaluated in each climatic condition:


https://portal.inmet.gov.br/
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i) Tropical humid - treatments included: 1) conventional system (CS); 2) fertilized pasture (FP) and
3) integrated crop-livestock (ICL). The site is located in the Amazonian biome and, back in 2004,
its native vegetation was removed for pasture implementation under CS. FP and ICL were
established in 2012 and 2015, respectively, in a previously area under CS (equivalent

edaphoclimatic conditions).

ii) Tropical mesic - treatments included: 1) conventional system (CS) and 2) integrated livestock-
forest (ILF). This site is located in the Atlantic Forest biome, where native vegetation was removed
to implement the CS in 1995. In the CS (equivalent edaphoclimatic conditions), the ILF were
implemented in 2015 as the current land use.

if) Subtropical - treatments included: 1) conventional system (CS) and 2) integrated crop-livestock
(ICL). CS is located in the Pampa biome and in 2003 it was chosen for the installation of a long-

term experiment focused on the ICL.

More details about the characterization of soil texture and management adopted in the study sites can be

found in Table 1 and in Supplementary Table S1.

Table 1. Characterization of soil texture under tropical humid, tropical mesic and subtropical climates.

Layers Tropical humidt Tropical mesict Subtropical
(cm)
Sand Silt Clay Sand Silt Clay Sand Silt Clay
(g kg (g kg (g kg (g kg™ (g kg g kg (g kg (g kg™ (gkg™)
0-10 620+21.23 6714.24 313+8.49 561+13.44 175+7.78 264+8.49 630%x7.78 220%15.56 150%8.49
10-20 610£56.57 88+7.07 302+12.02 56910.71 176+14.14 254111.31 625+12.03 203+2.83 170%6.36
20-40 480+21.23 671+4.24 453+20.51 520+15.56 149+7.74 331+7.07 552+11.31 221+7.07 227+6.36
40-60 412+14.85 3242.82 556+10.61 508+25.46 1431+33.23 329+16.97 525+4.95 195+8.49 280+5.66
60-80 333+72.83 47+2.83 580+81.32 493+30.41 18019.46 327+5.66 415+7.07 201+4.24 384+19.80
80-100 385+3.53 294212 585+28.25 492146.67 179+17.68 329+4.58 350£9.90 1851+4.95 46412475

T Oxisol formed from tertiary sediments - the clay fraction is predominantly formed by kaolinite and Al oxide (gibbsite) (Campos, et al., 2011); ¥ Oxisol formed
from basalt rocks - the clay fraction is predominantly formed by kaolinite, Fe oxides (goethite, hematite and magnetite/maghemite), Al oxide (gibbsite) (Cherubin
et al,, 2016); § Ultisols formed by granite rocks - the clay fraction is predominantly formed by kaolinite and Fe oxides (hematite and goethite) (Bayer et al., 2011).

Soil samples were taken in August and October 2017 at the tropical humid and subtropical sites,
respectively, and in January 2018 at the tropical mesic site. Nine soil cores at each site, under each management system,
were taken and composited into three samples. Soil samples were removed at the top 0—10 cm soil layer, along transects
placed 50 m away from each other with a Dutch auger. The soil samples for chemical analysis and were air-dried,
ground, sieved (2 mm) and storage at 4 °C for subsequent analyses. The soil samples for biochemical analysis (e.g.,
microbial biomass, enzymatic activity and DNA extraction) were stored in ice boxes and transported to the laboratory;

aliquots of each sample were separated and kept in a freezer at =80 °C for DNA extraction.

4.2.3. Analytical procedures

4.2.3.1. Soil chemical properties

The soil chemical properties of soil samples were determined based on the methods described by van Raij

et al. (2001). The soil chemical properties studied were: active acidity (pH CaCly), available phosphorus (P), potassium
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(K), calcium (Ca), magnesium (Mg), aluminum (Al), potential acidity (H + Al), sum of bases (SB), potential cation

exchange capacity (CECpH?7), base saturation (BS) and aluminum saturation (AS) (Table 2).
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Table 2. Characterization of soil chemical properties in pasture management systems under tropical humid, tropical mesic and subtropical climates.

Manangemant pH CaCl, P K Ca Mg Al H+Al SB CECpn7 BS AS
systems mg kg! mmol. dm-3 %
Tropical humid
CS 433+ 0.21a 3.70% 0.26b 2.37% 0.50b 6.01£ 0.79b 1.99% 0.13b 0.19£ 0.07b 20.10% 1.72b 10.73% 0.79b 32.43% 3.32b 31.18% 0.75b 0.00£ 0.00b
FP 4.70% 0.43a 5.83% 0.15a 2.13%+ 0.35b 1541+ 1.41a 3.92% 0.63a 0.91% 0.08a 33.10% 4.36a 2247+ 1.28a 59.60% 2.76a 40.06% 3.54a 5.23%£0.99a
ICL 4.93% 0.26a 14.29% 0.37a 3.12£ 1.07a 12.11+ 1.01a 5.63% 0.94a 0.47% 0.32b 19.73+ 2.02b 22.57% 1.30a 42.60% 0.75a 54.18% 4.10a 3.50% 0.69a
Tropical mesic
(0N 4.73+ 0.21b 2.97% 0.15b 1.60%£ 0.10a 5.94% 0.40b 5.78% 0.45b 2.39%+ 0.72a 31.30% 1.82a 11.90% 1.58b 41.85% 2.59b 29.79% 1.24b 12.29+ 0.84a
ILF 5.19% 0.18a 7.88% 0.80a 1.36% 0.17a 17.93% 1.30a 8.53% 0.84a 1.78% 0.23a 29.78% 2.69a 23.78% 3.29a 59.72% 4.68a 50.43% 3.68a 5.15% 1.10b
Subtropical
Cs 4.50% 0.30a 6.00£ 0.50b 213+ 0.15a 5.80£ 0.53b 4.95% 0.28a 3.84£ 0.47b 52.73% 4.78b 12.11+ 1.29a 63.88% 2.43b 18.57+ 2.54a 20.88% 1.82b
ICL 3.64% 0.24b 9.85% 2.21a 2.07+ 0.18a 9.95% 0.99a 5.22% 0.87a 13.80+ 1.23a  73.66% 4.29a 15.35% 2.09a 89.57£ 3.33a 20.76% 1.97a 39.48% 7.79a

Unless indicated otherwise, data were expressed in mean * s.e.m. (n = 3). Mean values followed by the same letter in the columns did not statistically differ in the Tukey’s test at 5% probability (p < 0.05). Tropical humid:
CS, conventional system; FP, fertilized pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional system and ILF, integrated livestock-forest. Subtropical: CS, conventional system and ICL, integrated crop-
livestock. H +Al: potential acidity; SB: sum of bases; CECpH7: potential cations exchange capacity; BS: base saturation (%0); AS: aluminum saturation. * Anionic Resin.

4.2.3.2. C and N of soil, SOM fractions and of microbial biomass

Soil C and N were measured on dry soil samples that were ground and sieved in 100 mesh (0.149 mm). SOM
was physically fractionated through the granulometric method modified by Christensen (1992), who used air-dried soil
samples sieved in 2 mm mesh (TFSA). After the end of the process (sieving+ultrasound), soil samples (20 g) were
divided into the following fractions: F1-organomineral and F2-organic fraction (75-2000 pm); F3-organomineral
fraction (53-75 um) and F4-organomineral fraction (< 53 pm). Soil C and N contents were determined using an
elemental analyzer (Leco CN-2000®, St. Joseph, MI, USA). Total C and N contents in SOM fractions were calculated
by multiplying C and N concentration in each fraction by its corresponding mass.

The microbial biomass C (MBC) was determined through the fumigation-extraction method (Vance et al.,
1987). Extracts were analyzed for organic carbon content (Shimadzu - TOC 5000A), and microbial biomass was
determined by the difference between the values obtained in fumigated and non-fumigated samples. To determine the
microbial biomass nitrogen (MBN), the extracts were analyzed by the Ninhydrin method (Joergensen and Brookes,

1990).
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4.2.3.3. Soil P fractionation

The soil P fractionation was performed according to the methodology proposed by Hedley et al. (1982),
with modifications made by Condron et al. (1985) changing the original sonication step by 0.5 M NaOH extraction.
The inorganic P was expressed by the amount of P extracted through anion exchange resin membrane, 0.5 M of
sodium bicarbonate (NaHCO3), 1.0 M of chloridric acid (HCL), 0.1 M of sodium hydroxide (NaOH), 0.5 M of NaOH
and by concentrated HoSO4 + 30% HO: (residual P). The organic P fractions were estimated as the difference between
total P fractions, determined after digestion of the alkaline extracts with 7.5% (w/v) ammonium persulfate
[(NH4)2S2054] solution and 50% H2SOy4 in an autoclave (103 kPa,121 °C) for 2 h (Kopp and McKee, 1979), and the
respective inorganic fractions. An appropriate approach was used for highly weathered soils, the organic P fractions
and inorganic P were defined as biological P and geochemical P pools, respectively (Cross and Schlesinger, 1995).

More details about the P fractionation can be found in Damian et al. (2020).

4.2.3.4. Enzymatic activity

Soil enzymes evaluated were the -glucosidase (C-cycle), acid phosphatase (P-cycle) and arylsulfatase (S-
cycle), which were determined through the method described by Tabatabai (1994). This method is based on the
colorimetric p-nitrophenol formed after the addition of colotless substrates specific to each assessed enzyme.
Concentration of p-nitrophenol was determined by measuring the absorbance at 400 nm in a spectrophotometer
(Digimed DM-ESPEC-2). Soil enzymatic activity was expressed as pg p-nitrophenol released per gram of dry soil per

hour.

4.2.3.5. Soil bacterial community

The soil bacterial community was evaluated in triplicate for each management system by DNA-based T-
RFLP. Total DNA was extracted from 0.4 g of fresh soil samples using the PowerSoilDNA Isolation Kit following
the manufacturet's instructions (MoBioLabs, Inc. Solana Beach, USA). The DNA quality was verified by
electrophoresis in a 1.5% agarose gel using TAE 1X (400 mM Ttis, 20 mM glacial acetic acid, 1 mM EDTA). For this,
5.0 uLL of DNA sample plus 2.0 pL of GelRed (Biotium, Cafiférnia, USA) were applied to the gel and run for 60 min
at 100 V. The soil DNA was used as a template for the amplification of 165 tDNA gene by polymerase chain reaction
(PCR). PCR reactions and amplification conditions were adapted by Shiitte et al. (2009). PCR reaction consisted from:
1% buffer (Applied Biosystems, Califérnia, USA), 3.0 mM MgCl, (Applied Biosystems, Califérnia, USA), 480.0 ug mL-
I of BSA (Roche Applied Science, Indianapolis, USA), 200.0 pM dNTP (Amersham Bioscience, New Jersey, USA),
0.2 uM forward primer 8 fm (AGAGTTTGATCMTGGCTCAG) labeled with VIC, 0.2 pM reverse primer 926r
(CCGTCAATTCCTTTRAGTTT) labeled with 6-carboxyfluotescein ((FAM) and 0.02 U/pL Taq DNA polymerase
(Applied Biosystems, Califérnia, USA). The amount of 35.2 pl. of milli-Q water and 1.0 pl. of DNA template
completed the final PCR reaction volume of 50 1L.. The amplification conditions were: initial denaturation at 94 °C for
4 min, followed by 34 cycles of denaturation at 94 °C for 1 min, annealing of primers at 55 °C for 1 min and an
extension at 72 °C for 2 min. The final extension was 10 min at 72 °C. After DNA amplification, the samples were
precipitated with isopropanol and purified with ethanol. The purified samples were re-suspended in 50 mL of Milli-Q

water and quantified in agarose gel 1.5%. The 16S rDNA gene was quantified by quantitative real-time PCR using the
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SyberGreen PCR Master Mix 2X fluorescent probe (Applied Biosystems). The primers used in the assay were 341F
(5-CCTACGGGAGGCAGCAG-3") and 534R (5-ATTACCGCGGCTGCTTGG-3") and the PCR reaction had a
final volume of 25.0 uL. (24.0 pL of PCR mix +1.0 uL of the template). The 16S tfRNA gene copy number per gram

of soil will be determined by interpolating Ct (Cycle threshold) data with a known standard curve (Kleyer et al., 2017).

4.2.4. Data analysis

An analysis of variance (ANOVA) was computed using the SPSS 23.0 software to test the influence of the
pasture management systems under different climate conditions on individual C and N pools and soil chemical and
biochemical properties. If the ANOVA F statistic was significant (p < 0.05), the means were compared using Tukey's
test (p < 0.05).

The principal coordinates (PCoA) and the similarity analysis (ANOSIM) were carried out in the Past
software (v.3.2) to visualize the changes and differences in soil bacterial community structure between pasture
management systems. Based on this analysis, it was possible estimating ecological parameters such as the diversity
indices by Chao 1, Simpson and Shannon (LLemos et al., 2011). To further investigate the effects of soil chemical (pH,
P, K, Ca, Mg, CEC, SB, BS, AL, AS and H + Al) properties, biochemical (MBC and MBN, P fractions, enzymatic
activity and diversity indices) properties and the C and N pools (soil C and N and in the different SOM fractions) on
soil bacterial community structure, the redundancy discriminatory analysis (RDA) in the Canoco R software (v.4.5)
was used.

To investigate how explanatory variables affecting soil C accumulation under different pasture management
systems (CS, FP, ICL and ILF), we performed structural equation modeling (SEM). Seeking to create multivariate
indices to represent each group and exclude the variables' auto-correlation, the principal component analysis (PCA)
analysis was performed according to Wang et al. (2018). The multivariate indices were used to elaborate the SEM.
Together, the two principal components (PC1 and PC2) represented 57-80%, 69-81% and 47-84% of the total
variation in soil chemical and biochemical properties, soil bacterial community structure and of the C and N pools
respectively. We defined a hypothetical model according to our current knowledge and results of previous studies of
pasture management change impacts on soil C accumulation. Our hypothetical model involves multiple-path linkages,
containing all plausible interaction paths between the soil chemical and biochemical properties, soil bacterial
community structure and of the C and N pools. The SEM analysis was conducted using Amos 17.0 IBM, SPSS, New
York, USA), taking into account the soil C variation in the 0-10 and 0-30 cm (Supplementary Figure S1) layers, as also
suggested by Lange et al. (2015). The criteria adopted to evaluate the fit of the models were the root mean squared
error of approximation (RMSEA, < 0.05), chi-square value (y?), Fishet's statistic (0.05 < p < 1.00) and Akaike

information criterion (AIC).

4.3. Results

4.3.1. Cand N pools and soil chemical and biochemical properties

The conversion of CS to more intensive and diversified management systems gave an increase in soil C and

N and in the different SOM fractions, and also in the soil chemical and biochemical properties. Under the tropical
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humid climate, the adoption of FP relative to CS gave an increase of approximately 89% in most soil chemical
properties related to soil fertility (P, Ca, Mg, SB, CEC and BS) (Table 2). Soil C and N were also increased by
approximately 113% (Figures 2a and 2b). Similarly, increases were also seen in the C and N of the F4 fraction, with an
average of 133% (Figures 2¢ and 2d). The conversion of CS to FP also increased MBC by 14% (Figure 3a). The highest
ratios of MBC to soil C (MBC:SC) and MBN to soil N (MBN:SN) were seen under FP (Fig. 3b and d). FP also showed
increases in the levels of geochemical P, in addition to the higher enzyme activity of the enzymes 3-glucosidase and
acid phosphatase when compared to CS (Table 3). The levels of geochemical P and enzyme activity were respectively

32%, 137% and 100% higher than the values seen under CS.
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Figure 2. Soil C and N (a and b) and in the different SOM fractions(c and d) in pasture management systems under
different climatic conditions in the soil layer 0-10 cm. Bars represent the standard deviation of the mean values (n = 3).
Mean values followed by the same letter did not differ from each other by Tukey test (p < 0.05). Tropical humid: CS,
conventional system; FP, fertilized pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional system and
ILF, integrated livestock-forest. Subtropical: CS, conventional system and ICL, integrated crop-livestock. I'1, organomineral
fraction (75-2000 pm); F2, organic fraction (75-2000 um); F3, organomineral fraction (53-75 um); F4, organomineral

fraction (<53 pm). "Below the detection limit.
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Figure 3. Soil MBC and MBN (a and c) and the MBC:SC and MBN:SN ratios (b and d) in pasture management systems
under different climatic conditions. Bars represent the standard deviation of the mean values (n = 3). Mean values followed
by the same letter did not differ from each other by Tukey test (p < 0.05). Tropical humid: CS, conventional system; FP,
fertilized pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional system and ILF, integrated livestock-

forest. Subtropical: CS, conventional system and ICL, integrated crop-livestock.

Table 3. P fractions and enzymatic activity in different pasture management systems under tropical humid, tropical

mesic and subtropical climates.

Management Fractions of P (mg kg1) Enzymatic activity (ug pNF g1 h'l)
systems Biological P Geochemical P B-glucosidase Arylsulfatase Acid phosphatase
Tropical humid
CS 196.11127.54a 202.27£26.72b 80.66£11.87b 61.41£9.47b 116.33+£12.97b
FP 170.70£20.60a 266.50+36.94a 191.06£5.99a 62.71£5.00b 232.14+10.42a
ICL 140.18+14.57b 285.58+38.98a 166.84%6.46a 135.05+2.82a 122.41£8.80b
Tropical mesic
cs 124.79£9.24b 210.67+23.15b 32.51+9.49b 181.14£13.41b  240.45£12.09b
ILF 198.02£0.10a 253.53£33.82a 56.16+£10.27a 246.73£14.02a 340.56£13.35a
Subtropical
102.98£18.88b 144.43£11.10b 128.83£7.35b 142.80£9.43a 142.89£15.07b

(O8]
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1CL 219.31+11.58a 263.72110.36a 152.22+7.78a 156.41+7.84a 243.2719.08a

Unless indicated otherwise, data were expressed in mean * s.e.m. (n = 3). Mean values followed by the same letter in the columns
did not statistically differ in the Tukey’s test at 5% probability (p < 0.05). Tropical humid: CS, conventional system; FP, fertilized
pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional system and ILF, integrated livestock-forest.
Subtropical: CS, conventional system and ICL, integrated crop-livestock.

Under the tropical humid and subtropical climates, the conversion of CS to ICL enabled a 98% increase
mainly for the soil chemical properties related to P, Ca and CEC (Table 2). The adoption of ICL gave increases in soil
C and N in relation to CS, which averaged 42 and 37% respectively (Fig. 2a and b). Increases were also seen in the C
and N of the F4 fraction under this conversion, with an average of 29 and 17% respectively (Figures 2¢c and 2d). Under
both climate conditions, the conversion of CS from ICL also increased MBC (>17%) and the MBC:TC ratio (Figures
3a and 3b). In addition, the adoption of ICL in relation to CS gave increases in the levels of geochemical P, which
averaged 63% under both climate conditions (Table 3). The activity of the enzyme B-glucosidase was particularly
influenced by the adoption of ICL under the tropical humid and subtropical climates, with an increase of 108 and 18%
respectively in relation to CS. Moreover, under the tropical humid climate, the conversion of CS to ICL increased the
activity of the arylsulfatase enzymes (>120%) and, under the subtropical climate, the conversion increased the activity
of the acid phosphatase enzyme (>70%).

Under the tropical mesic climate, the adoption of ILF in relation to CS gave an average increase of 82% in
approximately all soil chemical properties related to soil fertility (P, Ca, Mg, SB, CEC and BS) (Table 2). For the
conversion of CS to ILF an average increment of 20% in soil C and N and in the F4 SOM fraction was also observed
(Figures 3a—b). Similarly, this conversion increased the MBC and MBN by 63 and 50% respectively (Figures 3a and
3c). However, a decrease was seen in the MBC:TC and MBN:TN ratios (Figures 3b and 3d). The conversion of CS to
ILF also increased the P fractions and enzyme activity (Table 3). The adoption of ILF presented increases of 113 and
83% in biological and geochemical P respectively in relation to CS. For the enzymes B-glucosidase, arylsulfatase and

acid phosphatase, the average increment for the conversion of ILF to CS was 45%.

4.3.2. Soil bacterial community structure

The adoption of more intensive and diversified pasture management systems relative to FP under the
tropical humid climate, and to ICL under the tropical humid and subtropical climates, altered the soil bacterial
community structure (Figures 4a and 4c). This effect was confirmed by the similarity analysis of FP and ICL with CS,
where the Rvalue was greater than 0.75 (Pyaue < 0.002). Under the tropical humid and subtropical climates, the two
PCoA coordinates explained 61.50 and 49.80% of the bacterial structures of the management systems under these
climate conditions respectively. As such, only the tropical mesic climate presented no differences between the soil
bacterial community structure in ILF relative to CS (Figure 4b), as seen in the similarity analysis (Ryawe less than 0.75;

Prate < 0.296). The two PCoA coordinates under the tropical mesic climate explained 58.81% of the bacterial structure.
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Figure 4. Principal coordinates analysis (PCoA) and analysis of similarity (ANOSIM) for the soil bacterial community

structure on pasture management systems subjected to tropical humid (a), tropical mesic (b) and subtropical (c) climates.

Between the three estimated diversity indices, only the Simpson index showed no significant difference

between management systems under the different climate conditions (Table 4). Under the tropical humid climate, FP

presented increases in the Chao and Shannon index of 174 and 68% in relation to the same indices presented by CS.

For ICL under the tropical humid and subtropical climates, the main effect was on the Chao index, which was 474 and

42% higher than the estimated index for CS respectively. In the case of ILF under the tropical mesic climate, the main

effect was also on the Chao index, where this index was 52% higher than estimated under CS.

Table 4. Soil bacterial diversity indices of the pasture management systems under tropical humid, tropical mesic and

subtropical climates.

Diversity indices

Management
systems Chaol Simpson (1-D) Shannon-Wiener (H)
Tropical humid
CS 19.33£10.93¢ 0.8910.04a 2.08%£0.47b
FP 53.05£15.89b 0.96£0.02a

3.49%0.23a
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ICL 111.01£8.02a 0.9240.03a 4.08%0.08a
Tropical mesic
cs 60.64£11.46b 0.94%0.01a 3.11£0.08a
ILE 92.02£10.99a 0.96%0.02a 3.81£0.09a
Subtropical
cs 43.331£23.48b 0.91£0.02a 2.88%0.37a
ICL 61.67£3.84a 0.93%0.01a 3.28%0.70a

Unless indicated otherwise, data were expressed in mean * s.e.m. (n = 3). Mean values followed by the same letter in the columns
did not statistically differ in the Tukey’s test at 5% probability (» < 0.05). Tropical humid: CS, conventional system; FP, fertilized
pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional system and ILF, integrated livestock-forest.
Subtropical: CS, conventional system and ICL, integrated crop-livestock.

4.3.2.1. Relationship between the Cand N pools, soil chemical and biochemical properties and

the soil bacterial community structure

According to the RDA, it was found that among the soil chemical properties under evaluation, those related
to acidity showed the strongest relationship to the soil bacterial community structure under CS for the different climate
conditions being evaluated. Among the chemical properties, H + Al (tropical humid) (Figure 5a), Al (tropical mesic)
(Figure 5d) and pH (subtropical) (Figure 5g) should be mentioned. In the case of the soil biochemical properties, the
strongest relationships with CS were particularly seen for MBN (Figure 5b and 5h). For soil C and N and the different
SOM fractions, a relationship was only seen for the soil bacterial community structure under CS with total soil N under

the tropical mesic climate (Figure 5f).
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Figure 5. Redundancy discriminatory analysis (RDA) showing the effects of soil chemical (a, d and g) properties,
biochemical (b, e and g) properties and C and N pools (c, f and i) on soil bacterial community structure in different pasture
management systems. BIP, Biological P; GEP, Geochemical P; BeG, B-glucosidase; ArS, atylsulfatase; AcP, acid
phosphatase; Chao, Chao index; Sim, Simpson index; Sha, Shannon index; SC, soil C; SN, soil N; CF1, C in fraction F1;
NF1, N in fraction F1; CF2, C in fraction F2; NF2, N in fraction F2; CF3, C in fraction F3; NF3, N in fraction F3; CF4,

C in fraction F4; NF4, N in fraction F4.

According to the RDA for FP under the tropical humid climate, it was found that among the soil chemical
properties, only the P showed a stronger relationship with the soil bacterial community structure for this management
system (Figure 5a). Regarding the soil biochemical properties, the strongest relationship to the soil bacterial community
structure under this management system was shown by the geochemical P and MBN (Figure 5b). Furthermore, the C
of the F1 and F4 SOM fractions also showed a relationship with the structure of the soil bacterial community structure

under FP (Figure 5c¢).
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For ICL under the tropical humid and subtropical climates, it was generally found that for both climate
conditions, and among the soil chemical properties under evaluation, CEC, SB, BS and Mg presented the strongest
relationship with the soil bacterial community under this management system (Figures 5a and 5g). Whereas for the soil
biochemical properties, the enzyme arylsulfatase and the P fractions (biological and geochemical) showed the strongest
relationship with the soil bacterial community (Figures 5b and 5h). In addition, N from the F2 and F4 SOM fractions
also showed the strongest relationship with the soil bacterial community in ICL, under the tropical humid and
subtropical climates (Figures 5c and 5i).

From the results for ILF under the tropical mesic climate, it was found that the soil chemical properties of
the soil which presented the strongest relationship with the soil bacterial community under this management system
were BS, pH, P and CEC (Figure 5d). Under the same system, the soil biochemical properties related to 3-glucosidase
and biological P showed the strongest relationship with the soil bacterial community (Figure 5e). Finally, under ILF,

the soil bacterial community was related to the C and N of the F1 SOM fraction only (Figure 5f).

4.3.3. Pathways of the impact of the soil chemical and biochemical properties and soil

bacterial community structure on C accumulation

SEM was used to verify the impact of the soil chemical and biochemical properties on C accumulation in
the soil and in the different SOM fractions. The defined SEM models fit the significance criteria well, where especially
the y? and RMSEA values were close to zero (Supplementary Table S2). The results obtained for CS showed that
enzyme activity caused a greater impact on soil C and N (path coefficient = 0.49) and the different SOM fractions
(0.76) (Figure 6a). The soil bacterial community structure and the diversity indices showed a negative impact on soil C
and N (—0.53), and positive impact on the different SOM fractions (0.33) respectively. In the case of FP, the soil
chemical properties mainly had a positive impact on the C and N of the soil (0.90) and of the different SOM fractions
(0.88) (Figure 6b). For FP, was observed the positive impact of soil bacterial community structure on the C and N of
the different SOM fractions (0.21); C and N of the different SOM fractions also had a positive impact on C and N of
the soil (0.26) under this management system. The soil chemical properties (0.36), in addition to the P fractions (0.36),
microbial biomass (0.31) and the diversity indices (0.54), showed positive impact on the C and N of the different soil
SOM fractions under ICL (Figure 6¢). In addition, it is worth highlighting the indirect and positive impact of the soil
bacterial community structure on the C and N of the different SOM fractions (0.26) under this management system.
Under ILF, there were positive impact from the chemical properties and soil bacterial community structure on the C
and N of the different SOM fractions (0.61) and on soil C and N (0.28) respectively (Figure 6d). Under this
management system, the indirect and positive impact of the microbial biomass (0.41), enzyme activity (0.65) and

diversity indices (0.39) were also seen on the soil C and N.
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Figure 6. Structural equation modeling (SEM) showing the impact of soil chemical and biochemical properties, soil

bacterial community structure and diversity indices on C accumulation under different pasture management systems.

Straight and dashed arrows highlight the positive and negative associations, respectively. Only significant direct effects are

plotted (P < 0.05). Non-significant pathways are not included in the model. Numbers over the arrows are the path

coefficients. Arrow length indicates the power of the standardized path coefficient. R? represents the proportion of vatiance

explained for each dependent variable in the model. The symbols “+”” and “-” indicate a positive or negative relationship

between the variables, respectively. The model fits are presented in Supplementary Table S2.
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4.4. Discussion

4.4.1. Effects of adopting more intensive and diversified pasture management systems on the

C and N pools and soil chemical and biochemical properties

The adoption of more intensive and diversified management systems relative to CS, had positive effects on
the C pools, as well as on the soil chemical and biochemical properties under the different climate conditions evaluated.
The conversion of CS to FP under the tropical humid climate, increased the soil chemical properties related to soil
fertility (P, Ca, Mg, SB, CEC and BS) (Table 2) and the C and N of the soil (Figures 2a and 2b) and the F4 SOM
fraction (Figures 2c and 2d). For this conversion was also verified an increase in microbial biomass C (Figure 3a),
geochemical P, and B-glucosidase and acid phosphatase enzyme activity (Table 3). According to Xu et al. (2017), more
intensive pasture management systems than CS (i.e., FP) not only enable greater nutrient cycling but also increase the
input of organic residue above and below ground. Greater input of organic residues is important for increasing C in
the soil and in the microbial biomass, as well as increasing C accumulation in the more-stable SOM fractions (FF4). This
process also provides greater SOM turnover, which may have afforded a greater proportion of soil microbial C, as
seen with the higher MBC:TC ratio under FP (Wang et al., 2011). Greater SOM turnover promotes the greater activity
of the enzyme §-glucosidase due to an increase in the source of soil organic matter for microorganisms. Under FP, the
increased input of plant biomass, together with mineral fertilization with P, contributed to an increase in acid
phosphatase activity. This enzyme is related to reactions that increase geochemical P in the soil (Nesper et al., 2015).

When converting CS to ICL under tropical humid and subtropical climates, there were also increased in the
soil chemical properties related to P, Ca and CEC (Table 2) and in the C and N of the soil (Figures 2a and 2b) and the
F4 SOM fraction (Figures 2¢ and 2d), besides increases in microbial biomass C (Figure 3a), geochemical P and enzyme
activity (Table 3). Laroca et al. (2018), in studies with different management systems, found increases in soil C (>34%)
and N (>31%) and microbial biomass C (>15%) under ICL compared to a management system of pasture only (CS).
These values agree with the increases found under this management system in the present study, which were 42, 37
and 17% respectively. According to these authors, the rotated use of grasses and legumes under ICL offers a greater
supply of energy to the soil microorganisms due to the maintenance of nutrient balance in the soil (fertility) and the
greater quantity and better quality of the plant residue supplied by this management system. This effect may explain
the higher MBC:TC ratio under ICL in relation to CS for the two climate conditions under study. The increase in the
levels of soil C with the conversion of CS to ICL may also have been important for increasing 3-glucosidase activity.
Concerning the increase in geochemical P with the adoption of ICL under these climate conditions, this effect agrees
with Deiss et al. (2016), who point out that ICL can be an effective strategy for increasing P use efficiency in
agroecosystems, as it promotes greater bioavailability of inorganic P in the soil.

Under the tropical mesic climate, adopting ILF in relation to CS resulted in an increase in approximately all
soil chemical properties related to soil fertility (P, Ca, Mg, SB, CEC and BS) (Table 2), in the C and N of the soil and
in the SOM F4 fraction (Figures 2a-d), in the C and N of the microbial biomass (Fig. 3a and c) and in the P fractions
and enzyme activity (Table 3). Upson and Burgess (2013) point out the larger volume of thin roots (~1.85 mg cm~3)
under ILF that are responsible for greater rhizodeposition (sugars, amino acids and organic acids), which results in a
positive increase in the C and N of the soil and of the microbial biomass. Increases in the C and N of the microbial
biomass may also be associated to higher enzyme activity (e.g., B-glucosidase, arylsulfatase and acid phosphatase).

Furthermore, the cultivation of grasses+trees+animals provides residues that can increase the organic forms of P in
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the soil (biological P) that are less susceptible to strong adsorption on functional groups of Fe and Al oxides and
hydroxides than are the inorganic forms (Pavinato et al., 2017). In addition, animals are able to hydrolyse the phytate
in orthophosphate through faeces and urine, which increases the cycling of inorganic P (geochemical P) available to

plants and microorganisms (Humer and Zebeli, 2015).

4.4.2. Response of the soil bacterial community structure to the adoption of more intensive

and diversified pasture management systems

The conversion of CS to FP under a tropical humid climate, and to ICL under a tropical humid and
subtropical climates, altered the soil bacterial community structure (Figures 4a and 4c) and increased the diversity
indices of the soil bacteria (Table 4). Among the main reasons for the change in soil bacterial community structure
with the adoption of more intensive and diversified pasture management systems (i.e., FP and ICL), greater plant
diversity and the addition of fertilizers should be highlighted (Li et al., 2012). Together, these alter nutrient dynamics
in the soil and consequently end up selecting specific bacterial communities that act under these management systems
(Chen et al., 2018). In the case of the higher Chao and Shannon indices under FP in the tropical humid climate, and
the Chao index under ICL in the tropical humid and subtropical climates, the results are important for evaluating the
soil biological quality after the adoption of these management systems in relation to CS. These indices indicate
biological stability, as well as the intensity and direction of biochemical processes in the soil (Chernov et al., 2015).

The absence of an effect on the soil bacterial community with the conversion of CS to ILF under the
tropical mesic climate (Figure 4b) is also consistent with the results found by Cubillos et al. (2016). Those authors
found significant changes only for the first three years immediately following the conversion of CS to ILF, where the
succession between bacterial communities, although in transition, only stabilised eight years after the implantation of
the ILF. These results agree with those of the present study, where despite there being no changes in the soil bacterial
community structure, the conversion of CS to ILF presented an increase in the Chao index (Table 4).

In general, according to the RDA the soil chemical properties related to H + Al, Al and pH showed the
strongest relationship with the soil bacterial community structure under CS (Figures 5a, 4d and 5g). According to
Navarrete et al. (2015), under management systems that involve the excessive removal and/or burning of native
vegetation, as is the case of CS under the different climate conditions evaluated in this study, characteristics related to
soil fertility (i.e., N, P, K, CEC, etc.) are reduced and those of acidity (i.e., H + Al, Al, pH, etc.) increase. High acidity
(copiotrophic environment) and low fertility (oligotrophic environment), although reducing the diversity of the soil
bacteria, also promotes the adaptation of bacterial groups to these environments (Wu et al., 2017). The soil bacterial
community structure under CS also showed a strong relationship with microbial biomass N (Figures 5b and h) among
the soil biochemical properties, and with total soil N (Figure 5f). For Chen et al. (2015), the low levels of inorganic N
(soil N) and organic N (microbial biomass N) may cause a high dependence on the soil bacterial community structure
under CS.

In FP under the tropical humid climate, it was particularly possible to see the relationship of the soil bacterial
community structure with P (chemical properties) (Figure 5a) and with geochemical P (biochemical properties) (Figure
5b). Leff et al. (2015), highlight the importance of P fertilization and the greater input of C in changing the soil bacterial
community structure under FP management systems. Under the conditions of this study, the effect of mineral

fertilization may have been indirect, i.e. through greater C input above and below ground. This hypothesis can be
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confirmed by the relationship between the soil bacterial community structure under FP and the C of the FF1 and F4
SOM fractions (Figure 5c).

In the case of ICL under the tropical humid and subtropical climates the CEC, SB, BS and Mg (chemical
properties) (Figures 5a and g), in addition to the enzyme arylsulfatase and the biological and geochemical P fractions
(biochemical properties) (Figures 5b and 5h), showed the strongest relationship with the soil bacterial community
structure. These results agree with those of Acosta-Martinez et al. (2010), who reported that ICL management provide
larger sources and greater amounts of substrate systems for the soil bacterial communities compared to CS.
Furthermore, a relationship was seen between the soil bacterial community structure and the N of the F2 and F4 SOM
fractions (Figures 5c and 5i). This effect demonstrates that, under ICL, the N originating mainly from labile fractions,
such as the F2 SOM fraction, is closely related to the activity of the soil bacterial community (Yang et al., 2019b).

With ILF under the tropical mesic climate, it is important to highlight the relationship between the soil
chemical properties related to BS, pH, P and CEC (Figure 5d) and the structure of the microbial community under
this management system. The influence of the soil chemical properties related to fertility on the soil bacterial
community structure under ILF may be related to the litter added to the soil by the integration of tree and grass
cultivation. These components favour nutrient cycling and, consequently, the metabolic activity of soil bacteria. This
hypothesis can also be confirmed by the relationship between the soil bacterial community structure under ILF and
the biochemical properties of B-glucosidase and biological P (Figure 5e), and the C and N of the F1 SOM fraction
(Figure 5f). The relationship between these properties and the soil bacterial community structure under ILF may be a
direct effect, especially of increases in the sources of labile C (F1 SOM fraction) provided by the adoption of ILF

compared to CS.

4.4.3. Exploring the impact of adopting more intensive and diversified pasture management

systems on C accumulation

The SEM models demonstrated that the adoption of more intensive and diversified management systems
in relation to CS, causes changes in the pathways for the C accumulation in the soil and in the different SOM fractions.
In the case of CS, it is worth noting the positive impact of enzyme activity and the negative impact of the soil bacterial
community structure on soil C and N, and the positive impact on the different SOM fractions (Figure 6a). Under
management systems with CS, the high C/N ratio and lignin content, which is due only to the presence of grasses,
stimulates the production of enzymes for degrading this plant material, as this is the only source of energy for the soil
microorganisms (Jian et al., 2016). Chen et al. (2015), in the decomposition process of organic material under
management systems such as CS, point out that losses through respiration by microorganisms is greater than the
accumulation of C in the soil. This processes can in parts explain the negative impact of the soil bacterial community
structure on the C and N of the different SOM fractions found in this study. Furthermore, Dignac et al. (2017)
hypothesized that low natural fertility, as found in the areas of CS evaluated in this study, causes excessive
mineralization of the native SOM, which hinders the accumulation of C in the soil. This hypothesis can be confirmed
by an analysis of the SEM for ICL, FP and ILF, where the positive impact of the soil chemical properties was seen,
particularly on the C and N in the soil and on the different SOM fractions. Therefore, despite the new issues raised in
this study, further studies should be carried out proposing other models that explain the mechanisms that control the

soil C accumulation under more intensive and diversified pasture management systems.
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4.5. Conclusions

Collectively, pasture intensification and diversification in sites previously managed under extensive practices
(CS) can notably alter soil chemical and biochemical properties and the soil bacterial community structure across
different soil type and climatic conditions. The adoption of FP, ICL and ILF provided approximately 89%, 98% and
82% improvement in chemical properties related to soil fertility (P, Ca and CEC), respectively. The soil biochemical
properties such as microbial biomass C, geochemical P and the enzymes -glucosidase and acid phosphatase were the
most sensitive in the conversion of CS to FP, ICL and ILF. The soil bacterial community structure shifted as a result
of adopting more intensive and diversified pasture management systems, and a clear distinction was observed mainly
among the CS to FP and ICL.

The conversion of CS to more intensive and diversified pasture management systems, besides changing the
soil chemical and biochemical properties and the soil bacterial community structure, also modified the mechanisms
that control the soil C accumulation. For CS, the enzyme activity and the soil bacterial community structure had both
positive and negative impact on soil C. However for FP, ICL and ILF there was a positive impact of soil bacterial
community structure and mainly soil chemical properties on soil C. Altogether, these findings provide useful
knowledge of understanding soil-management-microbe interactions and provide more insights into the controlling
factors of soil C accumulation during management system changes in tropical pasture areas. Moreover, the results
found in this study may help efforts (e.g., Brazil's NDC and ABC Program) focused on recovering degraded pasture

sites in Brazil.
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Supplementary Figure S1. Soil C and N (a and b) and in the different SOM fractions (c and d) in pasture management
systems under different climatic conditions in the soil layer 0-30 cm. Bars represent the standard deviation of the mean
values (n = 3). Mean values followed by the same letter did not differ from each other by Tukey test (p < 0.05). Tropical
humid: CS, conventional system; FP, fertilized pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional
system and ILF, integrated livestock-forest. Subtropical: CS, conventional system and ICL, integrated crop-livestock. F1,
organomineral fraction (75-2000 pum); F2, organic fraction (75-2000 pum); F3, organomineral fraction (53-75 um); F4,

organomineral fraction (<53 pm). *Below the detection limit.
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Supplementary Table S1. Description of the management practices adopted under tropical humid, tropical mesic and subtropical

climates.
Climatic Tropical humid Tropical mesic Subtropical
condition
Description Brachiaria ruziziensis Germ. & C.M. Brachiaria  brizantha cv. Marandu was Lolinm multiflornm Lam. was used for

Crop nutritional
management

Pasture
nutritional
management

Evrard was used for pasture in CS, FP
and ICL.

CS: In this management system is
characterized by grazing all year. The
stocking rate is ~0.5 AU-ha™1.

FP: In this management system is
characterized by grazing all year. The
stocking rate is ~1.2 AU-ha"1.

ICL: In this management system, the
cultivation period is divided by the
crop (october to march) and pasture
(may to september) phase. The
stocking rate is ~1.8 AU-ha=1.

15 kg ha! of N and 60 kg ha! of P,O

on a yeatly basis.

15 kg ha! of N; 80 kg ha! of PO and
40 kg ha'! of KoO on a yearly basis.
Application of 2000 kg ha'! of
limestone at the time of system
deployment.

used as pasture in CS and ILF. Two
rows of African mahogany trees (Kaya
vorensis A. Chev.) spaced 15x5m away
from each other were used in ILF.

CS: In this management system is
characterized by grazing all year. The
stocking rate is ~0.7 AU-ha=1.

ILF: In the management system with
integrated livestock-forest with
rotational grazing, the grazing phase is
between may and january. The stocking
rate is ~2.9 AU ha~1.

100 kg ha! of N on a yearly basis.

pasture in ICL. The prevailing grass
specie in the CS (Pampa) was Paspalum
notatum Fligge.

CS: In this management system is
characterized by grazing all year. The
stocking rate is ~0.6 AU-ha=1.

ICL: In this management system, the
cultivation period is divided by the
crop (november to may) and pasture
(july to october) phase. The stocking
rate is ~2.1 AU-ha"1,

18 kg ha! of N and 40 kg ha'! of P,O
and 40 kg ha' of K;O on a yearly
basis.

150 kg ha! of N and 60 kg ha'! of P,O
and 60 kg ha'! of KxO on a yeartly
basis. Application of 1000 kg ha' of
limestone at the time of system
deployment.

CS, conventional system; FP, fertilized pasture; ICL, integrated crop-livestock and ILF, integrated livestock-forest. AU, animal unit (250 kg liveweight).

Supplementary Table S2. Indices of fit for the structural equation modeling presented in Figure 6.

Management Fit index
systems c2 P DF RFI NFI 1FI RMSEA AIC BCC ECVI
(ON 23.400 0.220 19 0.745 0.827 0.962 0.001 71.742 99.272 2.759
FP 63.377 0.112 21 0.225 0.419 0.518 0.002 109.377 120.425 13.372
ICL 27.352 0.159 21 0.421 0.566 0.849 0.033 73.352 125.102 4.315
ILF 84.444 0.101 17 -0.047 0.364 0.418 0.070 128.444 159.563 17.306

Tropical humid: CS, conventional system; FP, fertilized pasture and ICL, integrated crop-livestock. Tropical mesic: CS, conventional system and
ILF, integrated livestock-forest. Subtropical: CS, conventional system and ICL, integrated crop-livestock. 2, chi-square; P, p value; DF, degrees
of freedom; RFI, relative fit index; NFI, normed fit index; IFI, incremental fit index; RMSEA, root mean square error of approximation; AIC,
Akaike information criterion; BCC, Browne-Cudeck criterion; ECVI, expected cross validation index.
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5. PREDICTING SOIL C CHANGES AFTER PASTURE INTENSIFICATION AND
DIVERSIFICATION IN BRAZIL"

Abstract

Globally, poorly managed pasture can contribute to increasing greenhouse gas (GHG) emissions. In Brazil,
sustainable management systems are being proposed to reduce carbon dioxide (CO2) emissions and inctrease the soil
C stock under degraded pasture. However, despite the potential benefits in the adoption of sustainable management
systems, few studies have been carried out seeking to analyze their long-term effects on the soil C cycle. In this study,
we used the DayCent model to simulate the effects of converting poorly managed pastures (PMP) to more-intensive
and diversified systems of pasture management [fertilized pasture (FP), integrated crop-livestock (ICL) and integrated
livestock-forest (ILF)] on long-term soil C stocks and microbial biomass C (MBC). We also evaluated the effects of
different pasture management scenarios for FP (fertilization frequency), ICL (time of implementation of the crop
phase) and IFL (spacing between the tree rows). The DayCent model estimated that the conversion of PMP to FP,
ICL and ILF increases the soil C stocks by 0.95, 0.04-0.70 and 0.16 Mg ha'! yr'!, respectively. Similarly, the MBC
contents also increased with conversion, mainly for ICL and ILF. In addition, the fertilization of the pasture every year
(FP), the implementation of the crop phase within two years (ICL) and the spacing between the tree rows of 15 m
(ILF) showed the highest soil C stocks and MBC contents. FP, ICL and IFL were also GHG sinks of 43, 57 and 116
Mg COseq hal, respectively. These results can help national initiatives associated with the recovery of degraded pasture
in Brazil.

Keywords: DayCent model, Integrated systems; GHG mitigation; Environmental security.

5.1. Introduction

The soil plays an important role as a regulator of carbon dioxide (COZ2) emissions to the atmosphere, and
approximately 2300 Pg of carbon (C) is stored in the top 3 m of soils for a total area of 121 x 1012 m? (Jobbdgy and
Jackson, 2000). Globally, pastures ate important in the C cycle, covering ~40% of the Earth's land surface and
responsible for ~30% of the global pool of soil organic carbon (SOC) (Conant et al., 2001; Schipper et al., 2007).
Despite the great C sequestration potential, poorly managed pastures around the world (e.g., overgrazing and no
fertilization) could become a source rather than a sink of greenhouse gas (GHG) emissions (Abdalla et al., 2018).

In Brazil, pastures encompass 159 million ha, but approximately 50% to 70% of this area is considered
degraded or in some degree of degradation (Dias Filho, 2014; IBGE, 2017). Given the degradation of Brazilian
pastures, the government created the “ABC Plan” in an attempt to encourage sustainable recovery measures. The
adoption of more-intensive and diversified systems of pasture management, such as fertilized pasture (FP), integrated
crop-livestock (ICL) and integrated livestock-forest (ILF), has shown to be promising in achieving this goal (Herrero
et al., 2016; Cortner et al., 2019; Pezzopane et al., 2020). Several previous studies revealed the potential of integrated
systems to increase soil C stocks (Carvalho et al., 2010; Siqueira et al., 2019) and mitigate GHG emissions (Buller et
al., 2015; Torres et al., 2017). However, changes in management practices commonly carried out in pastures, such as
frequency of fertilization (FP), time of implementation of the crop phase (ICL) and spacing between the tree rows

(ILF), can change these results (Carvalho et al., 2018).

" Current status: published. Available at:

Damian, J.M., Matos, E.S., Pedreira, B.C., Carvalho, Premazzi, ..M., Williams, S., Paustian, K., Cerri, C.E.P., 2021.
Predicting soil C changes after pasture intensification and diversification in Brazil. Catena. 202, 105238. doi:
10.1016/j.catena.2021.105238
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In Brazil, few long-term studies have been conducted seeking to assess changes in soil C stocks with the
intensification and diversification of pastures. Likewise, as Zago and Ramalho (2019) highlight, little is known about
the effects on soil microbiota and the important biochemical processes that regulate C and gas flows in the soil.
According to Sousa et al. (2020), long-term monitoring of management system changes is necessary to consolidate
ecosystem effects. Mathematical models have been shown to be a viable option in predicting changes in soil C and
GHG emissions in different agricultural ecosystems (Bonan and Doney, 2018). The DayCent model is among the main
biogeochemical models used for this purpose and is widely applied in long-term predictions in pastures under different
climatic conditions (Parton et al., 1998; Yeluripati et al., 2009). Gomez-Casanovas et al. (20106), using the DayCent
model in pastures under temperate, Mediterranean, subtropical and tropical climates, found correlation coefficient (+?)
values of 0.72, 0.99 and 0.97 between the observed and simulated values for aboveground and belowground net
primary production and SOC, respectively. Similarly, Saindor et al. (2018) concluded that mathematical models such as
DayCent were efficient in predicting GHG emissions (e.g., CO2, N2O and CH4) in pastures under different
management systems. In addition, Cerri et al. (2004) also found satisfactory results with the prediction of microbial
biomass (r?=0.84) in pastures with different ages (0 to 88 years) using the Century model (the precursor to the DayCent
model). Therefore, studies on predictions of soil C stocks and GHG emissions using biogeochemical models, as the
DayCent model, can provide unprecedented results about the pastureland intensification and diversification in Brazil.

Azevedo et al. (2018) evaluated soil C sequestration in several management systems in Brazil from 1970 to
2015 and found that degraded pastures were GHG sources (4.00 Mg COseq ha'! y!), while more-intensive and
diversified systems of pasture management were sinks (5.51 to 6.24 Mg COseq ha'! y!). However, the authors agree
that these estimates remain unclear due to the lack of long-term information about those management systems. Indeed,
there are not published papers on predictions of soil C stocks and GHG emissions due to the intensification and
diversification of pastures in Brazil. In this context, we hypothesize that mathematical models can be efficient and
cost-effective tools to predict soil C pool changes (i.e., whole soil and microbial biomass) and to monitor GHG
emissions of pastures. Our aim is to use the DayCent model to predict the soil C changes with the intensification and
diversification of poorly managed pastures in tropical humid (Midwest), tropical mesic (Southeast), and subtropical
(South) Brazilian climate zones. In parallel, we intend to evaluate soil C changes with different management practices,
such as frequency of fertilization (FP), time of implementation of the crop phase (ICL) and the spacing between the
tree rows (ILF).

5.2. Materials and Methods

5.2.1. Experimental data

The field data set used in this study for modeling soil C changes was collected from three regions with
contrasting climatic conditions in Brazil. The first site is located in Nova Guarita, Mato Grosso, Midwest Brazil (Lat.:
10° 9' 10.41"S; Long.: 55° 31' 49.53"W; 380 m.a.s.l). The prevailing soil at this site was classified as Oxisol (USDA,
2014), and the climate was classified as Am (K6ppen), tropical hot and humid, with a mean annual temperature of
25.9°C and a mean annual rainfall of 2,628 mm. The second site is located in Nova Odessa, Sio Paulo, southeastern
Brazil (Lat.: 22° 75' 12"S; Long.: 47° 27' 81"W; 550 m.a.s.l). The prevailing soil in this region was also classified as

Oxisol (USDA, 2014) and the climate as Cwa (K&ppen), tropical rainy with dry winter, with a mean annual temperature
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of 20.2°C and a mean annual rainfall of 1,262 mm. The third site is located in Eldorado do Sul, Rio Grande do Sul,
southern Brazil (Lat.: 30° 05' 22"S; Long.: 51° 39' 08"W; 46 m.a.s.l). The prevailing soil in this region is classified as

Ultisol (USDA, 2014), and the climate is classified as Cfa (K&ppen), subtropical at a mean annual temperature of

19.3°C and a mean annual rainfall of 1,398 mm. More details about the climatic information in Mato Grosso (tropical

humid), Sao Paulo (tropical mesic) and Rio Grande do Sul (subtropical) states can be found in Damian et al. (2020).

For each climatic condition, we evaluate the soil C changes with the adoption of more-intensive and

diversified systems of pasture management in areas previously with poorly managed pasture. Areas of poorly managed

pasture are mainly characterized by a lack of control over grazing pressure and no fertilization. Specifically, the

following pasture management systems were evaluated in each climatic condition:

1if)

Tropical humid treatments included poorly managed pasture (PMP), fertilized pasture (FP),
integrated crop-livestock system with maize/soybean (ICLys) and integrated crop-livestock with
rice/soybean (ICLgs). The site is located in the Amazonian biome, and in 2004, its native
vegetation was removed for pasture implementation under PMP. FP and ICL systems were
established in 2012 and 2015, respectively, in a previous area under PMP (equivalent
edaphoclimatic conditions).

Tropical mesic treatments included poorly managed pasture (PMP), integrated livestock-forest
with rotational grazing (ILFrg) and integrated livestock-forest with no grazing (ILFxg). This site
is located in the Atlantic Forest biome, where native vegetation was removed to implement the
PMP in 1995. In the PMP (equivalent edaphoclimatic conditions), the integrated livestock-forest
systems were implemented in 2015 as the current land use.

Subtropical treatments included poorly managed pasture (PMP), integrated crop-livestock with no
grazing (ICLng), integrated crop-livestock with rotational stocking and moderate-intensity grazing
(ICLry), integrated crop-livestock with continuous stocking and moderate-intensity grazing
(ICLcw), integrated crop-livestock with rotational stocking and low-intensity grazing (ICLgr) and
integrated crop-livestock with continuous stocking and low-intensity grazing (ICLcr). PMP is
located in the Pampa biome and in 2003, it was chosen for the installation of a long-term
experiment focused on the integrated crop-livestock system. Forage supplies were defined as those
presenting 2.5 times (moderate grazing intensity) and 5 times (low grazing intensity) more daily
consumption of dry matter based on NRC (1985) by lambs or lactating ewes. The resulting forage
supply reached 10 kg (moderate grazing intensity) and 20 kg (low grazing intensity) of forage dry

mass per 100 kg ha— 1 animal live weight.

Information regarding soil sampling, laboratory analysis and results for soil C pools, physical and chemical

soil properties for each climatic condition can be found in Damian et al. (2020). The determination of the microbial

biomass C (MBC) and N (MBN) in the 0-10 cm layer were performed by the fumigation-extraction (Vance et al., 1987)

and Ninhydrin (Joergensen and Brookes 1990) methods, respectively.

5.2.2. Model setup and parameterization
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In this study, the DayCent (version 2017) biogeochemical model was used to assess the soil C pool changes
under more-intensive and diversified systems of pasture management. The DayCent model (Parton et al., 1998; Del
Grosso et al., 2001) is a daily time step version of the Century model to simulate exchanges of C, nutrients (N, P, S)
and gases (COz, CH4, N20O, NOy, N») between soil, vegetation and atmosphere. DayCent uses several mechanistic
submodels to simulate daily plant production, soil water and temperature, decomposition of dead plant material and
soil organic matter (SOM) and trace gas flux leaching (N20, NOy and Ny). The model considers that plant growth and
production are controlled by water, light, soil temperature and nutrient availability. SOM decomposition processes and
flows of C and nutrtients are controlled by C pools, N and lignin concentrations, C/N ratio, and soil water content and
temperature. The model calculates trace gas emissions from soils resulting from nitrification and denitrification as well
as CH4 oxidation in soils (Del Grosso et al., 2002). More details about the submodels can be found in Del Grosso et
al. (2001).

DayCent model inputs can be divided into four categories: weather information, soil information, plant
information, and land use information. In this study, we used weather data (daily maximum and minimum average
temperature and precipitation) from 1980 to 2018, provided by the Brazilian National Institute of Meteorology
(www.inmet.gov.br). The DayCent model uses daily weather data (precipitation, minimum temperature, maximum
temperature). The soil information in the three assessed sites, under each management system, were collected in cross-
sections with nine sampling spots (repetitions) placed 50m away from each other (see Damian et al. 2020). For the
plant information, we mainly adjusted the potential production, while other parameters, the default model values for
cropland and pasture, were used. In this case, the productive potential adjusted for the soybean, maize and rice crops
was 0, 14 and 9 Mg ha™! of aboveground biomass, respectively, as found in studies by Crusciol et al. (2003) and
suggested by Silva-Olaya et al. (2017). The aboveground biomass production of the grasses (Brachiaria ruziziensis,
Brachiaria brizantha, Lolium multiflornm and Paspalum notatum) used in this study was adjusted according to the specificities
of the management system (e.g., grazing intensity and stocking methods) used in the pastures in each climatic condition.
Moreovet, historical land use information for each climatic condition was included in the model. This information
includes the interval in years of the areas under native vegetation (Amazon, Atlantic Forest and Pampa biomes), PMP
and the implementation of more-intensive and diversified systems of pasture management (FP, ICL and ILF). Other
management events characteristic of each land use, such as harvest, burning, fertilisation and tillage, were also simulated
in the model.

The first step before simulating native vegetation clearing and pasture establishment was to estimate the
equilibtium of C pool levels under forest and/or grass vegetation conditions through the DayCent forest and grassland
submodels. For the Amazon (tropical humid climate condition) and Atlantic (tropical mesic climate condition) forests,
2000 years of equilibrium were simulated, and the parameterization of vegetation was carried out according to Cerri et
al. (2004) and Silva-Olaya et al. (2017), respectively. In the Pampa biome (subtropical mesic climate condition),
grassland equilibrium (native conditions) was simulated over a 500-year simulation period. The simulation period used
for this biome was based on the introduction of livestock activity by Spanish colonization in the 17th century
(Chomenko and Bencke, 2016). Furthermore, the native vegetation parameterization in the Pampa biome was carried
out according to Boldrini and Eggers (1996) and Carvalho et al. (2006). For both native vegetation types under the
three climatic conditions (tropical humid, tropical mesic and subtropical climates), disturbances such as fire events,
tree mortality and deforestation processes following the slash-and-burn procedure were simulated according to Cerri

etal. (2004).
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The PMP evaluated in this study was characterized by some degree of degradation, as is characteristic of
poorly managed pastures in Brazil. To simulate the PMP on the DayCent model, the following procedures were
adopted: low aboveground biomass production (~3.7 Mg ha™!, Lilienfein and Wilcke, 2003), low stocking rate (~0.6
AU ha'l, Arantes et al. 2018), continuous grazing throughout the year (wet and dry periods) and no fertiliation. The
main difference for the simulations of the conversion of PMP to FP (tropical humid climate condition) was the
application of 10 g N m year! and the increase in aboveground biomass production by ~6.4 Mg ha™! (Wilcke and
Lilienfein, 2004). For the simulation of ILF management systems (tropical mesic climate condition), we perform the
cultivation of pastures intercropped by trees in the same area. In the ILF management system with grazing (ILFrg),
animal entry into the area was simulated from May until April with 2.0 AU ha'l. For both management systems with
ILF (ILFrg and ILFngG), parameterization of the tree component was carried out according to Orwa et al. (2009), and
the application of 1 ¢ N m2 year!. For the management systems with ICL, the simulations were petrformed according
to the management events characteristic of the tropical humid and subtropical climate conditions. For example, the
crop phase was between November and March under the tropical humid climate region and December to June in the
subtropical climate region. For these climate conditions, the aboveground biomass production of grass in intercropping
with crops under ICL was parameterized according to Pariz et al. (2011) and Neto et al. (2014). Furthermore, for ICL
management systems in both climatic conditions, the application of 7 g N m2 year! with 1.2 AU ha! in the pasture
phase was simulated.

The simulations of soil C dynamics in this study were performed for the 0-30 cm soil layer. Originally the
DayCent model was set up to approximate the 0-20 cm soil layer. To change the reference layer in the model, the decay
rate of all C pools was reduced by 15% (Hartman et al., 2018). By this process, it was possible to obtain estimates of
soil C and N stocks for the 0-30 cm layer, as recommended by the IPCC (Intergovernmental Panel on Climate Change)
for soil C assessments. To simulate the MBC and MBN values, the active soil pool in the model was used. In the
DayCent model, the active pool represents microbial biomass and metabolites that turn over relatively rapidly (less
than one year). However, as our MBC and MBN data were evaluated in the 0-10 cm layer and the model output is for
the 0-20 cm layer, some adjustments to the final values were performed. Therefore, we multiplied the simulated results
of the active pool by 0.65, as recommended by Cerri et al. (2004). The 0.65 factor represents the percentage (65%) of
the total soil C present in the 0-10 cm layer in relation to the total soil C contained in the 0-20 cm layer.

For performance evaluation, the simulated results of soil C stocks, soil N stocks, MBC and MBN contents
were subjected to visual comparison with actual values from field measurements. This is a qualitative way of assessing
whether a model is producing simulated values close to those actually measured (Smith et al., 1996). The quantitative
evaluation of the simulated and observed values was performed in accordance with the tests proposed by Smith et al.
(1997). Based on this methodology, the following test statistics were calculated: correlation coefficient (r), root mean

square error (RMSE), mean difference (M), relative error (E), and lack of fit (LOFIT).
5.2.3. Development of future pasture management scenarios

To assess the impacts of changes commonly performed in more-intensive and diversified systems of pasture
management in Brazil, we simulate the effects of different management practices on soil C changes over a fifty-year
projection (Fig. 1, Table S1). For the FP (tropical humid climate condition), we simulate the effect of the following

frequency of pasture fertilization: 1, 3, 6, 9 and 12 years. Based on the results of the previous simulations, among the
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management scenarios ICL (tropical humid and subtropical climate conditions) and IFL (tropical mesic climate
conditions), only those with the highest results in soil C stocks, soil N stocks, MBC and MBN contents were used in
this simulation. In the case of ICL. management systems, we evaluated the intervals of 1, 2, 4, 6, and 8 years for crop
phase implantation in the pasture. The interval of 1 year essentially means the rotation with pasture crops every year

in the same area; this same sequence applies to the other years evaluated (2, 4, 6 and 8 years).

Fertilized pasture

fertilization every year 6 year

Integrated crop-livestock
every year ¢ 2year
Pasture phase—— Crop phase | ————

6 year ;
——— Crop phase . ————Crop phase

8 year

. 4dyear
Crop phase . ————Crop phase

9m : 12m . 5 : 18 m ; 2l m

s @3
H animal grazing - grass @ tree 3&%{_ crop

Figure 1. Schematic representation of the future management practices scenarios adopted for the more- intensive and

diversified systems of pastute management.

For IFL management systems, the spacings between tree rows of 9, 12, 15, 18 and 21 m were simulated. To
carry out the simulations in the DayCent model, we modified the number and the total C production by the trees to
meet these spacings in the following order: 250 (2939 g C m2), 222 (2610 g C m2), 200 (2352 g C m™), 182 (2140 g C

m2), and 167 (1964 g C m™2) trees. In addition, according to the spacing, we adjust the parameters (“SITPOT” in the



120

model) that control dominance and competition for N; the smaller the spacing the faster will be the dominance of

trees on grass and less competition will be the grass by the N available.

5.2.4. Socioeconomic and environmental indicators

In order to estimate the impacts of the conversion of PMP to the more-intensive and diversified systems of
pastute management, socioeconomic indicators were created. For the economic indicators, the production of beef (@
ha!), soybean (kg ha!) maize (kg ha!) and wood (m? ha') was selected, considering that these indicators are the main
economic factors taken into consideration for the adoption of new management systems. To perform the calculations,
we adjusted the stocking rates and the production costs according to the degree of intensification of the pasture
management systems. Among the social indicators, we selected the numbers of employees (laborers ha'') and annual
income (US$ ha'! y1), since the same are the most sensible social factors due to the land use change in Brazil. While
annual income was the sum of the sales minus production costs, the numbers of employees was calculated according
to the demand for services required in each pasture management systems.

The ecosystem flows of carbon, nitrogen and greenhouse gases related to the conversion of PMP to the
more-intensive and diversified systems of pasture management were also accounted for using specific DayCent output
variables. The simulations were performed during 2010 to 2060. The daily flows of soil C and GHG were summed to
calculate the total flows in the ecosystem between the beginning and the end of a year, with the net balance being
presented as COz equivalent (CO2eq) and factored in by the warming potential (e.g., CO2 = 1, CH4 = 23, N2O = 296).
For estimate the total GHG emissions, the CHy4, N2O and total system C flux wete summed and expressed as COzeq.
It is important to highlight that this study did not account the carbon stored in the trees for the GHG balance. Due
to the scarcity of data on the flow of GHG in the process of intensification and diversification of pastures in Brazil,
we carried out validation through aboveground plant biomass production. According to Duval et al. (2013), this is a
reliable way to measure the GHG flow in agricultural ecosystems, as aboveground production is a variable measured

widely across a range of sites.

5.3. Results

5.3.1. Measured vs simulated analyses

According to the results, the DayCent model was efficient in predicting the field-observed soil C and N stocks

and MBC and MBN contents for NV and for pasture management systems (PMP, FP, ICL and ILF) under different
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climatic conditions (tropical humid, tropical dry and subtropical) (Table 1 and Fig. 2). The measured and simulated soil
C (r =0.98) and N (r = 0.97) stocks were strongly correlated. However, the DayCent model overestimates C and N
stock values by 2.10% and 3.97%, respectively, when compared to the measured values. The MBC (r= 0.84) and MBN
(r= 0.81) contents also showed good correlation with the measured and simulated values. However, while for the MBC
content, there was an overestimation (>16.63%), the model showed a tendency to underestimate the MBN contents

(<6.76%) in relation to the measured contents.

Table 1. Measured and simulated soil C and N stocks at the 0-30 cm layer and MBC and MBN contents at the 0-10 cm layer

in different systems of pasture management under tropical humid, tropical mesic and subtropical climate conditions.

Stocks (Mg ha'!) Microbial biomass (mg kg™")
Management C N C N
systems Measut. Simul. Measut. Simul. Measur. Simul. Measut. Simul.
NV 50.50%2.60 50.86 4.4010.18 4.79 550.00£18.00 719.06 37.89£7.09 59.37
Té PMP 34.7412.32 38.56 3.07£0.17 3.81 776.84£26.08 852.49 85.07£3.21 70.62
é FP 85.6212.59 82.67 7.531£0.19 8.07 881.461£9.93 890.79 77.18%2.46 97.69
;'* 1CLns 54.45+1.94 56.08 3.88+0.14 3.73 953.641£24.04  1027.22 79.63+1.53 92.47
2 ICLgs 41.41£2.30 41.15 2.4910.20 2.50 451.3315.51 626.28 39.6911.88 27.60
. NV 81.891£2.79 85.61 6.64£0.29 6.76 693.0819.34 628.48 37.3813.22 50.76
é PMP 71.59£2.08 75.41 5.03+0.13 5.24 959.45+25.53 505.96 83.65+3.70 46.73
E ILFxG 76.4514.22 76.62 4.2110.34 5.16 1764.10£68.16  2463.45 134.59£1.51  198.55
§ 1LFrG 76.08+3.34 76.20 5.56+0.23 5.15 1359.17+£12.82  1808.10 116.73+0.58  143.35
NV/PMP  39.26+1.68 39.55 3.87£0.05 3.91 805.52£26.61 719.21 73.28%6.10 57.55
_ ICLnG 31.731£0.72 32.48 3.9240.08 3.96 876.2214.58 1035.32 41.8110.78 25.16
'g 1CLzrm 38.6510.45 39.01 3.7610.04 3.90 476.01£11.14 827.23 33.42+1.99 24.40
_‘.é ICLcum 40.5310.25 40.84 4.00£0.02 4.04 482.2017.11 856.00 56.81£3.03 27.44
” ICLRL 36.13+£0.58 37.03 3.67£0.05 3.60 1371.98134.63  1116.25 34.6310.93 21.82
1CLcL 35.4710.31 36.66 3.71£0.01 3.59 1245.36+1.37  1310.99 43.5312.23 26.81

Unless indicated otherwise, data are the meants.e.m. (n = 9). Tropical humid: NV, native vegetation; PMP, poorly managed pasture; FP,
fertilized pasture; ICLas, integrated crop-livestock with maize/soybean; ICLgs, integrated crop-livestock with rice/soybean. Tropical mesic:
NV, native vegetation; PMP, poorly managed pasture; ILFrg, integrated livestock-forest with rotational grazing; ILFNG, integrated livestock-
forest with no grazing. Subtropical: NV/PMP, native vegetation/pootly managed pasture; ICLNG, integrated crop-livestock with no grazing;
ICLRM, integrated crop-livestock with rotational stocking and moderate-intensity grazing; ICLCM, integrated crop-livestock with continuous
stocking and moderate-intensity grazing; ICLRL, integrated crop-livestock with rotational stocking and low-intensity grazing; ICLCL,
integrated crop-livestock with continuous stocking and low-intensity grazing.
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Figure 2. Measured versus simulated soil C stocks (a), soil N stocks (b), MBC (c) and MBN (d) contents under native
vegetation (NV) and in the different pasture management systems (PMP, FP, ICL, IFL). Bars represent the standard

deviation

With the evaluation of the goodness-of-fit of the simulated and measured values, it was obsetved that the
DayCent model represented well the changes in the soil C and N stocks and the MBC and MBN contents with the
management changes in the different climatic conditions evaluated (Table 2). The E and M_t statistics were lower than
the Eoso,and M_tose, statistics, indicating that the bias presented by the simulated values is within the confidence interval
(95%). With the exception of the MBC and MBN contents, the simulated soil C and N stocks presented small

differences and were within the confidence interval of the measurements (RMSE < RMSEosy,). Finally, the F-test for
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LOFIT showed no lack of fit between measured and simulated values (F < Fsy).

240



123

Table 2. Statistical tests were applied to validate the measured and simulated values of soil C stocks, soil N stocks, MBC

and MBN contents under native vegetation and in the different pasture management systems (PMP, FP, ICL, IFL).

Stocks (Mg ha'!)

Microbial biomass (mg kg™1)

Statistical test

C N C N
r = Correlation coefficient 0.98 0.97 0.84 0.81
F=(0-2)r) /1) 1324.94 280.67 20.49 27.84
F-value at (P=0.05) 2.18 2.18 218 2.18
RMSE = Root mean squated error of model 3.87% 6.89% 24.70% 33.20%
RMSE (95% Confidence limit) 14.24% 17.33% 15.56% 25.36%
M = Mean Difference -0.93 -0.11 -38.62 4.92
t = Student's t of M -1.91 -1.38 -0.68 0.92
t-value (Critical at 2.5% - Two-tailed) 2.16 2.16 2.16 2.16
E = Relative error -2.09 -2.64 -8.20 10.64
E (95% Confidence Limit). = +/- 12.69 15.81 9.43 20.42
LOFIT = Lack of fit 459.43 10.35 5841505.64 51098.90
F = Mean squared/Mean squated error 0.30 0.88 8.04 0.19
F (Critical at 5%) 1.82 1.82 1.78 1.78

5.3.2. Long-term simulations

The long-term simulations, fifty-year projections, performed with the DayCent model, showed that the

conversion of NV to PMP under the three climatic conditions (tropical humid, tropical mesic and subtropical) resulted

in an average reduction of 0.49 and 0.05 Mg ha! yr! in soil C and N stocks, respectively (Fig. 3a, 3¢ and 3e; Fig. 1Sa,

1Sc, 1Se). As for the microbial biomass, despite the increase in MBC and MBN (~14%) contents in the conversion of

NV to PMP under tropical humid conditions (Fig. 3b and Fig. 1Sb), for this same conversion under tropical mesic

conditions, there was a reduction of 12.20 and 0.81 mg kg! yr'! in MBC and MBN (Fig. 3d and Fig. 1S8d), respectively.
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Figure 3. Long-term simulations of soil C stocks and MBC contents through the conversion from native vegetation to
different pasture management systems under tropical humid (a and b), tropical mesic (c and d) and subtropical (e and f)

climate conditions.

In the simulations for the conversion of PMP to FP in the tropical humid climate, there were increases of
0.95 and 0.07 Mg ha'! yr'! in soil C and N stocks, respectively (Fig. 3a and Fig. 1Sa). However, in this conversion, there
was no increase in the MBC and MBN contents (Fig. 3b and Fig. 1Sb). Conversely, the conversion of PMP to
management systems with ICL under tropical humid and subtropical climate, in general, was efficient in increasing the
soil C and N stocks (Fig. 3a and Fig. 1Sa) and MBC and MBN contents (Fig. 3b and Fig. 1Sb). In the tropical humid
climate, among the evaluated management systems with ICL, the ICLLMS showed the largest increases in soil C (0.70
Mg ha! yr!) and N (0.10 Mg ha! yr!) stocks and MBC (3 mg kg! yr') and MBN (0.33 mg kg! yr!) contents. For the

long-term simulations between ICL management systems under subtropical climate, the ICLcym showed the largest
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increases in soil C (0.04 Mg ha! yr!) and N (0.01 Mg ha! yr!) stocks (Fig. 3e and Fig. 1Se), as well as in MBC (7 mg
kg yr') and MBN (0.50 mg kg'! yr!) contents (Fig. 3f and Fig. 15f).

In the tropical mesic climate condition, the conversion of PMP to the ILF management systems also showed
increases in the soil C and N stocks (3¢ and Fig. 1Sc) and in MBC and MBN contents (3d and Fig. 18d) in the long-
term simulations. While the changes seen in the ILFNG, the ILFRG presented the highest results, with increments of

0.16 and 0.02 Mg ha'! yr! for soil C and N stocks and 40 and 3 mg kg'! yr! of MBC and MBN contents, respectively.

5.3.3. Future pasture management scenarios

Changes commonly made in more-intensive and diversified systems of pasture management in Brazil can
alter soil C and N stocks and MBC and MBN contents. For the FP under a tropical humid climate, the results of long-
term simulations showed that 3 years (FP_3F) of pasture fertilization can reduce soil C and N stocks by 13% (Fig. 4a
and Fig. 2Sa) and the MBC and MBN contents by 11% (4b and Fig. 2Sb) when compared to fertilization performed
every year (FP_1F). The frequencies of pasture fertilization of 6 (FP_6F), 9 (FP_9F) and 12 (FP_12F) years showed

similar results, with a 40% reduction in the soil C and N stocks and 88% in the MBC and MBN contents.
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Figure 4. Effects of different future pasture management scenarios on soil C stocks and the MBC content in FP (a and b),
ICL under tropical humid (c and d) and subtropical climatic conditions (g and h) and ILF (e and f). FP under a tropical
humid climate with time interval for fertilization of 1 (FP_1F), 3 (FP_3F), 6 (FP_GF), 9 (FP_9F) and 12 (FP_12F) years.
ICLss under tropical humid climate with time for the implementation of the crop phase of 1 (ICLys_1y), 2 ICLys_2y), 4
(ICLss_4y), 6 (ICLys_0y) and 8 (ICLys_8y) years. ILFrg under tropical mesic climate with the spacing between the tree
rows of 9 (ILFrg_9m), 12 (ILFrc_12m), 15 (ILFrc_15m), 18 (ILFrc_18m) and 21 (ILFrc_21m) m. ICLcy under
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subtropical climate with time for the implementation of the crop phase of 1 (ICLav_1y), 2 ICLcyv_2y), 4 ICLen_4y), 6
(ICLCM_()Y) and 8 (ICL(:M_SY) years.

The effect of the change in the time for the implementation of the crop phase in the management systems
with ICL presented different results in the long-term simulations under tropical humid and subtropical climates. Under
the tropical humid climate, the time period of two years (ICLys_2y) for the implementation of the crop phase presented
the highest soil C and N stocks (Fig. 4c and Fig. 25¢) and MBC and MBN (Fig. 4d and Fig. 25d) contents. The
increments of ICLys_2y in relation to the time period of one year (ICLys_1y) for the implementation of the crop
phase were 16% and 67%, respectively. For the long-term simulations performed for ICL management systems under
subtropical climate, the implementation of the crop phase every year (ICLcy_1y) showed the highest soil C and N
stocks (Fig. 4g and Fig. 2Sg) and MBC and MBN contents (Fig. 4h and Fig. 2Sh). The results for the implantation
times of 2 (ICLcy_2y), 4 (ICLcyv_4y) and 6 ICLcy_6y) years showed similar results, but the implantation time of eight
years (ICLcy_8y) showed a reduction of 20% in the soil C and N stocks and 69% in MBC and MBN contents when
compared to ICLcn_1y.

With the results of the long-term simulations performed for the ILFRG under tropical mesic climate, it was
observed that the reduction of the spacing between the tree rows in the pasture tends to reduce the soil C and N stocks
(Fig. 4e and Fig. 2S¢), as well in MBC and MBN (Fig. 4f and Fig. 25f) contents. The reduction of the spacing to 12 m
(ILFrc_12m) and 9 m (ILFrg_9m) presented similar results, with a reduction of 13% and 42% in the soil C and N
stocks and in MBC and MBN contents, respectively, when compared to the 15 m spacing (ILFrg_15m), which
presented the highest results.

The adoption of more-intensive and diversified systems of pasture management (i.e., FP, ICL and IFL) in
relation to the PMP allowed for increases in the socioeconomic and environmental indicators evaluated (Table 3).
Among the socioeconomic indicators, we highlight the increase in the annual income, where the adoption of FP_1F,
ICL and ILFrg_15m provided increments of 44%, 202% and 267%, respectively, in telation to the PMP. Furthermore,
adopting more-intensive and diversified systems of pasture management requires more laborers, which creates more
job opportunities in rural areas. For the environmental indicators, it was observed that there was an increase in the
amount of soil organic carbon (SOC) in all the more-intensive and diversified systems of pasture management in
relation to the PMP. As expected, the addition of mineral fertilizers (e.g., N fertilizer) increased the rate of N
mineralization in FP_1F and ICL; this effect was not verified only for ILFrc_15m. Finally, it was found that the more-

intensive and diversified systems of pasture management enabled the mitigation of GHG. The adoption of FP_ly,
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ICL and ILFrG_15m were GHG sinks of 43, 57 and 116 Mg COzeq ha-l, respectively. It is important to highlight that
this effect was mainly due to the reduction of heterotrophic respiration and the CH4 and N>O emissions to the

atherosphere.

Table 3. Changes in socioeconomic and environmental indicators with the conversion of PMP to the mote-intensive and diversified systems of

pasture management.

Indicators Management systems
PMP FP_1F ICL ILFrg_15m
Beef (@ ha!) 9 18 29 30
E Soybean (kg ha!) - - 1648 -
% Maize (kg hat) - - 5118 -
& Wood (m3 hat) - - - 300
(,)8 Employees (laborers ha1) 1 2 3 3
Income (US$ ha! y-1) 264 380 796 968
PMP  FP_1IF A (FP_1F - PMP) IC. AICL-PMP) JLFpg 15m A (ILFrg 15m - PMP)
SOC (g C m?) 5868 8742 2874 5995 127 8362 2494
& Nitrogen Mineralization (g N m?) 1551 5984 4433 3283 1732 929 -622
g Heterotrophic Respiration (g C m2) 3874 2217 -1657 4433 559 1942 -1932
§ Total Soil CO, Efflux (g C m2) 5384 2660 -2724 9368 3984 3638 -1746
Z CHy (g COzeqm?2) 2956 206 -2750 106 -2850 112 -2844
= N20 (g CO2eq m2) 2689 1930 -759 955 -1734 302 -2387
Total system C flux (g COzeq m2) -2377 -3181 -5558 -3453 -5830 -8781 -11158
Total greenhouse gas flux (g COzeq m?2) 3268 -1045 -4313 -2392 -5660 -8367 -11635

The results for the ICL represent the average of the values found in the tropical humid (ICLys_2y) and subtropical ICLcn_1y) climates. Socioeconomic indicators:
To petform the calculations, we adopted 1-dollar (US$) equivalent to 4 reais (R$). For FP, ICL and IFL, stocking rates of 0.6, 1.2 and 2.0 AU ha! were used,
respectively. Production costs were adjusted according to ABIEC (2019) taking into account the degree of intensification of the production system. Environmental
indicators: Delta (A) represents the values for FP, ICL and IFL minus PMP. Greenhouse gas and N mineralization values are the sum of values during the 2010
to 2060 period. Positive values indicate a flux to the atmosphere, and negative values indicate uptake from the atmosphere by the different pasture management
systems. Total GHG values are the sums of CHy4, N>O and total system C flux expressed as COaeq.

5.4. Discussion

5.4.1. Model simulation efficiency

In general, the DayCent model was efficient in predicting soil C and N stock changes, as observed with the
measured and simulated values (Table 1 and Fig. 2). This finding is in accordance with other studies conducted with
the DayCent model under different agricultural management systems (Del Grosso et al., 2001; Del Grosso et al., 2008;
Smith et al., 2012; Begum et al., 2018; Weiler et al., 2019). As was also observed by Oliveira et al. (2017) and Weiler et
al. (2018), the model modified in this study overestimated the soil C and N stocks. However, this result is considered
acceptable considering the complexity of the management systems evaluated in these studies.

The predictions for the MBC and MBN contents also followed the same trend for the soil C and N stocks,

where the difference was overestimation for MBC contents and underestimation for MBN contents. Similar results
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were also found by Cerri et al. (2004), with the prediction of microbial biomass C and N in changing land use from
forest to pasture in the Amazon forest with the Century model. The authors attributed those differences due to the
high variability of the observed data imposed by soil temperature and humidity. Xu and Yuan (2017) reported that the
different responses from MBC and MBN are due to the fact that microbial models were developed and incorporated
into ecosystem models to simulate the C cycle by considering the changes in microbial biomass physiological activities.
In addition, the authors believe that by integrating MBN into ecosystem models, more accurate results can be obtained
for MBC and MBN. Nevertheless, taking into account that the microbial biomass is represented by the active pool
(turnover relatively rapidly) of the DayCent model, it can be considered that the model simulated reasonably well the
MBC and MBN changes for the more-intensive and diversified systems of pasture management under the different
climatic conditions.

The use of mathematical models to simulate the soil C changes in complex systems, such as agriculture and
pasture, needs continuing studies to increase the reliability of the results. Todd-Brown et al. (2013) verified a wide
discrepancy in the comparison of 11 models for estimates of the global soil C stock, where the variations in the
estimates ranged between 510-3040 Pg C. For this reason, we recommend more studies regarding the predictions of
soil C changes under more-intensive and diversified systems of pasture management in Brazil, searching increase the

reliability and quality of the results.

5.4.2. Soil C changes in long-term simulations

The long-term simulations for the conversion of NV to PMP under the three climatic conditions evaluated
(tropical humid, tropical mesic and subtropical) showed that there was a decrease in the soil C and N stocks (Fig. 3a,
3c and 3e; Fig. 1Sa, 1Sc, 1Se). Don et al. (2011) and Assad et al. (2013) found losses of 12% and 16% in the soil C and
N stocks after conversion of native vegetation to pasture, which is also similar to the values found for this study (22%
and 33% for the soil C and N stocks, respectively). The losses in the soil C and N stocks are probably due to lower
input of residues, as well as lower residue quality when compared to those provided by native vegetation (Thomaz et
al., 2020). Additionally, soil C and N losses can also be increased by management practices that contribute to soil
physical disturbance and exposition of soil organic matter to microbial decomposition. In addition, for the same
conversion (NV to PMP), microbial biomass showed contrasting results, mainly for tropical humid (Amazon
rainforest) (Fig. 3b and Fig. 1Sb) and tropical mesic (Atlantic Forest) (Fig. 3d and Fig. 18d) climatic conditions. Vieira
et al. (2011) reported that the Amazon rainforest produces more aboveground live biomass C stocks (~200 Mg ha™!
of C) due to the higher density proportion of large trees (>50 cm in diameter at breast height) than Atlantic forest (100

to 150 Mg-ha™! of C). Thus, the maintenance, reduction or increase in soil carbon content in pastures compated to
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native vegetation are dependent on several factors, including climate, soil type, management practices and nutrient
inputs.

In the conversion of PMP to FP under a tropical humid climate, the long-term predictions showed increases
in soil C and N stocks (Fig. 3a and Fig. 1Sa). The C and N stocks increased by 143 and 75%, respectively, and the rates
of changes corresponded to 0.95 and 0.07 Mg ha! yrl, respectively. Under similar soil and climate conditions, Braz et
al. (2013) found increases of 15% and 13% in the soil C and N stocks, respectively, in addition to a rate of C stock
change of 0.25 to 2.95 Mg ha'! yr. These findings demonstrate the high variability in the soil C and N changes.
However, according to the predictions performed for the conversion from PMP to FP, there was no increase in MBC
and MBN contents (Fig. 3b and Fig. 1Sb). Li et al. (2014) also found a reduction in microbial biomass with fertilization
of pastures, even with an increase in soil C. The authors reported that this effect is because the nutrients provided by
fertilization may be toxic to some species of microbes while benefiting others. Nevertheless, further studies in FP
under tropical humid climate conditions should be carried out to clarify these findings.

Among the management systems with ICL evaluated under tropical humid and subtropical climates, ICLys
and ICLcy had the largest increments in the soil C and N stocks (Fig. 3a and 3e; Fig. 1Sa and 1Se) as well for MBC
and MBN contents (Fig. 3b and 3f; Fig. 1Sb and 1Sf) compared to PMP. In the tropical humid climate, the better
results in the long-term predictions for ICLys in relation to ICLgs are due to the use of maize crops in the rotation
scheme during the crop phase. The maize aboveground net primary productivity is approximately 8.52 Mg ha-! yr,
while the rice reaches 5.30 Mg ha! yr'! (Song et al., 2015; Carvalho et al., 2016). The higher input of biomass in the
soil by the maize crop certainly contributed to the increase in the soil C and N stocks and MBC and MBN contents in
the long-term predictions. Under the subtropical climate, the management systems with ICL and with continuous
stocking and moderate grazing intensity (ICLcwy) had the largest increases in the soil C and N stocks and for MBC and
MBN contents, especially for the ICLcy. In general, under ICLcy, the inputs and outputs are balanced, contributing
to total residue accumulation, which favors soil C and N accumulation and microorganism activity (Assmann et al.,
2014).

For the long-term simulations under the tropical mesic climate, the conversion of PMP to IFL. management
systems increased the soil C and N stocks (3c and Fig. 1Sc) and the MBC and MBN contents (3d and Fig. 1Sd). Among
management systems with IFL, the IFLrg showed better results in relation to ILFng. Steinshamn et al. (2018) reported
that the main effects of grazing (IFLgg) in relation to non-grazing (ILFxg) are increased photosynthetic rates in residual
tissue, reallocation of carbohydrates from other plant parts (i.e., roots), removal of older tissues, increased light
intensities upon more active underlying tissues, reduction of the rate of leaf senescence and nutrient recycling from

dung and urine. Moreover, it is important to highlight that the use of trees+grass+animal combinations enhances
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fauna, biodiversity (>45%) and soil microbial activity, thus improving soil aggregation as well as soil C and N protection

(Hoosbeek et al., 2018; Santos et al., 2019; Matos et al., 2020).

5.4.3. Long-term simulations with different pasture management scenarios

Through the long-term simulations performed with the DayCent model, changes provided by more-intensive
and diversified systems of pasture management influence soil C and N stocks and MBC and MBN contents. With
regard to the FP under the tropical humid climate, the frequencies of pasture fertilization of 3 (FP_3F), 6 (FP_GF), 9
(FP_9F) and 12 (FP_12F) years significantly reduced the soil C and N stocks (<13-40%) (Fig. 4a and Fig. 2Sa) and
MBC and MBN contents (<11-88%) (4b and Fig. 2Sb) in relation to the ferlitization carried out every year (FP_1F).
Despite the mineralization increase of the organic material of grass used in this study (Brachiaria spp.), pasture
fertilization increases the input of C and N and microbial activity in the soil due to the high annual net primary
productivity, above and belowground (Borges et al., 2019). Thus, reducing the frequency of fertilization reduces
Brachiaria spp. potential (65.3 Mg ha-! y1, including animal dejects and roots) as energy for soil microorganisms and
the quality of the material, which is responsible for the greater accumulation of C in more stable fractions of the soil
(Fisher et al., 2007; Lavallee et al., 2020). These results are important for a better understanding of the management of
fertilization in pasture areas in the long term, since in Brazil, these studies are limited, which hinders future predictions
about the dynamics of soil C and N and microbial activity (Lammel et., 2017).

For the ICL, according to the results of long-term predictions and taking into account the time for the
implementation of the crop phase, contrasting responses were observed under tropical humid and subtropical climates.
While in the tropical humid climate, the highest soil C and N stocks (Fig. 4c and Fig. 2Sc) and MBC and MBN contents
(Fig. 4d and Fig. 28d) were found with the implantation of the crop phase every two years (ICLys_2y), in the
subtropical climate condition, the highest results were obtained with the implantation of the crop phase every year
(ICLcn_1y) (Fig. 4c and 4h; Fig. 2S¢ and 2Sh). The highest results with the longest time for the implantation of the
crop phase in the ICL under a tropical humid climate may be due to the characteristics of the grass used in the pasture
phase (Brachiaria ruziziensis Germ. & C.M.), when compared with the grass used under subtropical climate (Lolum
multiflorum Lam.). In addition to the greater potential for biomass production (>35%), the grass used under tropical
humid climate has a higher lignin proportion (~6.00%) than grass used under subtropical climate (~5.00%) (Pariz et
al.,, 2010; Balbinot et al., 2007; Fluck et al., 2018). The higher availability of N for soil microorganisms provided by ICL
systems and the great contribution of C derived from lighin may explain the better results obtained with the longest
cultivation time of the grass under tropical humid climate (Stewart et al., 2015; Huang et al., 2019). Moreover, based

on the soil C and N stocks and in the MBC and MBN content results for these two climatic conditions, it is not
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recommended to use the pasture phase for more than two years. This is mainly due to the greater diversity of plants
and nutrient input and cycling provided by the crop phase under ICL systems.

For the ILF under the tropical humid climate, the reduction in spacing between the tree rows to 12 m
(ILFrG_12m) and 9 m (ILFrc_9m) showed the largest decreases in the soil C and N stocks (Fig. 4e and Fig. 2Se) and
in the MBC and MBN contents (Fig. 4f and Fig. 2Sf). This effect is mainly related to shading in the grass (Brachiaria
brizantha cv. Marandu) due to the increase in the number of trees, which culminates in the reduction of its above and
belowground biomass production capacity. Further studies are still needed to evaluate the effect of the interaction
between grasses and trees on the dynamics of soil C and N under integrated production systems. Guenni et al. (2008)
explain that despite the morphological plasticity of Brachiaria species, under low irradiance, these grasses tend to
increase the C allocation to the aboveground biomass and the proportion of shoot:root ratio (6.5-10.7 times higher).
In general, these effects mean an increase in C losses as CO2 and a reduction in biomass inputs to support soil microbial
activity, respectively. In addition, Paciullo et al. (2011), in studies about the pasture productive traits under ILF systems
with spacing between the tree rows of 30 m, hypothesized that the best response of the grass could be with the spacing
between 14 to 18 m. For these authors, this spacing provides an adequate balance between the production of biomass
by grasses and the proportion of shading. This hypothesis was confirmed by this study, where the spacing between the
tree rows with 15 m (ILFrg_15m) also provided the highest soil C and N stocks and MBC and MBN contents.

The conversion of the PMP to more-intensive and diversified systems of pasture management also provided
positive effects on socioeconomic and environmental indicators (Table 3). In general, the adoption of FP, ICL and
IFL provides a more diversified (i.c., beef, grains and wood) and stable (climate and market shocks) source of income
throughout the year when compared to the PMP (Garrett et al., 2017). The higher annual income (>267%) obtained
for the ILF systems in relation to PMP is mainly due to the high wood value (African mahogany), where that value can
change when used for other tree species (Lucena et al., 2016). This study also considered the increase in the number
of workers in the FP, ICL and IFL due to the more continuous labor needs throughout the year, in contrast to the
seasonal nature of the labor demands with the PMP (Thornton and Herrero, 2015). Among the social benefits due to
the increase in the number of workers with the adoption of more-intensive and diversified systems of pasture
management are better quality of life, higher food quality, reduction of rural exodus and urban agglomeration.

Substantial effects of the conversion from the PMP to the more-intensive and diversified systems of pasture
management were also verified in the environmental indicators. In this conversion, there was an increase in SOC and
N mineralization. The increase in SOC combined with a higher rates of N mineralization indicates that FP, ICL and
IFL provide greater support for soil microbial activity due to the continuous input of fresh biomass and nutrients

through fertilization (Duval et al., 2013). Likewise, the reduction in heterotrophic respiration and the CH4 and N>O
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emissions with the adoption of more-intensive and diversified systems of pasture management in relation to PMP
allowed the reduction of GHG flux to the atmosphere.

For Figueiredo et al. (2017) the conversion of PMP to FP, ICL and IFL can reduce the associated GHG
emissions in terms of kg COzeq emitted per kg of cattle produced, increasing the production of meat, grains and wood.
Moreover, the optimization of the stocking rate (reduction of N2O emissions) and the improvement of forage quality
(reduction of CH4 emissions) under these management systems, were preponderant factors for the more-intensive and
diversified systems of pasture management becoming a net GHG sink (Sykes et al., 2020). In this sense, it is important
to highlight that conditions of over-intensification (i.e., over-fertilization and over-grazing) may leads to increased
GHG emissions and increase the soil degradation, and must be taken into account during the process of pasture
intensification and diversification in Brazil. The GHG mitigation through the pastureland intensification and
diversification in Brazil, as it is a controversial topic, needs more evidence in addition to the results showed in this
study. As example, more studies can be carried out seeking to include the carbon stored by trees, mainly for

management systems such as IFL, which will allow for more complete estimates of the GHG sequestration potential.

5.4.4. Modeling limitations and future perspectives

Despite the important results obtained in this study, some limitations should be pointed out in order to assist
the continuation of others studies about the pastureland intensification and diversification in Brazil. The limitations of
this study can be grouped in two: a) The first limitation referents to the different regional characteristics in Brazil, that
may limit the scope of the results found in this study. Among these characteristics are the climate, soil type, variation
of the aboveground net primary production, grassy species and local management factors. b) The model is another
limitation, where accordingly to Del Grosso et al. (2012) can be divided into two categories. The first category refers
to the model output error, being derived from uncertainty in model drivers and imperfections in model algorithms and
parameterizations. The second category refers to the model limitation to accurately represent, some land management
strategies (e.g., fertilizer placement and type) and currently available technologies (e.g., poly coated urea, nitrification
inhibitors).

Although the present study has some limitations, the predictions made with the DayCent model can be
applied to soil (i.e., Oxisol and Ultisol) and climatic (i.e., tropical humid tropical mesic, and subtropical climates)
conditions similar to this study. In this sense, the soil C stocks and GHG emissions can be greater or less than estimated
here, but our study can be a starting point for development plans with sustainable management practices to mitigate
possible soil C losses in pasture areas in Brazil. As previously discussed, due to the wide edaphoclimatic diversity in

Brazil, further study should be carried out in order to reduce the uncertainties and facilitate spatial extrapolations on
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the soil C dynamics. In addition, field experiments carried out in different regions can be used to improve predictions
with the DayCent model, generating information applicable on a large scale (e.g., maps with the potential for soil C

stock due to the adoption of different sustainable pasture management systems in Brazil).

5.5. Conclusions

The DayCent model proved to be an efficient tool to predict the soil C changes with the intensification and
diversification of poorly managed pastures in Brazil. The model estimated that the conversion of PMP to FP (tropical
humid climate), ICL (tropical humid and subtropical climate) and ILF (tropical mesic condition) increased the soil C
stocks by 0.95, 0.70 and 0.04, and 0.16 Mg ha! yr'!, respectively. Similarly, the microbial biomass C contents also
showed increases in this conversion, mainly for ICL (3 and 7 mg kg! yr'!) and ILF (40 mg kg yr'1).

The soil C stocks and the microbial biomass C contents were changed according to the simulations carried
out with different pasture management systems. In the FP, the results indicated that the fertilization of the pasture
every year was the most adequate. For ILC systems, the use of the pasture phase for more than two years without the
crop phase is not recommended. In the case of ILF systems, the spacing between the tree rows of 15 m showed the
highest soil C stocks and the microbial biomass C contents.

The adoption of more-intensive and diversified systems of pasture management in relation to the PMP
provided increases in the annual income of 44-267%. Furthermore, while PMP (33 Mg CO2eq ha'') was a GHG source
to the atmosphere, FP to ICL and IFL were GHG sinks of 43, 57 and 116 Mg CO»eq ha!, respectively, during the
2010 to 2060 period. Therefore, we believe that the results found in this study can assist national initiatives aimed at
restoring degraded pasture areas (e.g., “ABC Plan”), as well as meeting Brazilian goals for mitigating GHG emissions

(reduce emissions 37% by 2025 and 43% by 2030).

References

Abdalla, M., Hastings, A., Chadwick, D.R., Jones, D.L., Evans, C.D., Jones, M.B., Rees, R.M., Smith, P., 2018. Critical
review of the impacts of grazing intensity on soil organic carbon storage and other soil quality indicators in
extensively managed grasslands. Agric. Ecosyst. Environ. 253, 62-81.
https://doi.otg/10.1016/j.agee.2017.10.023

ABIEC, 2019. BeefREPORT. Brazilian Beef Exporters Association, Brasilia, Brasil.

Azevedo, TR., Junior, C.C., Junior, A.B., Cremer, M.S., Piatto, M., Tsai, D.S., Barreto P., Martins, H., Sales, M.,
Galuchi, T\, Rodrigues, A., Morgado, R., Ferreira, A.L., Silva, F.B., Viscondi, G.IF,, Santos, K.C.., Cunha, K.B.,


https://doi.org/10.1016/j.agee.2017.10.023

135

Manetti, A., Coluna, LM.E., Albuquerque, I.R., Junior, S.W., Leite, C., Kishinami, R., 2018. SEEG initiative
estimates of Brazilian greenhouse gas emissions from 1970 to 2015. Sci. Data 5, 1-43.
https://doi.org/10.1038/sdata.2018.45

Arantes, A.E., Couto, V.R.M,, Sano, E.E., Ferreira, L.G., 2018. Livestock intensification potential in Brazil based on
agricultural  census and  satellite data  analysis. Pesq. agropec.  bras. 53,  1053-1060.
https://doi.org/10.1590/S0100-204X2018000900009

Assad, E.D., Pinto, H.S., Martins, S.C., Groppo, ].D., Salgado, P.R., Evangelista, B., Vasconcellos, E., Sano, E.E,,
Pavao, E., Luna, R., Camargo, P.B., Martinelli, I..A., 2013. Changes in soil carbon stocks in Brazil due to land
use: paired site comparisons and a regional pasture soil survey. Biogeosciences 10, 6141-6160.
https://doi.org/10.5194/bg-10-6141-2013

Assmann, J.M., Anghinoni, I., Martins, A.P., Costa, S.E.V.G.A., Cecagno, D., Catlos, I.S., Carvalho, P.C.FF., 2014. Soil
carbon and nitrogen stocks and fractions in a long-term integrated crop—livestock system under no-tillage in
southern Brazil. Agtic. Ecosyst .Environ. 190, 52-59. http://dx.doi.org/10.1016/j.agee.2013.12.003

Balbinot, A.A., Moraes, A., Backes, R.L., 2007. Efeito de coberturas de inverno e sua época de manejo sobre a
infestacdo de plantas daninhas na cultura de milho. Planta Daninha 25, 473-480.
https://doi.org/10.1590/50100-83582007000300006

Buller, L.S., Bergier, 1., Ortega, E., Moraes, A., Bayma-Silva, G., Zanetti, M.R., 2015. Soil improvement and mitigation
of greenhouse gas emissions for integrated crop-livestock systems: Case study assessment in the Pantanal
savanna highland, Brazil. Agric. Syst. 137, 206-2019. https://doi.org/10.1016/j.agsy.2014.11.004

Bonan, G.B., Doney, S.C., 2018. Climate, ecosystems, and planetary futures: The challenge to predict life in Earth
system models. Science 359, 1-9. https://doi.org/10.1126/science.aam8328

Boldrini, LI, Eggers, L., 1996. Vegetacdo campestre do sul do Brasil: dinamica de espécies a exclusao do gado. Acta
Bot. Bras. 10, 37-50.

Borges, BM.M.N., Bordonal, R.O., Silveira, M.L., Coutinho, E.LL.M., 2019. Short-term impacts of high levels of
nitrogen fertilization on soil carbon dynamics in a tropical pasture. Catena 174, 413-416.
https://doi.org/10.1016/j.catena.2018.11.033

Begum, K., Kuhnert, M., Yeluripati, J., Ogle, S., Parton, W., Kader, M.A., Smith, P., 2018. Soil organic carbon
sequestration and mitigation potential in a rice cropland in Bangladesh — a modelling approach. Field Crops
Res. 226, 16-27. https://doi.org/10.1016/].fct.2018.07.001

Braz, S.P., Urquiaga, S., Alves, B.J.R., Jantalia, C.P., Guimaries, A.P., dos Santos, C.A., dos 1077 Santos, S.C., Machado
Pinheiro, E.F., Boddey, R.M., 2013. Soil carbon stocks under productive and degraded pastures in the Brazilian
Cetrado. Soil Sci. Soc. Am. J. 77, 914. https://doi.org/10.2136/5s52j2012.0269

Carvalho, P.C.F., Fisher, V., Santos, D.T., Ribeiro, A.M.L., Quadros, F.L.F., Castilhos, Z.M.S., Poli, CH.E.C.,
Monteiro, A.L.G., Nabinger, C., Genro, T.C.M., Jacques, A.V.A., 2006. Produc¢io animal no Bioma Campos
Sulinos. Braz. J. Vet. Res. Anim. Sci. 35, 156-202.

Carvalho, J.L., Raucci, G.S., Cerri, C.E.P., Bernoux, M., Feigl, B.]., Wruck, F.J., Cerri, C.C., 2010. Impact of pasture,
agriculture and crop-livestock systems on soil C stocks in Brazil. Soil Till. Res. 110, 175-186.
https://doi.otg/10.1016/j.5till.2010.07.011

Carvalho, ]J.N., Hudiburg, T.W., Franco, H.C.J., Delucia, E.H., 2017. Contribution of above- and belowground
bioenetgy crop tesidues to soil carbon. GCB Bioenergy 9, 1333-1343. https://doi.org/10.1111/gcbb.12411


https://doi.org/10.1038/sdata.2018.45
https://doi.org/10.1590/S0100-204X2018000900009
https://doi.org/10.5194/bg-10-6141-2013
http://dx.doi.org/10.1016/j.agee.2013.12.003
https://doi.org/10.1590/S0100-83582007000300006
https://doi.org/10.1016/j.agsy.2014.11.004
https://doi.org/10.1126/science.aam8328
https://doi.org/10.1016/j.catena.2018.11.033
https://doi.org/10.1016/j.fcr.2018.07.001
https://doi.org/10.2136/sssaj2012.0269
https://doi.org/10.1016/j.still.2010.07.011
https://doi.org/10.1111/gcbb.12411

136

Carvalho, P.C.IF,, Barro, R.S., Neto, A.B., Nunes, P.A.A., Moraes, A., Anghinoni, I., Bredemeier, C., Bayer, C., Martins,
A.P., Kunrath, T.R., Santos, D.T., Carmona, F.C., Barros, T., Filho, W.S., Almeida, G.M., Caetano, L.A.M.,
Cecagno, D., Arnuti, F., Denardin, L..G.O., Bonetti, J.A., Toni, C.A.G., Borin, ].B.M., 2018. R. Bras. Zootec.
47,1-12. https://doi.org/10.1590/bz4720170001

Conant, R., Paustian, K., Elliott, A.T., 2001. Grassland management and conversion into grassland: effects on soil
carbon. Ecol. Appl. 11, 343-355. https://doi.org/10.1890/1051-0761(2001)011[0343: GMACIG]2.0.CO;2

Cortner, O., Garrett, R.D., Valentim, ].F., Ferreira, J., Niles, J., Reis, ]., Gil, J., 2019. Perceptions of integrated crop-
livestock systems for sustainable intensification in the Brazilian Amazon. Land Use Policy 82, 841-853.
https://doi.org/10.1016/j.Jandusepol.2019.01.006

Cerri, C.E.P., Paustian, K., Bernoux, M.A.L., Victoria, R.L., Melillo, J.M., Cerri, C.C., 2004. Modeling changes in soil
organic matter in Amazon forest to pasture conversion with the Century model. Glob Chang. Biol. 10, 815—
832. https://doi.otg/10.1111/1.1365-2486.2004.00759.x

Crusciol, C.A.C., Arf, O., Soratto, R.P., Andreotti, M., Rodrigues, R.A.F.; 2003. Absorcio, exportac¢io e eficiéncia de
utiliza¢io de nutrientes pela cultura do arroz de terras altas em fungio de laminas de agua aplicadas por aspersio.
Acta Sci., Agron. 25, 97-102. https://doi.otg/10.4025/actasciagron.v25i1.2454

Chomenko, L., Bencke, G.A., 2016. Nosso pampa desconhecido. Fundagao Zoobotanica do Rio Grande do Sul, Porto
Alegra, Rio Grande do Sul, Brazil, pp. 210.

Damian, J.M., Firmano, R.F., Cherubin, M.R., Pavinato, P.S., Soares, T.M., Paustian, K., Cerri, C.E.P., 2020. Changes
in soil phosphorus pool induced by pastureland intensification and diversification in Brazil. Sci. Total Environ.
703, 1-12. https://doi.org/10.1016/j.scitotenv.2019.135463

Del Grosso, S., Ojima, D., Parton, W., Mosier, A., Peterson, G., Schimel, D., 2002. Simulated effects of dryland
cropping intensification on soil organic matter and greenhouse gas exchanges using the DayCent ecosystem
model. Environ. Pollut. 116, S75-S83. https://doi.org/10.1016/S0269-7491(01)00260-3

Del Grosso, S.J., Parton, W.]., Mosier, A.R., Hartman, M.D., Brenner, J., Ojima, D.S., Schimel, D.S., et al., 2001.
Simulated interaction of carbon dynamics and nitrogen trace gas fluxes using the DayCent model. In: Schaffer,
M. (Ed.), Modeling Carbon and Nitrogen Dynamics for Soil Management. CRC Press, Boca Raton, Florida,
USA, pp. 303-332.

Del Grosso, S.J., Halvorson, A.D., 2008. Testing DayCent model simulations of corn yields and nitrous oxide
emissions in irrigated tillage systems in Colorado. J. Environ. Qual. 37, 1383-1389.
https://doi.org/10.2134/eq2007.0292

Del Grosso, S.J., Parton, W.]., Adler, P.R., Davis, S.C., Keough, C., Marx, E., 2012. DayCent model simulations for
estimating soil carbon dynamics and greenhouse gas fluxes from agricultural production systems. In: Liebig,
M.A., Franzluebbers, A. J., Follett, R.F. (Eds.), Managing agricultural greenhouse gases. Academic Press,
Florida, USA, pp. 241-250.

Dias Filho, M.B., 2014. Diagnéstico das pastagens no Brasil-Embrapa. Brasil, Brasilia. pp. 1-36.

Duval, B.D., Anderson-Teixeira, K.J., Davis, S.C., Keogh, C., Long, S.L.., Parton, W.]., DeLucia, E.H., 2013. Predicting
Greenhouse Gas Emissions and Soil Carbon from Changing Pasture to an Energy Crop. PLoS One 8, 1-12.
https://doi.otg/10.1371/joutnal.pone.0072019

Don, A., Schumacher, J., Freibauer, A., 2011. Impact of tropical land-use change on soil organic carbon stocks — a

meta-analysis. Glob. Chang. Bio. 17, 1658-1670. https://doi.otg/10.1111/7.1365-2486.2010.02336.x


https://doi.org/10.1590/rbz4720170001
https://doi.org/10.1890/1051-0761(2001)011%5b0343:GMACIG%5d2.0.CO;2
https://doi.org/10.1016/j.landusepol.2019.01.006
https://doi.org/10.1111/j.1365-2486.2004.00759.x
https://doi.org/10.4025/actasciagron.v25i1.2454
https://doi.org/10.1016/j.scitotenv.2019.135463
https://doi.org/10.1016/S0269-7491(01)00260-3
https://doi.org/10.2134/jeq2007.0292
https://doi.org/10.1371/journal.pone.0072019
https://doi.org/10.1111/j.1365-2486.2010.02336.x

137

Fisher, M.]., Braz, S.P., Santos, R.S.M., Urquiaga, S., Alves, B.].R., Boddey, R.M., 2007. Another dimension to grazing
systems: soil carbon. Trop. Grasslands 41, 65-83.

Figueiredo, E.B., Jayasundara, S., Bordonal, R.O., Berchielli, T.T., Reis, A.R., Wagner-Riddle, C., La Scala Jr, N., 2017.
Greenhouse gas balance and carbon footprint of beef cattle in three contrasting pasture-management systems
in Brazil. J. Clean. Prod. 141, 420-431. https://doi.org/10.1016/j.jclepro.2016.03.132

Fluck, A.C., Schafhduser Janior, J., Alfaya Junior, H., Costa, O.A.D., Fatias, G.D., Scheibler, R.B., Rizzo, F.A,,
Manfron, J.A.S., Fioreze, V.I., Résler, D.C., 2018. Composicio quimica da forragem e do ensilado de azevém
anual em funcdo de diferentes tempos de secagem e estadios fenologicos. Arq. Bras. Med. Vet. Zootec. 70,
1979-1987. http://dx.doi.org/10.1590/1678-4162-9981

Garrett, R.D., Niles, M.T., Gil, ].D.B., Gaudin, A., Chaplin-Kramer, R., Assmann, A., Assmann, T.S., Brewer, K,
Faccio Carvalho, P.C., Cortner, O., Dynes, R., Garbach, K., Kebreab, E., Mueller, N., Peterson, C., Reis, ].C.,
Snow, V., Valentim, J., 2017. Social and ecological analysis of commercial integrated crop livestock systems:
Current knowledge and remaining uncertainty. Agric. Syst. 155, 136-146.
http://dx.doi.org/10.1016/j.agsy.2017.05.003

Gomez-Casanovas, N., Hudiburg, T.W, Bernacchi, C.J., Parton, W.J., Delucia, E.H., 2016. Nitrogen deposition and
greenhouse gas emissions from grasslands: uncertainties and future directions. Glob Chang. Biol. 22, 1348—
1360. https://doi.org/10.1111/gcb.13187

Guenni, O., Seiter, S., Figueroa, R., 2008. Growth responses of three Brachiaria species to light intensity and nitrogen
supply. Trop. Grassl. 42, 75-87.

Hartman, M.D., Parton, W.J., Del Grosso, S.J., Easter, M., Hendryx, J., Hilinski, T., Kelly, R., Keough, C.A., Killian,
K., Lutz, S., Marx, E., McKeown, R., Ogle, S., Ojima, D.S., Paustian, K., Swan, A., Willians, S., 2018. The daily
centuty ecosystem, soil organic matter, nutrient cycling, nitrogen trace gas, and methane model: User manual,
scientific basis, and technical documentations. Colorado State University, Natural Resource Ecology
Laboratory, Fort Collins, USA, pp. 361.

Herrero, M., Henderson, B., Havlik, P., Thornton, P.K., Conant, R.T., Smith, P., Wirsenius, S., Hristov, A.N., Gerber,
P., Gill, M., Butterbach-Bah, K., Valin, H., Garnett, T., Stehfest, E., 2016. Greenhouse gas mitigation potentials
in the livestock sector. Nat. Clim. Change 6, 452—461. https://doi.org/10.1038/nclimate2925

Hoosbeek, M.R., Remme, R.P., Rusch, G.M., 2018. Trees enhance soil carbon sequestration and nutrient cycling in a
silvopastoral system in south-western Nicaragua. Agroforest Syst. 92, 263-273.
https://doi.otg/10.1007/s10457-016-0049-2

Huang, W., Hammel, K.E., Hao, J., Thompson, A., Timokhin, V.I., Hall, S.J., 2019. Enrichment of lignin-derived
carbon in mineral-associated soil organic matter. Environ. Sci. Technol. 53, 7522—7531.
https://doi.otg/10.1021 /acs.est.9501834

IBGE, 2017. Instituto Brasileiro de Geografia e Estatistica. Censo Agropecudrio 2017. IBGE, Rio de Janeiro, Rio de
Janeiro.

Joergensen, R.G., Brookes, P.C., 1990. Ninhydrin-reactive nitrogen measurements of microbial biomass in 0.5 M
K2S0O4 soil extracts. Soil Biol. Biochem. 22, 1023-1027. https://doi.org/10.1016/0038-0717(90)90027-W

Jobbagy, E.G., Jackson, R.B., 2000. The vertical distribution of soil organic carbon and its relation to climate and

vegetation. Ecol. Appl. 10, 423-436. https://doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2


https://doi.org/10.1016/j.jclepro.2016.03.132
http://dx.doi.org/10.1590/1678-4162-9981
http://dx.doi.org/10.1016/j.agsy.2017.05.003
https://doi.org/10.1111/gcb.13187
https://doi.org/10.1038/nclimate2925
https://doi.org/10.1007/s10457-016-0049-2
https://doi.org/10.1021/acs.est.9b01834
https://doi.org/10.1016/0038-0717(90)90027-W
https://doi.org/10.1890/1051-0761(2000)010%5b0423:TVDOSO%5d2.0.CO;2

138

Lavallee, J.M., Soong, J.L., Cotrufo, M.F., 2020. Conceptualizing soil organic matter into particulate and mineral-
associated forms to address global change in the 21st century. Glob. Change Biol. 26, 261-273.
https://doi.org/10.1111/gcb.14859

Lammel, D.R., Butterbach-Bahl, K., Cerri, C.E.P., Louis, S., Schnitzler, J.P., Feigl, B.J., Cerri, C.C., 2017. C and N
stocks are not impacted by land use change from Brazilian Savanna (Cerrado) to agriculture despite changes in
soil ~ fertility ~and  microbial abundances. J. Plant Nutr. Soil  Sci. 180,  436-445.
https://doi.org/10.1002/jpln.201600614

Li, J.H., Yang, Y.J., Li, B.W., Li, W.J., Wang, G., Knops, ]. M.H., 2014. Effects of nitrogen and phosphorus fertilization
on soil carbon fractions in alpine meadows on the Qinghai-Tibetan Plateau. PLoS One 9, 1-11.
https://doi.otg/10.1371 /journal.pone.0103266

Lilienfein, J., Wilcke, W., 2003. Element storage in native, agriand silvicultural ecosystems of the Brazilian savanna 1.
Biomass,  carbon, nitrogen,  phosphorus, and  sulfur. Plant Soil 254 425— 442,

https://doi.org/10.1023/B:PLSO.0000016503.59527 .ca
Lucena, H.D., Paraense, V.C., Carlos Henrique Andrade Mancebo, C.H.A., 2016. Viabilidade econ6mica de um sistema

>

agroflorestal com cacau e esséncias florestais de alto valor comercial em Altamira-PA. RARA 8, 73-84.
https://doi.org/10.18361/2176-8366/rara.v8n1p73-84

Matos, P.S., Fonte, S.J., Lima, S.S., Pereira, M.G., Kelly, C., Damian, ].M., Fontes, M.A., Chaer, G.M., Brasil, F.C.,
Zonta, E., 2020. Linkages among soil properties and litter quality in agroforestry systems of southeastern Brazil.
Sustainability 12, 1-22. https://doi.org/10.3390/su12229752

Neto, A.B., Savian, J.V., Schons, RM.T., Bonnet, O.J.F., Canto, M.W., Moraes, A., Lemaire, G., Carvalho, P.C.F,,
2014. Italian ryegrass establishment by self-seeding in integrated crop-livestock systems: Effects of grazing
management and crop rotation strategies. Eur. J. Agron. 53, 67-73. https://doi.org/10.1016/j.¢ja.2013.11.001

Orwa, C., Mutua, A., Kindt, R., Jamnadass, R., Anthony, S., 2009. Agroforestree Database: a tree reference and
selection guide version 4.0. World Agroforestry Centre, Kenya.

Oliveira, D.M.S., Williams, S., Cerri, C.E.P., Paustian, K., 2017. Predicting soil C changes over sugarcane expansion in
Brazil using the DayCent model. Glob. Chang. Biol. 9, 1436-1446. https://doi.otg/10.1111/gcbb.12427

Pariz, C.M., Andreotti, M., Azenha, M.V., Bergamaschine, A.F., Mello, L.M.M., Lima, R.C., 2011. Produtividade de
graos de milho e massa seca de braquidrias em consoércio no sistema de integragdo lavoura-pecuaria. Cienc.
Rural 41, 875-882. https://doi.otg/10.1590/S0103-84782011000500023

Pariz, C.M., Andreotti, M., Azenha, M.V., Bergamaschine, A.F., Mello, L.M.M., Lima, R.C., 2010. Massa seca ¢
composi¢dao bromatolégica de quatro espécies de braquidrias semeadas na linha ou a lango, em consércio com
milho no  sistema  plantio direto na  palha. Acta Sci.  Anim. Sci. 32, 147-154.
https://doi.otg/10.4025/actascianimsci.v32i2.8498

Parton, W.J., Hartman, M., Ojima, D., Schimel, D., 1998. DAYCENT and its land surface model: description and
testing. Glob. Planet. Chang. 19, 35-48. https://doi.org/10.1016/S0921-8181(98)00040-X

Paciullo, D.S.C., Gomide C.A.M., Castro, CR.T., Fernandes, P.B., Miiller M.D., Pires, M.F.A., Fernandes, E.N.,
Xavier, D.F., 2011. Caracteristicas produtivas e nutricionais do pasto em sistema agrossilvipastoril, conforme a
distancia das arvotes. Pesq. agropec. bras. 46, 1176-1183. https://doi.org/10.1590/S0100-204X2011001000009

Pezzopane, J.R.M., Bernardi, A.C.C., Azenha, M.V., Oliveira, P.P.A., Bosi, C., Pedroso, A.F., Esteves, S.N., 2020.
Production and nutritive value of pastures in integrated livestock production systems: shading and management

effects. Sci. agtic. 77, 1-9. https://doi.org/10.1590/1678-992x-2018-0150


https://doi.org/10.1111/gcb.14859
https://doi.org/10.1002/jpln.201600614
https://doi.org/10.1371/journal.pone.0103266
https://doi.org/10.1023/B:PLSO.0000016503.59527.ea
https://doi.org/10.18361/2176-8366/rara.v8n1p73-84
https://doi.org/10.3390/su12229752
https://doi.org/10.1016/j.eja.2013.11.001
https://doi.org/10.1111/gcbb.12427
https://doi.org/10.1590/S0103-84782011000500023
https://doi.org/10.4025/actascianimsci.v32i2.8498
https://doi.org/10.1016/S0921-8181(98)00040-X
https://doi.org/10.1590/S0100-204X2011001000009
https://doi.org/10.1590/1678-992x-2018-0150

139

Santos, P.Z.F., Crouzeilles, R., Sansevero, ].B.B., 2019. Can agroforestry systems enhance biodiversity and ecosystem
service provision in agricultural landscapes? A meta-analysis for the Brazilian Atlantic Forest. For. Ecol. Manag.
433, 140-145. https://doi.org/10.1016/j.foreco.2018.10.064

Sandor, R., Ehrhardt, F., Brilli, L., Carozzi, M., Recous, S., Smith, P.; Snow, V., Soussana ].F., Dorich, C.D., Fuchs,
K., Fitton, N., Gongadze, K., Klumpp, K., Liebig, M., Martin, R., Merbold, L., Newton P.C.D., Rees, R. M.,
Rolinski, S., Bellocchi, G., 2018. The use of biogeochemical models to evaluate mitigation of greenhouse gas
emissions from managed grasslands. Sci. Total Environ. 642, 292-300.
https://doi.otg/10.1016/j.scitotenv.2018.06.020

Siqueira, C.C.Z., Chiba, M.K., Moreira, R.S., Abdo, M.T.V.N., 2019. Carbon stocks of a degraded soil recovered with
agroforestry systems. Agroforest Syst. 94, 1059-1069. https://doi.org/10.1007/s10457-019-00470-9

Silva-Olaya, A.M., Cerri, C.E.P., Williams, S., Cerri, C.C., Davies, C.A., Paustian, K., 2017. Modelling SOC response
to land use change and management practices in sugar-cane cultivation in South-Central Brazil. Plant and Soil
410, 483-498. https://doi.org/10.1007/s11104-016-3030-y

Sousa, H.M., Correa, A.R., Silva, B.M., Oliveira, S.S., Campos, D.T.S., Wruck, F.J., 2020. Dynamics of soil
microbiological attributes in integrated crop-livestock systems in the Cerrado-Amazononia ecotone. Rev.
Caatinga 33, 09 — 20. http://dx.doi.org/10.1590/1983-21252020v33n102rc

Song, A., Ning, D., Fan, F., Li, Z., Provance-Bowley, M., Liang, Y., 2015. The potential for carbon bio-sequestration
in China's paddy rice (Oryza sativa L.) as impacted by slag-based silicate fertilizer. Sci. Rep. 5, 1-12.
http://dx.doi.org/10.1038/srep17354

Schipper, L.A., Baisden, W.T., Parfitt, R.L., Ross, C., Claydon, ].J., Arnold G., 2007. Large losses of soil C and N from
soil profiles under pasture in New Zealand during the past 20 years. Glob. Chang. Biol. 13, 1138-1144.
https://doi.org/10.1111/7.1365-2486.2007.01366.x

Steinshamn, H., Grova, L., Adler, S.A., Brunberg, E., Lande, U.S., 2018. Effects of grazing abandoned grassland on
herbage production and utilization, and sheep preference and performance. Front. Environ. Sci. 6, 1-12.
https://doi.org/10.3389/fenvs.2018.00033

Stewart, C.E., Moturi, P., Follett, R.F., Halvorson, A.D., 2015. Lignin biochemistry and soil N determine crop residue
decomposition and soil priming. Biogeochemistry 124, 335-351. https://doi.otg/10.1007/s10533-015-0101-8

Sykes, A.J., Macleod, M., Eory, V., Rees, R.M., Payen, F., Mytgiotis, V., Williams, M., Sohi, S., Hillier, J., Moran, D.,
Manning, D.A.C., Goglio, P., Seghetta, M., Williams, A., Harris, J., Dondini, M., Walton, J., House, J., Smith,
P., 2020. Characterising the biophysical, economic and social impacts of soil carbon sequestration as a
greenhouse gas removal technology. Glob. Change Biol. 26, 1085-1108. https://doi.otg/10.1111/gcb.14844

Smith, J.U., Smith, P., Addiscott, T., 1996. Quantitative methods to evaluate and compare soil organic matter (SOM)
models. In: Evaluation of Soil Organic Matter Models using Existing, Long-term Datasets (eds Powlson DS,
Smith P, Smith JU), NATO ASI Series I, Vol. 38. Springer-Verlag, Betlin, Germany, pp. 181-200.

Smith, P., Smith, ].U., Powlson, D.S., Mcgill, W.B., Arah, J.R.M., Chertov, O.G., Coleman, K., Franko, U., Frolking,
S., Jenkinson, D.S., Jensen, L.S., Kelly, R.H., Klein-Gunnewick, H., Komarov, A.S., Li, C., Molina, J.A.E.,
Mueller, T., Parton, W.J., Thornley, J.H.M., Whitmore, A.P., 1997. Evaluation and comparison of soil organic
matter models: a comparison of the performance of nine soil organic matter models using datasets from seven

long-term experiments. Geoderma, 81, 153-225. https://doi.org/10.1016/S0016-7061(97)00087-6


https://doi.org/10.1016/j.foreco.2018.10.064
https://doi.org/10.1016/j.scitotenv.2018.06.020
https://doi.org/10.1007/s10457-019-00470-9
https://doi.org/10.1007/s11104-016-3030-y
http://dx.doi.org/10.1590/1983-21252020v33n102rc
http://dx.doi.org/10.1038/srep17354
https://doi.org/10.1111/j.1365-2486.2007.01366.x
https://doi.org/10.3389/fenvs.2018.00033
https://doi.org/10.1007/s10533-015-0101-8
https://doi.org/10.1111/gcb.14844
https://doi.org/10.1016/S0016-7061(97)00087-6

140

Smith, W.N., Grant, B.B., Campbell, C.A., McConkey, B.G., Desjardins, R.L., Krébel, R., Malhi, S.S., 2012. Crop
residue removal effects on soil carbon: Measured and intermodel comparisons. Agric. Ecosystems Environ.
161, 27-38. https://doi.org/10.1016/j.agee.2012.07.024

Torres, CM.M.E., Jacovine, L.A.G., Neto, SN.O., Fraisse, C.W., Soares, C.P.B., Neto, F.C,, Ferreira, L.R., Zanuncio,
J.C., Lemes, P.G., 2017. Greenhouse gas emissions and carbon sequestration by agroforestry systems in
southeastern Brazil. Sci. Rep. 7, 1-7. https://doi.org/10.1038/s41598-017-16821-4

Todd-Brown, K.E.O., Randerson, J. T., Post, W. M., Hoffman, F.M., Tarnocai, C., Schuur, E.A.G., Allison, S.D., 2013.
Causes of variation in soil carbon simulations from CMIP5 Earth system models and comparison with
observations. Biogeosciences 10, 1717-1736. https://doi.org/10.5194/bg-10-1717-2013

Thornton, P.K., Herrero, M., 2015. Adapting to climate change in the mixed crop and livestock farming systems in
sub-Saharan Africa. Nat. Clim. Change 5, 830-836. https://doi.otg/10.1038 /nclimate2754

Thomaz, E.L., Nunes, D.D., Watanabe, M., 2020. Effects of tropical forest conversion on soil and aquatic systems in
southwestern Brazilian Amazonia: A synthesis. Environ. Res. 183
https://doi.org/10.1016/j.envres.2020.109220

USDA, 2014. Keys to Soil Taxonomy. USDA—Natural Resources Conservation Service, Washington, USA.

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring soil microbial biomass C. Soil
Biol. Biochem. 19, 703-707. https://doi.org/10.1016/0038-0717(87)90052-6

Vieira, S.A., Alves, L.F., Duarte-Neto, P.J., Martins, S.C., Veiga, L.G., Scaranello, M.A., Picollo, M.C., Camargo, P.B.,
Carmo, ].B., Neto, E.S., Santos, F.AM., Joly, C.A., Martinelli, L.A., 2011. Stocks of carbon and nitrogen and
partitioning between above- and belowground pools in the Brazilian coastal Atlantic Forest elevation range.
Ecol. Evol. 1, 421-434. https://doi.otg/10.1002/ece3.41

Wilcke, W, Lilienfein, J., 2004. Element storage in native, agri-, and silvicultural ecosystems of the Brazilian savanna.
II. Metals. Plant and Soil 258, 31-41.

Weiler, D.A., Moro, V.J., Awe, G.O., Oliveira, D.M.S., Certi, C.E.P., Reichert, .M., Giacomini, S.]., 2019. Catbon
balance in sugarcane areas wunder different tillage systems. Bioenerg Res. 12, 778-788.
https://doi.otg/10.1007/512155-019-10002-z

Weiler, D.A., Tornquist, C.G., Zschornack, T., Ogle, S.M., Carlos, F.S., Bayer, C., 2018. DayCent simulation of

>

methane emissions, grain yield, and soil organic carbon in a subtropical paddy rice system. Rev. Bras. Cienc.
Solo 42, 1-12. https://doi.org/10.1590/18069657rbcs20170251

Xu, W., Yuan, W., 2017. Responses of microbial biomass carbon and nitrogen to experimental warming: A meta-
analysis. Soil Biol. Biochem. 115, 265-274. https://doi.org/10.1016/j.s0ilbio.2017.08.033

Yeluripati, ].B., Van Oijen, M., Wattenbach, M., Neftel, A., Ammann, A., Parton, W.J., Smith, P., 2009. Bayesian
calibration as a tool for initialising the carbon pools of dynamic soil models. Soil Biol. Biochem. 41, 2579-2583.
https://doi.org/10.1016/j.s0ilbio.2009.08.021

Zago, L.M.S., Ramalho, W.P., Caramori, S., 2019. Does crop-livestock-forest systems contribute to soil quality in
Brazilian savannas? FLORAM 26, 1-10. https://doi.org/10.1590/2179-8087.034318


https://doi.org/10.1016/j.agee.2012.07.024
https://doi.org/10.1038/s41598-017-16821-4
https://doi.org/10.5194/bg-10-1717-2013
https://doi.org/10.1038/nclimate2754
https://doi.org/10.1016/j.envres.2020.109220
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1002/ece3.41
https://doi.org/10.1007/s12155-019-10002-z
https://doi.org/10.1590/18069657rbcs20170251
https://doi.org/10.1016/j.soilbio.2017.08.033
https://doi.org/10.1016/j.soilbio.2009.08.021
https://doi.org/10.1590/2179-8087.034318

Supplementary material

Supplementary Table S1. Description of the long-term simulations performed with the DayCent model.
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Climate conditions Initial data Future pasture management scenarios
NV native vegetation
PMP pootly managed pasture
FP_1F fertilization every year
B FP_3F fertilization every 3 years
Tg FP fertilized pasture FP_6F fertilization every 6 years
2 FP_9F fertilization every 9 years
= FP_12F fertilization every 12 years
'% ICLns_1y implementation of the crop phase every year
= ICLns_2y implementation of the crop phase every 2 years
ICLwms integrated crop-livestock with Maize/Soybean ICLass_4y implementation of the crop phase every 4 years
ICLns_6y implementation of the crop phase every 6 years
ICLns_8y implementation of the crop phase every 8 years
ICLRs integrated crop-livestock with Rice/Soybean
NV native vegetation
o PMP poorly managed pasture
g ILFrG_9m spacing between the tree rows of 9 m
E ILF integrated livestock-forest with rotational grazin, ILrg_12m spacing between the tree rows of 12m
g RG g g g ILFrG_15m spacing between the tree rows of 15 m
o ILFrG_18m spacing between the tree rows of 18 m
ILFrc_21m spacing between the tree rows of 21 m
ILFxnG integrated livestock-forest with no grazing
NV/PMP native vegetation/pootly managed pasture
ICLxG integrated crop-livestock with no grazing
ICLrm integrated crop-livestock with rotational stocking and moderate-intensity grazing
S ICLen_1y implementation of the crop phase every year
& . . . ) . ) . . ICLcnv_2y implementation of the crop phase every 2 years
_‘.g ICLcum integrated crop-livestock with continuous stocking and moderate-intensity grazing ICLey_dy implementation of the crop phase every 4 years
e ICLcn_6y implementation of the crop phase every 6 years
ICLcn_8y implementation of the crop phase every 8 years
ICLR:. integrated crop-livestock with rotational stocking and low-intensity grazing
ICLcr integrated crop-livestock with continuous stocking and low-intensity grazing

Highlights in bold correspond to management systems that showed the highest soil C stocks, soil N stocks, MBC and MBN contents.
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Supplementary Fig. S1. Long-term simulations of soil N stocks and MBN contents through the conversion from native

vegetation to different pasture management systems under tropical humid (a and b), tropical mesic (c and d) and subtropical
(e and f) climate conditions.
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Supplementary Fig. S2. Effects of different future pasture management scenarios on soil N stocks and the MBN contents

in FP (a and b), ICL under tropical humid (c and d) and subtropical climatic conditions (g and h) and ILF (e and f). FP
under tropical humid climate with time interval for fertilization of 1 (FP_1F), 3 (FP_3F), 6 (FP_6F), 9 (FP_9F) and 12
(FP_12F) years. ICLys under tropical humid climate with time for the implementation of the crop phase of 1 (ICLys_1y),

2 (ICLns_2y), 4 (ICLys_4y), 6 (ICLys_6y) and 8 (ICLys_8y) yeats. ILFr under tropical mesic climate with the spacing
between the tree rows of 9 (ILFrg_9m), 12 (ILFrG_12m), 15 ((LFrg_15m), 18 (ILFrc_18m) and 21 (ILFrg_21m) m.

ICLcw under subtropical climate with time for the implementation of the crop phase of 1 (ICLeyv_1y), 2 (ICLenv_2y), 4

(ICLQ\LL‘-Y) 5 6 (ICLQ\L6y) and 8 (ICLCM_SY) years.
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6. FINAL REMARKS

As summary of this study, it was observed that the adoption of more intensive and diversified systems of
pasture management in areas previously used with extensive management systems increased the soil C stocks. As
example, in the 0-100 cm layer the adoption of fertilized pasture, integrated crop-livestock and integrated livestock-
forest provided average increases of 119%, 1% and 13% in the soil C stocks, respectively. These management systems
provided greater inputs of plant biomass, and this effect generated an increase in the soil C lability. It is important to
emphasize that the results found are related to specificities, such as edaphoclimatics (e.g., soil types and climatic
conditions), duration of treatments (e.g., 2003-2018 in the case of this study) and management (e.g., cultivation system,
crop rotation system, grass species and livestock management) adopted in the evaluated production environments. For
this reason, more studies can be carry out seeking to assess the soil C stocks changes for contrasting conditions to
those evaluated in this study.

In addition to the increases in the soil C stocks, the pastureland intensification and diversification provided
improvements in the soil chemical properties related to soil fertility. Among the the soil chemical properties related to
soil fertility, there is an increase in soil P contents. Additionally, there was a close relationship between the labile P
fractions with the more labile SOM fractions (organomineral and organic fraction at 75-2000 um). This results indicate
that the soil P dynamics under more intensive and diversified systems of pasture management is closely related to SOM
dynamics. Future studies can be used to better explain this relationship using diferente P assessment techniques (e.g.,
synchrotron light, x-ray diffraction, x-ray fluorescence, x-ray photoelectron spectroscopy and infrared spectroscopy).
Furthermore, the soil chemical properties together with the biochemical properties and the soil bacterial community
structute modified the mechanisms that control the soil C accumulation. This finding provide an important insights
into the controlling factors of soil C accumulation during management system changes in tropical pasture areas.
However, further long-term studies should be carried out in order to better elucidate the interactions and controlling
factors for the soil C accumulation.

The mathematical modeling performed with the DayCent model proved to be an efficient and cost-effective
tool to predict soil C pool changes and to monitor GHG emissions due to pastureland intensification and
diversification in Brazil. The simulations catried out in this thesis are the first attempts to predict soil C pool changes
and GHG emissions in more intensive and diversified systems of pasture management for the diferente Brazilian
edaphoclimatic conditions. The simulations showed that while extensively managed pastures were a GHG source to
the atmosphere, systems of pasture management, such as fertilized pasture, integrated crop-livestock and integrated
livestock-forest were GHG sinks. Despite the good results obtained in the long-term simulations with the DayCent
model, further studies are encouraged in order to validate these findings and better calibrate the model for contrasting
conditions of managements. More specifically, future calculations should include animals methane emissions, as this
gas represent a great contribution to the net balance of the GHG emissions. Finally, the results found in this thesis can
also assist national initiatives aimed at restoring degraded pasture areas (e.g., “ABC Plan”), as well as fits the scope of
the Brazil’s NDC (Nationally Determined Contribution) for mitigating GHG emissions (reduce emissions 37% by

2025 and 43% by 2030).





