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ABSTRACT

AMARAL, Ana Paula Hummes do. Alterations in the rhizosphere of conifer plantations on
ferralsol within the araucaria forest domain 145 f. Thesis (Doctorate in Agronomy) — University
of Passo Fundo, Passo Fundo, 2022.

The introduction of extensive tree plantations brings recognized economic benefits at the
expenses of natural environments. The native Araucaria angustifolia (araucaria) and the fast-
growing exotic Pinus elliottii var. elliottii (slash pine), when cultivated in monoculture, may
affect differently the soil related to araucaria grown in its native environment, the Mixed
Ombrophilous Forest, also called Araucaria Forest. The differences are influenced by
environmental conditions, plant species and their associate microorganism, and soil mineral
composition. Understanding how forest plantations affect the soil may ensure the sustainability
of timber production. In order to investigate the impact of these conifers on soil geochemical
and mineral evolution, especially in the rhizosphere where processes are more intense and
changes occur in shorter periods of time, the present study was conducted in three instances.
Chapter I: A meta-analysis of physical and chemical changes in the rhizosphere and bulk
soil under woodlands, which consists of a systematic review on physical and chemical changes
in rhizosphere and bulk soil promoted by conifers and broadleaved trees, established as
monoculture or grown in mixed forest fragments. The soil attributes pH, phosphorus, potassium,
calcium, aluminum, effective cation exchange capacity, total organic carbon and particle-size
distribution were gathered from thirty-two manuscripts (170 studies from 8 countries) published
in peer-reviewed journals indexed to Science Direct Core Collection from January 2000 to July
2020. The conclusion was that the influence of conifers and monocultures on soil properties is
greater than broadleaved trees and establishment in mixed forests. Chapter II: Higher mineral
weathering of a Ferralsol evidenced in the rhizosphere of conifer plantations grown in a
subtropical climate seeks to apprise the rhizosphere effect on geochemical changes and
mineralogical evolution of a deep and high weathered Ferralsol under two conifer plantations,
Araucaria angustifolia and Pinus elliottii var. elliottii. It was studied the rhizosphere effect
related to bulk soil, and how monoculture of the two conifers affected the soil physical,
chemical and mineralogical properties. Araucaria did not affect chemical attributes, but slash
pine affected total organic carbon and available phosphorus. No rhizosphere effect was
observed for silt and clay content, but slash pine promoted silt decrease followed by clay
increase, while in araucaria the opposite was observed. The soil did not show a broad mineral
assemblage, but presented variations in the proportions of clay minerals, comprising kaolinite,
illite and hydroxy-interlayered minerals (HIM), with kaolinite-enrichment in the rhizosphere
and in pinus, with illite absence in slash pine soil. The proportion of crystalline iron oxides was
higher in slash pine. This study evidences acceleration of soil weathering by monoculture of
conifers, with higher rates in slash pine followed by araucaria, increasing the risk of soil quality
loss when compared with the native Araucaria soil. Chapter Ill: Edaphic changes in
sustainable use conifer plantations within the Mixed Ombrophylous Forest domain shows
how chemical, physical and microbiological soil attributes are affected when monocultures of
Araucaria angustifolia and Pinus elliottii var. elliottii are established in a high weathered
Latossol within the Mixed Ombrophilous Forest ecosystem, and the importance of the



sustainable managed Brazilian National Forests in protecting the natural ecosystems and hosting
biodiversity. Soil was characterized in its physical (sand, silt, clay, bulk density, soil particle
density and total soil porosity), chemical (pH, AIF*, H*+AI**, total organic carbon, K*, Ca"
Mg?*, available P, total cation exchange capacity and base saturation) and microbiological (soil
basal respiration, microbial biomass carbon, metabolic and microbial quotients) attributes, with
slight changes in soil under the two conifers detected by univariate statistical analysis. However,
multivariate analysis highlighted different impact of coniferous on soil by discriminating the
clusters. The claying process promoted by slash pine suggests higher weathering rate by the
activity of this conifer. This doctoral research shows that studies on the rhizosphere of trees are
feasible to detect and monitor short-term impact of long-lived woody species on soil, which can
be further investigated especially on the interactions between microorganisms and clay
minerals.

Palavras-chave: 1. Araucaria angustifolia. 2. Pinus elliottii. 3. Clay mineral weathering.
4. Monoculture. 5. Conifer. 6. Ferralsol



RESUMO

AMARAL, Ana Paula Hummes do. Alteragdes na rizosfera de plantacdes de coniferas em
latossolo no dominio da floresta de araucérias. 145 f. Tese (Doutorado em Agronomia) —
Universidade de Passo Fundo, Passo Fundo, 2022.

A introducéo de extensos plantios florestais traz reconhecidos beneficios econémicos as custas
dos ecossistemas naturais. A nativa Araucaria angustifolia e o exético, de rapido crescimento,
Pinus elliottii var. elliottii, quando cultivados em monocultura, podem alterar diferentemente o
solo em relagdo & araucéria cultivada no seu ambiente natural, a Floresta Ombrofila Mista,
também chamada Floresta de Araucéria. As diferengas sdo influenciadas pelas condigdes
ambientais, pela espécie vegetal e microrganismos a elas associados, e pela composi¢do mineral
do solo. O entendimento de como as plantagGes florestais alteram o solo pode assegurar a
sustentabilidade da producdo madeireira. Com o0 objetivo de investigar o impacto dessas
coniferas na evolugdo geoquimica e mineraldgica do solo, especialmente na rizosfera onde os
processos sdo mais intensos e as mudangas ocorrem em curtos periodos de tempo, o presente
estudo foi conduzido em trés estdgios. Capitulo I: Meta-analise das alteracfes fisicas e
guimicas na rizosfera e na matriz do solo sob florestas, que consiste em uma revisdo
sistematica das alteragdes fisicas e quimicas na rizosfera e na matriz do solo promovidas por
coniferas e folhosas, cultivadas em monocultura ou estabelecidas em fragmentos florestais
mistos. Os atributos do solo pH, fésforo, potéssio, calcio, aluminio, capacidade de troca de
cations, carbono organico total e distribuicdo granulométrica foram extraidos de trinta e dois
artigos cientificos (170 estudos de 8 paises) publicados em periddicos revisados por pares e
indexados a Science Direct Core Collection, de janeiro de 2000 a julho de 2020. Concluiu-se
que coniferas e monoculturas alteram mais as propriedades do solo do que folhosas e quando
estabelecidas em fragmentos mistos. Capitulo II: Aumento do intemperismo de um Latossolo
evidenciado na rizosfera de plantios de coniferas cultivadas em clima subtropical, em que
foi avaliado o efeito da rizosfera nas alteragdes geoquimicas e na evolugdo mineraldgica de um
Latossolo altamente intemperizado, sob plantacGes das coniferas Araucaria angustifolia e Pinus
elliottii var. elliottii. Foi estudado o efeito da rizosfera em relacdo a matriz do solo, e se
monocultura afetou diferentemente as propriedades fisicas, quimicas e mineralogicas desse solo.
A araucéria ndo alterou os atributos quimicos, mas o pinus afetou o carbono organico total e o
fosforo disponivel. Nao foi observado qualquer efeito da rizosfera no teor de silte e argila, mas o
pinus promoveu a diminuicdo do silte seguido de aumento da argila, enquanto que na araucaria
foi observado o oposto. O solo ndo apresentou uma assembleia de minerais diversificada, mas
variacdes nas propor¢6es dos argilominerais, compreendendo caulinita, ilita e minerais hidroxi-
entrecamadas, com enriquecimento de caulinita na rizosfera e no pinus, e auséncia de ilita no
solo sob pinus. A propor¢éo de 6xidos de ferro bem cristalizados foi superior no pinus. O estudo
evidencia uma aceleracdo do intemperismo do solo por monocultura de coniferas, com taxas
mais elevadas no pinus seguido da araucéria, aumentando o risco de perda de qualidade do solo.
O capitulo 111, Alteracdes edaficas em plantacdes de coniferas de uso sustentavel no
dominio da Floresta Ombroéfila Mista, mostra como os atributos quimicos, fisicos e
microbiolégicos do solo sdo afetados quando monoculturas de Araucaria angustifolia e Pinus
elliottii var. elliottii sdo estabelecidas em Latossolo altamente intemperizado no ecossistema da



Floresta Ombrofila Mista, e a importancia das praticas de manejo sustentaveis adotados pelas
Florestas Nacionais brasileiras para protecdo dos ecossistemas naturais e da biodiversidade. O
solo foi caracterizado por seus atributos fisicos (areia, silte, argila, densidade do solo, densidade
de particulas do solo e porosidade total), quimicos (pH, Al¥*, H*+AI**, carbono organico total,
K*, Ca%*, Mg?, P disponivel, capacidade de troca de cations total e saturagdo por bases) e
microbioldgicos (respiracdo basal do solo, carbono da biomassa microbiana, quocientes
metabdlico e microbiano), com poucas alteraces no solo sob as duas coniferas detectadas pela
andlise estatistica univariada. No entanto, a andlise multivariada demonstrou o impacto
diferenciado das coniferas no solo através da discriminacdo dos agrupamentos. O processo de
argilizacdo detectado no solo com pinus sugere um maior intemperismo pela atividade dessa
conifera. Esta pesquisa de doutorado mostra que estudos sobre a rizosfera das arvores séo
viaveis para detectar e monitorizar o impacto, a curto prazo, das espécies lenhosas perenes no
solo, o qual sugere-se ser melhor investigado especialmente em relacdo as interagdes entre
microrganismos e argilominerais.

Palavras-chave: 1. Araucaria angustifolia. 2. Pinus elliottii. 3. Intemperismo de argilominerais.
4. Monocultura . 5. Coniferas. 6. Latossolo.



SUMMARY

1 INTRODUCTION
2 LITERATURE REVIEW

2.1 Soils

2.2 Rhizosphere vs. bulk soil

2.3 Nutrition strategies of higher plants
2.4 Mineral weathering and stability

2.4.1 Oxides and hydroxides

2.5 Mechanisms of clay mineral neoformation and transformation
2.6 Methodological aspects in the study of the rhizosphere

2.7 Total elemental and mineralogical analyses

2.8 Meta-analysis studies

3 CHAPTERI

3.1 Abstract
3.2 Introduction
3.3 Material and Methods

3.3.1 Literature review

3.3.2 Statistical analysis

3.3.3 Heterogeneity and moderator variables

3.3.4 Publication bias and sensitivity analysis

3.4 Results

3.4.1 3.4.1 Particle-size distribution, AI** and pH

3.4.2 Available P, exchangeable K, exchangeable Ca and effective CEC
3.4.3 Total organic carbon

3.4.4 Correlation analysis

3.5 Discussion

3.5.1 The rhizosphere effect of trees: changes in physical and chemical properties

3.5.2 The impact of coniferous and broadleaved trees in the rhizosphere effect

15
20

20
23
24
25

28

29
31
32
32

34

34
35
38

38
41
43
43
44
44
46
49
50
51
51
54

3.5.3 Changes in rhizosphere properties due to regeneration and monoculture establishment

forms 55
3.6 Conclusion
4 CHAPTERII

57
58



4.1 Abstract
4.2 Introduction
4.3 Material and methods

4.3.1 Study area

4.3.2 Soil sampling and preparation

4.3.3 Chemical and physical analysis

4.3.4 Total elemental composition analysis

4.3.5 Soil clay mineral characterization

4.3.6 Statistical analysis

4.4 Results

4.4.1 Soil chemical and physical characteristics

4.4.2 Iron and aluminum forms in the clay fraction and total elemental content in soil
4.4.3 Principal component analysis

4.4.4 Mineralogy of the clay fraction

4.4.5 XRD modeling of the clay fraction

4.5 Discussion

4.5.1 Soil chemical and physical properties affected by monoculture of conifers
4.5.2 Clay mineralogy under conifer soils

4.5.3 Implications of land-use change for soil properties

4.6 Conclusion

5 CHAPTER I

5.1 Abstract
5.2 Introduction
5.3 Material and methods

5.3.1 Site description

5.3.2 Soil sampling and preparation

5.3.3 Physical and chemical analysis

5.3.4 Microbiological analysis

5.3.5 Statistical analysis

5.4 Results

5.4.1 Soil physical, chemical and microbiological properties
5.4.2 Principal Component and Linear Discriminant Analyses
5.5 Discussion

5.5.1 Implications of species on edaphic changes

5.5.2 Conifer plantations as a strategy of ecosystem sustainability
5.6 Conclusion

6 FINAL CONSIDERATIONS

7  GENERAL CONCLUSIONS

58
59
63

63
65
66
67
68
69
69
69
70
74
76
80
81
82
85
87
88
90

90
91
93

93
94
95
96
96
97
97
100
104
105
108
110
112
114



REFERENCES 116
APPENDICES 136



1 INTRODUCTION

In southern Brazil, Araucaria angustifolia (Bert. O. Ktze.) is a long-lived pioneer
conifer of the Araucariaceae family that occurs in the highland plateaus of Rio Grande
do Sul state. Also called Parana-pine, it is characterized by its imposing size (up to 50 m
in height and trunk diameter reaching 2 m), high wood value and appreciable edible
seeds. It is an important tree component of the Mixed Ombrophilous Forest (MOF), also
known as Araucaria Forest, an ecosystem of social, cultural and economic relevance
mainly for smallholder farmers who seeks for the conservation-by-use since the edible
seeds of Araucaria provide revenue, and important commercial species such as yerba

mate (llex paraguariesis) are grown in the understorey.

The cylindrical and uniform trunk of the Araucaria angustifolia (araucaria) have
made the wood very appreciable by the industry, which is the reason for its intense
exploitation and the drastic reduction of its population from the beginning of the
twentieth century, leading it to figure on The IUCN Red List of Threatened Species™
as ‘critically endangered’ (THOMAS, 2013). Despite the efforts to recompose the
population of araucaria as monoculture, its relatively slow growth resulted in a
movement toward the exploitation of exotic, fast-growing and low-density woody
species such as Pinus spp. and Eucalyptus spp. that initiated in the early 1970s. In
Brazil, the total planted area with these exotic species reached 7.3 million ha in 2018, of
which Pinus spp. occupy 1,6 million ha. Contrastingly, only around 13 thousand
hectares were planted with araucaria (IBA, 2019). The decline of Araucaria Forests has
been resulting in loss of diversity due to fragmentation and habitat reduction
(HARTLEY, 2002; FONSECA et al., 2009; SILVA; SCHMITT, 2015) with disruption
on soil ecosystem, drawing attention to the need of assessing the impacts on soil quality
(DORAN; PARKIN, 1994; ISLAM; WEIL, 2000; USHARANI; ROOPASHREE;
NAIK, 2019).



Exotic woody species such as Pinus spp. and Eucalyptus spp. are much
appreciated by the industry for their high productivity, as they escape from their natural
enemies and quickly reach large populations and high growth rates when resources are
available. However, the introduction of exotic species in an ecosystem, as well as the
management practices, should be preceded by environmental impact studies at different
scales to understand the potential of environmental change. Previous studies showed
that the soil of monocultures with araucaria presents more similarity with the native
forest soil than the exotics Pinus spp. or Eucalyptus spp. (FAGOTTI et al., 2012; BINI
et al.,, 2013a; PAZ et al., 2015), besides hosting Araucaria Forest biodiversity
(FONSECA et al.,, 2009; MALYSZ; OVERBECK, 2018). Firn, Erskine and Lamb
(2007) found that highly productive woody species, as the above exotics, are associated
with both lower soil pH and soil nutrient availability when compared to the native, and
that tree plantations which allow the recolonization of native plants ensure the soil
heterogeneity and the maintenance of original properties (MALYSZ; OVERBECK,
2018). Studies with monocultures with these conifers on soil geochemical and
mineralogical evolution are uncommon in tropical and subtropical regions, but of great
relevance in ensuring the sustainability of both ecosystems and timber production,

especially in areas considered the new agricultural frontier.

The acquisition of nutrients by plants requires an efficient root system, especially
with fine roots and high colonization by microorganisms. This soil-root-microorganism
combination consists of a small portion, usually between 1% and 5% of the total soil
volume, defined as rhizosphere zone, where processes take place at higher rates than in
the surrounding bulk soil (KUZYAKOV; BLAGODATSKAYA, 2015). The
rhizosphere characteristics vary greatly in relation to bulk soil (HINSINGER, 1998;
DIEFFENBACH; MATZNER, 2000; SEGUIN et al., 2005; CHEN et al., 2006;
CALVARUSO; N’DIRA; TURPAULT, 2011; COLLIGNON; CALVARUSO;
TURPAULT, 2011; TOBERMAN; CHEN; XU, 2011; BORTOLUZZI et al., 2019;
HUMMES et al., 2019; LIU et al., 2019) and are related to intrinsic characteristics of
each species, soil parental material and environmental conditions (UROZ et al., 2016;
RONDINA et al., 2019).

Ana Paula Hummes do Amaral 16



It is already known that araucaria, oppositely to Pinus elliottii var. elliottii (slash
pine), presents a diversity of organic residues of easy degradation, thus promoting the
restoration of soil properties at levels similar to native forests, being more sustainable,
while slash pine makes the soil more similar to agricultural soils (BINI et al., 2013). It is
also known the ability of plant species in altering the soil constituent proportion
(AGNELLI et al., 2016; BORTOLUZZI et al., 2019; KORCHAGIN et al., 2019;
KORCHAGIN et al., 2020) and the mineral stability (APRIL; KELLER, 1990;
ALEKSEEVA et al., 2011), especially in the rhizosphere related to bulk soil
(CALVARUSO et al., 2009; TURPAULT; NYS; CALVARUSO, 2009; MCGAHAN;
SOUTHARD; ZASOSKI, 2014). These processes are defined as the “rhizosphere
effect” (HINSINGER et al., 2009). However, in humid subtropical regions, the impact
of conifers growth, particularly of the native araucaria, on mineralogical changes of a
highly weathered soil is lacking in the literature. The hypothesis that trees established as
monoculture present a greater potential of soil physicochemical and mineralogical
alterations guide the present study. The approach was to compare the soil properties of
the rhizosphere and bulk soil that supports mature araucaria (Araucaria angustifolia)
and slash pine (Pinus elliottii var. elliottii) forests, grown in a basalt-derived soil within
the Mixed Ombrophilous Forest domain, with emphasis on physical, chemical and

mineralogical changes.

In forest ecosystems, the availability of nutrients regulates the primary
productivity (FERNANDEZ-MARTINEZ et al., 2014), where the demand of trees for
plant-essential mineral nutrients such as calcium (Ca), magnesium (Mg), phosphorus (P)
and potassium (K) often exceed the supply fluxes from mineral weathering
(CLEVELAND et al., 2013). The organic mineral nutrient turnover, which are the
nutrients continuously returned from trees to forest floor through litterfall, is the largest
source of plant nutrition especially in forests that have already reached their climax
(UHLIG; VON BLANCKENBURG, 2019; UHLIG; AMELUNG; BLANCKENBURG,
2020). However, this organic nutrient source will be depleted within centuries (UHLIG;
AMELUNG; BLANCKENBURG, 2020) since there is continuous losses through plant

Ana Paula Hummes do Amaral 17



litter dissolution and erosion, and the great nutrient inventory is of geogenic origin, in
the upper (<3 m) and deep (>3 m) regolith, which replenishes the reservoir through
chemical weathering and will sustain forest ecosystems nutrition for centuries to
millennia (UHLIG; VON BLANCKENBURG, 2019; DAWSON; HAHM;
CRUTCHFIELD-PETERS, 2020).

Atmospheric deposition is another nutrient source, although some authors
consider it negligible (CHADWICK et al, 1999; UHLIG; AMELUNG;
BLANCKENBURG, 2020). However, Mg inputs via deposition were found to be 2-fold
higher than via weathering inputs (ROSENSTOCK et al., 2019), while sulphate (xSOa)
and inorganic nitrogen compounds (NOsz, NH4) are continually deposited and are
sources of sulfur and nitrogen, respectivelly (VUORENMAA et al., 2018), to such an
extent that N deposition alter N status of forests (ABER et al., 2003). However, in a
naturally regenerated, even-aged Norway spruce forest minimally affected by forest
activities, Rosenstock et al. (2019) found that for a 65-year rotation, inputs of Na, K and
Ca via weathering were 1.3-, 1.5-, 1.8-fold higher, respectively, than atmospheric

deposition inputs.

The objective of this study was to investigate, in a high weathered basalt-derived
soil (Ferralsol), the results of processes occurring at the root-soil interface of two
conifers grown in monoculture, the native araucaria and the fast-growing exotic slash
pine. The study is focused on soil physical, chemical, biological and mineralogical
changes due to conifer species in monoculture whose hypothesis is that the exotic will
promote greater changes than the native. Thus, the present research was divided into
three stages. The first, presented in Chapter I, consists of a systematic review, also
known as meta-analysis, of physical and chemical changes in rhizosphere and bulk soil
promoted by conifers and broadleaved trees established as monoculture and grown in
mixed forest stands. The second stage, presented in Chapter Il, seeks to apprise the
rhizosphere effect on geochemical changes and mineralogical evolution of a high
weathered Ferralsol under two conifer plantations in subtropical climate, the native

araucaria and the exotic slash pine. The Chapter Il shows how chemical, physical and
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microbiological soil attributes are affected when monocultures of araucaria and slash
pine are established in a high weathered Ferralsol within the Mixed Ombrophilous
Forest ecosystem, and the importance of the management practice to achieve

sustainability.

Ana Paula Hummes do Amaral 19



2 LITERATURE REVIEW

The implantation of monocultures with forest species encourages the search for
elucidation on edaphic issues that have been poorly addressed in the literature so far and
that can be used as a support for decision making on the species adoption and
management practices in order to ensure the sustainability of the forestry activity. This
review will address topics involving soil, plant nutrition and changes occurring in the
rhizosphere, soil weathering processes with its byproducts, and methodological aspects

of studies on rhizosphere of tree species.

2.1  Soils

Soil is the unconsolidated material on the Earth's surface that supports plants and
animal life (COTTER-HOWELLS; PATERSON, 2000). According to World Reference
Base for Soil Resource 2014 (IUSS WORKING GROUP WRB, 2015), soil is defined
as “any material within 2 m of the Earth’s surface that is in contact with the atmosphere,
excluding living organisms, areas with continuous ice not covered by other material,
and water bodies deeper than 2 m” (VANMAEKELBERGH, 2009). However, in a
broader concept, soil can be defined as the natural body of the Earth's surface,
consisting of mineral and organic materials resulting from the interactions of the
formation factors (climate, living organisms, parent material and relief) over time,
containing living matter and partly modified by human action, capable of supporting

plants, hold water, store and transform waste, and support buildings.

Soil formation, or pedogenesis, occurs through the breakdown of geological
deposits by physical, chemical and biochemical processes called "weathering" (BUOL
et al., 2003). Minerals formed at the same time that the rock containing them are called
"primary minerals”, mostly occurring in the coarser sand and silt-size particles;

however, when they result from the alteration of primary minerals or mineraloids, they



are named "secondary minerals”, which are the most reactive inorganic material
presents in soil (CHURCHMAN; LOWE, 2012).

The decomposition of rocks and minerals, both primary and secondary, promotes
the formation of the smallest and most reactive soil particles, the clays (< 2 um), in a
process known as "claying” (BUOL et al., 2003). When the material results from the
break-down of antecedent minerals originating new clays and other secondary minerals,
the process is known as "neogenesis” (CHURCHMAN; LOWE, 2012). Thus, six main
types of minerals can be found in the soil clay fraction: primary minerals such as quartz,
feldspars, and others; phyllosilicates, known as clay minerals; metallic oxides and
hydroxides, among them goethite, hematite, ferrihydrite; carbonates; gypsum; and short-
range order alumina-silicate minerals (allophane, imogolite) (BARRE et al., 2014). In
tropical and subtropical soils, the main minerals are 1:1 clay type (kaolinite), iron
oxides (hematite, goethite, ferrihydrite and maghemite) and aluminum oxides (gibbsite),
and 2:1 clay minerals with Al-hydroxy interlayers (hydroxy-interlayered smectite HIS
and hydroxy-interlayered vermiculite HIV) (SCHAEFER; FABRIS; KER, 2008).

Changes in the soil environment may alter the clay minerals and their functions
(soil organic matter, water retention, nutrient supply, physical stability, etc.) on a time
scale ranging from a few months to hundreds of years, depending on the environment
where processes occur in the soil (CORNU et al., 2012). In the rhizosphere, these
changes can occur very fast (HINSINGER; JAILLARD, 1993; HOUBEN; SONNET,
2012), affecting the soil as a whole over pedogenic time. The impact of root-soil contact
time on mineral weathering and nutrient release in pots was investigated by many
authors. Naderizadeh, Khademi and Arocena (2010) studied the transformation of
phlogopite and muscovite in the rhizosphere of alfalfa (Medicago sativa L.) under
influence of added organic matter (OM). They observed an increase of acidity, K
release and mineral transformation due to OM addition with dependence on the type of
mineral. Houben and Sonnet (2012) observed the weathering of smithsonite, a Zn
mineral, as consequence of dissolved organic carbon produced by the rhizosphere
activity of ryegrass (Lolium multiflorum Lam). The effect of a monocot (fescue, Vulpia

myuros) and a dicot (tomato, Solanum lycopersicum) on mineral stability and soil
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solution composition was investigated by Mcgahan, Southard and Zasoski (2014). They
demonstrated a greater influence of the dicot then the monocot rhizosphere, with
rhizosphere solution extracts farther from equilibrium than bulk soil ones. These studies
were conducted on annual plants and in laboratory, where the conditions are very
different from those existing in natural ecosystems since the environment is controlled,
resources are limited, and the surface of contact between roots and minerals is larger,

which maximizes the impact on mineral weathering.

Several in situ studies that evaluate the rhizosphere effect of tree species have
been conducted to understand the ecosystem dynamics in temperate climate regions,
while in subtropical and tropical regions this type of study is scarce so far. Turpault,
Gobran and Bonnaud (2007) assessed the differences and the evolution of chemical
properties for bulk soil, rhizosphere and rhizosphere interface in a Douglas-fir
(Pseudotsuga menziesii) ecosystem. Calvaruso, N’dira and Turpault (2011) compared
physicochemical properties of rhizosphere and bulk soil of five tree species in Breuil-
Chenue forest (France). The soil phosphorus (P) supply due to rhizosphere organic P of
two tree species (Populus simonii and Pinus sylvestris) in semiarid forests of Northeast
China was investigated by Zhao et al. (2015), who detected variations in rhizosphere
recalcitrant organic P due to tree species. Temporal variations in phosphatase activity
and P fractions in bulk soil and rhizosphere of Larix olgensis plantations with different
developmental stages (16-, 23-, 34- and 49-y-old stands) were examined by Chen,
Zhang and Duan (2016). The study indicated that the species development affects P
bioavailability through changes in P fractions dynamic and phosphatase activities.
Studying the mixture effect of Chinese fir (Cunninghamia lanceolate) with broadleaved
species, Bu et al. (2020) compared the rhizospheres of pure plantations of Chinese fir
with mixed plantations of the species. The rhizosphere effect of Chinese fir grown in

mixed plantations was greater, increasing soil P availability.

In hot and humid regions, with intense rainfall, mineral weathering is more
intense (XU et al., 2016) since most of weathering processes occur due to the reaction
of minerals with water or aqueous solution (CHURCHMAN; LOWE, 2012). Most
aqueous solutions have an acidic character as the dissolved CO», originated from the
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biota respiration and the atmosphere, reacts with water, forms carbonic acid (H2COg)
and releases H* ions into solution (CHURCHMAN; LOWE, 2012). Also, the permanent
exudation of organic acid compounds (RONDINA et al., 2019) accompanied by pH
decrease due to H* released for balance charge (HINSINGER et al., 2001;
CALVARUSO et al.,, 2009) is a great soil weathering source. In this sense, the
important role of plants and microorganisms in soil weathering is highlighted, whose
intensity is greater in the upper layers of the profile since plant nutrition occurs mostly
through fine roots rhizosphere (CESPEDES-PAYRET et al., 2012; GERENDAS;
RATCLIFFE, 2013).

The interaction between plants and soil happens in two ways: the first occurs on
the soil surface by litter deposition, and the second in the rhizosphere zone (COTTER-
HOWELS; PATERSON, 2000). However, the acquisition of nutrients through mineral
weathering is related to intrinsic characteristics of plant species, rhizosphere biological
activities and environmental conditions (TURPAULT; NYS; CALVARUSO, 2009;
UROZ et al., 2016; RONDINA et al., 2019) and is regulated by the nutrient availability
in the ecosystem (TURPAULT; NYS; CALVARUSO, 2009).

2.2 Rhizosphere vs. bulk soil

Initially conceptualized by the German scientist Lorenz Hiltner, in 1904, as the
soil surrounding plant root, the term “rhizosphere” was best defined by Hinsinger
(1998) as the volume of soil influenced by root activity. This microenvironment within
the soil profile presents characteristics and behaviors that differ from the bulk soil , that
is the soil not in direct or intermediate interaction with active roots (HINSINGER, 1998;
APRIL; KELLER, 1990; RICHTER et al., 2007; TOBERMAN; CHEN; XU, 2011,
MCGAHAN; SOUTHARD; ZASOSKI, 2014; BORTOLUZZI et al., 2019; HUMMES
et al., 2019; LIU et al., 2019). Among the factors that can significantly alter the
physicochemical properties of the rhizosphere are root respiration and exudation of
organic compounds, which are also responsible the intense microbial activity of this
portion of the soil (COTTER-HOWELS; PATERSON, 2000; HINSINGER et al., 2001;
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CALVARUSO et al., 2009; CHURCHMAN; LOWE, 2012; RONDINA et al., 2019).
Over pedogenic time, the interactions occuring in the rhizosphere affect, and even
transform, soils on a large scale, from minerals to horizons and complete soil profiles
(RICHTER et al.,, 2007). In unmanaged ecosystems, the differences between
rhizosphere and bulk soil tend to be balanced.

Several methods are used to collect the rhizosphere soil, among them is by
shaking the plant roots and the volume of soil associated with them. The soil that
remains strongly adhered to the roots after shaking is considered the rhizosphere soil, or
just rhizosphere, while the portion easily detached is referred to as bulk soil. However,
the characteristics of the rhizosphere vary in space and time (MCGAHAN;
SOUTHARD; ZASOSKI, 2014) since as roots grow, the soil initially adhered to the
root apex becomes associated with zones of elongation, maturation, and ultimately,
mature regions. Furthermore, because the roots growth process is very dynamic, the
bulk soil will only become rhizosphere for a short period of time before becoming bulk
soil again (HINSINGER; PLASSARD; JAILLARD, 2006).

2.3 Nutrition strategies of higher plants

The nutrient acquisition from soil by plants requires distinct strategies. Plants
produce morphologically efficient root systems, mostly with fine roots highly colonized
by microorganisms in order to improve the soil exploitation potential, especially when
the site receives high incidence of light and low input of organic material in the soil
(RONDINA et al., 2019). These conditions are observed in early-successional stages
and during the initial stages of trees as monoculture, in which plants exhibit a
scavenging strategy for nutrient acquisition. In contrast, when plants are already
established in shaded environments, such as late-successional stages and adult trees in
monoculture, the input of organic matter is greater and the mining strategy is exhibited
for nutrition acquisition, with exudation of labile carbon in the rhizosphere (RONDINA
et al., 2019). Both strategies are accompanied by pH reduction and acidification of the

rhizosphere.
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Soil acidification in response to plant growth plays an important role in
weathering. The finest roots, being more active and absorbing more nutrients, are
mainly responsible for pH reduction in the rhizosphere (CESPEDES-PAYRET et al.,
2012; GERENDAS; RATCLIFFE, 2013); however, there are other several sources of
soil acidification. Root respiration releases CO2 in concentrations 30 to 100 times higher
than the existent in the atmosphere (HINSINGER et al., 2003), and is responsible for
the formation of carbonic acid, a weak acid that significantly alters the soil pH
(COTTER-HOWELS; PATERSON, 2000). The greater uptake of cations rather than
anions promotes protons release (H") into the soil solution for charge balance
(HINSINGER et al., 2001; CALVARUSO et al., 2009). The preferential uptake of NH4*
rather than NO3~ by the roots of certain tree species is also a source of soil acidification
(CALVARUSO et al., 2009), as far as the exudation of organic acids by roots and
fungal hyphae (COURCHESNE; KRUYTS; LEGRAND, 2006).

The rhizosphere dynamics affects its mineralogical composition in relation to the
bulk soil (SEGUIN et al., 2005, TURPAULT; NYS; CALVARUSO, 2009;
NADERIZADEH; KHADEMI; AROCENA, 2010; MCGAHAN; SOUTHARD;
ZASOSKI, 2014). pH values lower than four can promote clay dissolution by action on
the octahedral sheet, release AIPP* into the soil solution (WANG; GOTTLEIN;
BARTONEK, 2001; VIENNET et al., 2016; KORCHAGIN et al., 2019), affect clay
contents and the ratio of 2:1 clay minerals with Al interlayers (KORCHAGIN et al.,
2019), and promote the transformation of illite into vermiculite due to the loss of K*
from the interlayers (BORTOLUZZI et al., 2012). Furthermore, other soil geochemical
properties are also affected by acidification (WANG; GOTTLEIN; BARTONEK, 2001;
ALEKSEEVA et al., 2011; KORCHAGIN et al., 2019).

2.4 Mineral weathering and stability

Mineral weathering transforms rocks into soil and releases nutrients into the soil
solution that are used for plant nutrition. It usually involves the reaction of minerals

with water or aqueous solution in a process known as hydrolysis (CHURCHMAN;
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LOWE, 2012). Through this process occurs the solubilization of primary minerals from
the group of phyllosilicates, feldspars, pyroxenes, amphiboles and volcanic glass
(mineraloid), and alteration into secondary minerals such as illite, smectite, vermiculite,
chlorite and kaolinite (NESBITT; YOUNG, 1989). Also, the mechanical forces exerted
by roots growth accelerate mineral degradation, exposing the mineral surface to root-
induced chemical gradients and, consequently, increasing soil weathering (APRIL;
KELLER, 1990). However, there is a great variation in soil mineralogy and mineral
abundance due to parent material and intrinsic characteristics of the minerals,
environmental conditions, and human activity (CHURCHMAN; LOWE, 2012).

Silicates are the most common primary minerals in the Earth's crust, although
secondary minerals are the most reactive inorganic soil materials, which are generally
associated with organic materials (CHURCHMAN; LOWE, 2012). Phyllosilicates have
a laminar structure composed of the elements silicon (Si) and oxygen (O) in the ratio
2:5, with the sharing of three oxygen to form tetrahedral sheets, and aluminum (Al),
iron (Fe) or magnesium (Mg) coordinated by six hydroxyls (6 x OH) forming octahedral
sheets. However, the basic cations potassium (K*), sodium (Na*), calcium (Ca?"), and
lithium (Li*) are commonly associated with phyllosilicates, either in the structures of
the tetrahedral and octahedral layers or in the interlayers. These laminar structures
intercalate and generate different minerals with distinct physical and chemical
characteristics, originating soils with varying properties associated with the parent
material (MOORE; REYNOLDS, 1997).

The stability of silicate minerals is related to their degree of weathering. Goldich
(1938) defined a stability series for the common main primary minerals (Goldich’s
series) based on the principles of thermodynamics. He affirmed that the higher the
temperature of the magma in which a mineral is crystalized, the farther it is from
equilibrium with relation to the temperature of Earth's surface and, therefore, the greater
its susceptibility to breakdown by weathering agents. However, this is only a
generalization, because according to Churchman and Lowe (2012), the minerals
stability also depends on (i) the nature of the chemical bonds between the tetrahedral
and octahedral sheets and the interlayers — the greater the bond strength, the greater the
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mineral stability; (ii) the amount of isomorphic substitutions — the greater the number of
isomorphic substitutions, the greater the number of free charges, and the lower the
mineral stability; and (iii) the extent of the cations balance charge embedded in the
laminar structure and the bonding sites. Other additional characteristics that determine
the mineral stability are their particular chemical composition and mineralogical
structure, the mineral relative solubility in water, and their thermodynamic stability
against breakdown, besides environmental factors such as the soil solution composition,
the redox conditions, and the flow of water through the minerals (CHURCHMAN;
LOWE, 2012).

Soil weathering occurs typically in acidic environments, in which involves a
range of organic compounds that can complex ions into silicate structures, enhance their
breakdown, thus increasing decomposition and affecting the formation of new minerals
(VELDE; BARRE, 2010). Also, highly weathered soils with increased moisture and
water time residence besides with organic matter accumulation can promote
reductive/complexive dissolution of mineral crystalline phases and neoformation of new
metastable phases (FINK et al., 2014).

In humid tropical and subtropical regions, high temperatures and intense rainfall
accelerate mineral weathering and leaching, resulting in more developed soils, typically
deep, and mostly composed of 2:1 clay minerals with hydroxy-Al interlayers
(BORTOLUZZI et al., 2008; CANER et al., 2014), low-activity 1:1 clay minerals of
kaolinite-group (SCHAEFER; FABRIS; KER, 2008) and accumulation of large
amounts of Al and Fe oxi-hydroxides (PADUANI et al., 2009; BORTOLUZZ]I et al.,
2015; XU et al., 2016). In these soils, the level of poorly crystallized iron oxides (Feo),
as well as the proportion of goethite and gibbsite in the clay fraction, are related to the

organic matter physical protection and colloidal stability (INDA JUNIOR et al., 2007).

Several authors have studied weathering and pedogenesis in southern Brazil,
establishing relationships between climate, clay minerals formation and iron oxides
(BORTOLUZZI et al., 2008; KAMPF; CURI; MARQUES, 2009; INDA et al., 2010;
OLIVEIRA et al., 2020). Soils formed from volcanic rocks, such as basalt, occupy an
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area of approximately 1.2 million km? within the Parana Basin. The humid climate of
the region accelerate the basalt weathering, with rapid loss of cations (Ca?*, Mg?*, Na*,
K*) and relative accumulation of Si**, AI** and Fe** in the form of secondary minerals
(CHOROVER; AMISTADI; CHADWICK, 2004) and oxides (BORTOLUZZI et al.,
2008; INDA et al., 2010).

2.4.1 Oxides and hydroxides

Deeply weathered Ferralsols (VANMAEKELBERGH, 2009), also known as
Latosols (Brazilian Classification System), are the most important Brazilian soils
occurring in over 60% of the country area (SCHAEFER; FABRIS; KER, 2008).
According to these authors, besides kaolinite, the clay mineralogy is dominated by the
pedogenic iron oxides goethite (a-FeOOH) and hematite (a-Fe2O3), which can present
Al-substitution. They are indicators of the pedogenic processes and pedoenvironment
and affect the chemical and physical behavior of tropical and subtropical soils
(BIGHAM; FITZPATRICK; SCHULZE, 2002) In soil microsites, the alternation of
reducing and oxidizing conditions may induce iron oxide mobilizations and help to
explain the redistribution of these minerals in soil with change in land use (INDA et al.,
2013). Also, the land use change may promote the selective dissolution of iron oxides
(FINK et al., 2014), with goethite being more susceptible to dissolution than hematite
under similar drainage conditions area (SCHAEFER; FABRIS; KER, 2008).

In tropical and subtropical soils, Fe- and Al- oxy-hydroxides are the main source
of variable charges (XU et al., 2016). Under acidic conditions, the protonation of the
hydroxyl groups (OH") in Fe- and Al-oxides produces positively charged surfaces,
while at high pH occurs deprotonation of hydroxyls of these oxides, generating
negatively charged surfaces. As pH increases, the magnitude of the negative charges
(OH") increases and the positive charges (H*) decreases. The pH in which the amount of
negative charges is equal the amount of positive charges is called zero charge point
(ZCP). The ZCP was used by Hendershot and Lavkulich (1978) as an index of soil
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development, and the higher the ZCP, the more developed and weathered is the soil
(HENDERSHOT; LAVKULICH, 1978; ANDA et al., 2008).

The absence of weatherable minerals and the concomitant accumulation of iron
and aluminum extractable with acid ammonium oxalate (AAO) (Feo, and Aly) in the
vicinity of the roots indicate that weathering is stimulated by root activity
(COURCHESNE; GOBRAN, 1997). According to Schwertmann, Schulze and Murad
(1982), the method of extraction with AAO, or Tamm reagent, was proposed in 1959 by
Schwertmann and later, by McKeague and Day (1966) to separate the more active
portion of Fe-oxides, of low crystallinity (ferrihydrite), from the less active, the
pedogenic Fe-oxides (hematite, goethite and maghemite), since the solubility of the
latter in AAO is lower (SCHWERTMANN; SCHULZE; MURAD, 1982; KAMPF;
CURI, 2000; BIGHAM; FITZPATRICK; SCHULZE, 2002). The higher concentration
of Al and Feo in the rhizosphere extracted with AAO can be interpreted as the
formation of low crystalline, or amorphous, oxides in response to the higher weathering
in the root zone than in the bulk soil (SEGUIN et al., 2005). The amorphous Al oxi-
hydroxides precipitated on the root surface also suggests that pedogenetic processes in
the rhizosphere differ from the surrounding bulk soil (APRIL; KELLER, 1990).
However, Al exhibits an antagonistic behavior. It can either present a higher
concentration in the rhizosphere (COURCHESNE; GOBRAN, 1997), or a higher
content in the bulk soil. Because Al is the main component of aluminosilicates, the
short-range order minerals imogolite and allophanes are easily weathered in the
rhizosphere, and Séguin et al. (2005) attributed the lower Al, content in rhizosphere to

this behavior.

2.5  Mechanisms of clay mineral neoformation and transformation

The dynamics of soil formation involve losses, i.e. the leaching of chemical
elements and solids from the soil solution. Although the difference between the
energetic potential of the soil solution (“attack solution™) and the minerals defines the

degree of the solids’ alteration. The leaching rate is what exerts the greatest influence on
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the degree of transformation and neoformation of subsequent minerals
(CHURCHMAN; LOWE, 2012). Neoformation is understood as the new mineral
formation from solution, and transformation is the alteration of an existing structure in
which constituents of the parent mineral are maintained (MOORE; REYNOLDS, 1997).

Soils, whether natural or cultivated, are an open system resulting from the
complex interaction between mineral and live worlds (MEUNIER; BORTOLUZZI;
MEXIAS, 2016). They are organized in horizons parallel to the surface where chemical
and mineralogical reactions propagate from the atmosphere interface, forming and
changing the soil clay minerals. In depth, the clay minerals are formed by the
dissolution of rocks’ primary minerals and accelerated by organic acids; on the surface,
minerals are formed by mineralization of the organic matter (MEUNIER;
BORTOLUZZI; MEXIAS, 2016).

Clay mineral dissolution kinetics is part of the kinetic theory that has been
develop to explain and quantify silicate minerals dissolution, which have been
extensively studied since the early 1980s and compiled by Nagy (1995). However,
recently Cama and Ganor (2015) have taken up the topic again where they related the
formation and alteration processes of clay minerals to two dissolution mechanisms:
stoichiometric dissolution, which occurs under equilibrium conditions, and non-
stoichiometric dissolution, which under equilibrium conditions results mainly from the
precipitation of secondary phases. Non-stoichiometric dissolution encompasses five
specific mechanisms: (i) clay dissolution due to pH, which refers to dissolution due to
three processes that occur, preferentially, on the surface of the crystals: driven by
protons, by hydroxyls, and by water, whose reactions predominate in acidic, basic, or
neutral media, respectively (WHITE; BRANTLEY, 1995); (ii) clay dissolution rate
dependent on the deviation from equilibrium, expressed by Gibbs free energy reaction;
(iii) catalytic/inhibitory effect of aluminum (AI**) on mineral dissolution, which
consists of the fast adsorption of AI** on the mineral surface followed by a slow
hydrolysis; (iv) effect of ionic strength on the mineral dissolution rate; and (v) reactive

surface area of the clay minerals. The sixth mechanism refers to (vi) stoichiometric
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dissolution, which consists on the release of cations from the clay minerals interlayers,

induced by the exchange reaction between clay minerals and the soil solution.

2.6 Methodological aspects in the study of the rhizosphere

The methods used in the rhizosphere soil analyses do not differ much from those
practiced in the assessment of general soil properties (JAILLARD, 2006); however,
sampling methodologies and rhizosphere soil preparation should be observed
(TURPAULT, 2006; BARILLOT et al., 2013).

There are several established procedures for obtaining samples of the rhizosphere
fractions, most of them based on manually shaking and washing the roots with adhered
soil particles after their detachment from the soil block. In the manual shaking method,
it is assumed that mucilage and exudates will keep the rhizosphere soil attached to the
roots. However, the outcome of this technique depends on the nature of the roots (e.g.
main or secondary), the type of soil (e.g. sandy or clayey), and the way the operator
conducts the procedure (e.g. agitation time and applied force) (BARILLOT et al., 2013).
Thereafter, soil moisture and texture also have a great influence on the amount of soil
adhered to the roots (LUSTER et al., 2009). In methods that include the step of root
washing to collect rhizosphere soil, there is variation in the immersion time and the
solution used (LUSTER et al., 2009; BARILLOT et al., 2013). All these factors may

affect the determination of the chemical and physical properties of the rhizosphere.

Turpault (2006) proposed a physical method to separate the rhizosphere from the
bulk soil for physical, chemical and mineralogical analyses. The method consists in
physical separation that results in the bulk soil fraction, which is the soil free of roots,
and the rhizosphere, which is the soil aggregates < 1 cm attached to the living roots that
spontaneously detaches after drying. However, its main disadvantage is that not all soil
adhering to the roots is removed after drying and it is necessary a great amount of soil to
obtain small rhizosphere samples. This method is suitable for field sampling, especially

for forest soils cultivated with any species in monoculture (TURPAULT, 2006).
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2.7  Total elemental and mineralogical analyses

The basic description of a soil sample primarily consists of the total chemical
composition and the mineralogical nature of the solid phase (JAILLARD, 2006). The
classical methods for determining the chemical composition of a soil sample involve
dissolving the solid phase in acidic solutions followed by analysis by atomic absorption
spectrometry or inductively coupled plasma. However, these techniques are time
consuming and dangerous because the handling of strong acids. More modern
techniques consider the use of fluorescence and X-ray diffraction for total

characterization of soil samples, which are detailed by Weindorf, Bakr and Zhu (2014).

X-ray fluorescence spectroscopy (XRF) is an analytical technique based on the
analysis of the energy-dispersive X-rays fluorescence by the sample that allows the
detection of the total concentration of elements in soil, from magnesium (Mg) to
uranium (U) (WEINDORF; BAKR; ZHU, 2014), with the advantage of being a non-

destructive, fast and accurate method.

X-ray diffractometry (XRD) is a laboratory technique for studying the behavior
of the crystalline structure of materials based on the analysis of the spatial distribution
of X-rays diffracted by ordered atomic structures that allows the identification of
mineral assemblage in soils and sediments (BORTOLUZZI; POLETO, 2013). Recent
advances in XRD patterns combined with sequential soil studies have shown that
changes in the mineral assemblage of the clay fraction occur faster than previously
thought (CORNU et al., 2012).

2.8  Meta-analysis studies

Meta-analysis is a systematic review used to deal with the massive volume and
increased complexity of information existent mainly in the technical literature and
scientific databases (SCHERM et al., 2014). It that has been developed for statistical
analysis of multiple independent experiments which combines the results from two or
more separate quantitative studies (KOUTSOS; MENEXES; DORDAS, 2019),
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estimates more precisely the effect of treatments adjusting for experimental
heterogeneity (LOVATTO et al., 2007), and provides objective, transparent and
replicable summaries of certain subjects covered in scientific researches (DEL RE,
2015). Since studies are not identical in their methodologies or/and sampling, these
differences will likely to introduce variability among the true effect-sizes and should be
modelled in accordance with a random-effect procedure (VIECHTBAUER, 2010).

The effect-sizes from a series of studies are calculated for pairwise observations,
that is, the difference between the “treatment” and the “control” groups is calculated for
each environment (study), and these effect-sizes are considered in meta-analysis
reviews. According to Konstantopoulos (2006), “effect-sizes should put the results of all
studies ‘on a common scale’ so that they can be readily interpreted, compared, and
combined”. The parameter structure of these models is identical to those of general
linear mixed model and incorporates a component of between-study variation into the
uncertainty of the effect-size parameters and their estimates (KONSTANTOPOULOS,
2006).

During the last years, the number of meta-analysis studies with topics related to
environment or agricultural research has been increasing, showing a trend in using this
kind of literature review to effectively summarize agricultural research data and answer
certain focused questions (KOUTSOS; MENEXES; DORDAS, 2019). This trend
reflects the need for a more transparent, organized, objective and effective method of
literature review for estimating more precisely the effect of treatments adjusting them
for the experimental heterogeneity (LOVATTO et al., 2007), which may lead to a less
biased evidence-base conclusions. Meta-analyses studies can serve as catalyst to
separate relevant factors from less relevant ones (DEL RE, 2015) and to guide studies of

a given area in a universe of possibilities
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3 CHAPTER |

A meta-analysis of physical and chemical changes in the rhizosphere and bulk

soil under woodlands

3.1 Abstract

Monocultures of tree species for economic purposes have been increasingly replacing natural
environments as the demand for renewable energy sources increases. The choice of species has
been more a matter of financial return than sustainability, often at expenses of natural forests,
with common practices, such as the lack of nutrient compensation in forested sites, promoting
increasing rates of mineral weathering with impacts the soil fertility. To summarize the impact
of the forestry activities on edaphic factors, especially in the portion of soil where processes are
more intense, we present a meta-analysis of the rhizosphere effects of tree (coniferous and
broadleaved) and establishment form (monoculture and natural regeneration) on soil physical
and chemical properties. The soil attributes pH, phosphorus, potassium, calcium, aluminum,
effective cation exchange capacity, total organic carbon and particle-size distribution were
gathered from thirty-two manuscripts (170 studies from 8 countries) published in peer-reviewed
journals indexed to Science Direct Core Collection from 2000 to July 2020. The higher acidity
in the rhizosphere of coniferous and the greater phosphorus, potassium and aluminum
mobilization and higher cation exchange capacity in relation to bulk soil indicates a greater
rhizosphere effect of the conifers than broadleaved trees. The higher total organic carbon,
phosphorus, potassium, aluminum and cation exchange capacity in naturally regenerated stands
indicate higher nutrient cycling and soil fertility levels than in monoculture since greater
diversity of species is expected under canopy. The lower fertility levels in monocultures may be
attributed to the high nutrient demand by plants that may lead to great mineral weathering rates,
as evidenced by the soil claying process under this management system. Overall, we concluded
that the influence of conifers and monocultures on soil properties is greater than broadleaved
trees and grown in mixed plantations. Furthermore, despite the gap of research in the Southern
hemisphere, which is the new agricultural frontier, our conclusions will support decision makers
on reassessing the formation of the forest base, mostly in temperate zones, to achieve more
effective and sustainable forest management practices.

Keywords: 1. Rhizosphere. 2. . Conifer. 3. Broadleaf. 4. Monoculture. 5. Regeneration.



3.2 Introduction

The increasing demand for renewable energy from woody biomass and the
environmental pressure for decreasing net CO2 emissions have been leading to the
development of forest policies that imply in more intensive use of forests worldwide
(LAURI et al., 2014), increasing weathering rates and the risks of depleting the soil base
cations that support forest growth (AKSELSSON et al., 2019). Rhizosphere, a vital
region of approximately ~2 mm from the root surface that is strongly influenced by
plant-soil-microorganisms interaction, was firstly defined by Hiltner in 1904
(HINSINGER, 1998; HINSINGER; PLASSARD; JAILLARD, 2006). The rhizosphere
plays a key role on sustaining biomass productivity as this small portion of soil affects
the nutrient mobility and has direct effects on plant nutrition and crop production
(DOTANIYA; MEENA, 2014). An example of the importance of these issues on
sustainable forest productivity is the interdisciplinary project Quantifying Weathering
Rates for Sustainable Forestry (QWARTS), which involved research groups from 2012
to 2019 in Sweden. It showed that whole-tree harvesting of a Norway spruce forest
would markedly deplete exchangeable cation pools (ROSENSTOCK et al., 2019) and it
is clearly not sustainable without nutrient compensation (AKSELSSON et al., 2019).

Soil mineral weathering involves chemical and physical processes that are
modified by plants and organisms (MCGAHAN; SOUTHARD; ZASOSKI, 2014,
UROZ et al., 2016; RONDINA et al., 2019). Temporal and spatial scales are important
issues on this process (CORNU et al., 2012), and studies on rhizosphere of trees are
promising to predict the long-term supply of weatherable nutrient to sustain forest
growth since forest activity requires longer timescales (UHLIG; AMELUNG;
BLANCKENBURG, 2020). The number of studies that have been conducted on
physical, chemical and biological properties of rhizosphere is appreciable. Also, it has
been widely accepted that these properties differ significantly from those of the
surrounding bulk soil (HINSINGER, 1998; DIEFFENBACH; MATZNER, 2000;
CHEN et al., 2006; CALVARUSO; N°’DIRA; TURPAULT, 2011; COLLIGNON et al.,
2011; TOBERMAN; CHEN; XU, 2011; BORTOLUZZI et al., 2019; HUMMES et al.,
2019; LIU et al., 2019). Although rhizosphere occupies generally between 1% and 5%
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of the soil portion, the alteration rates perform up to twice faster than in the bulk
compartment (KUZYAKOV; BLAGODATSKAYA, 2015). However, changes in the
rhizosphere conditions relative to bulk soil vary accordingly to plant species even when
they are growing in the same location (WANG; GOTTLEIN; BARTONEK, 2001).

The soil nutrients withdrawn upon by leaching and plant uptake are refilled by
atmospheric deposition, litter decomposition and mineral weathering (ROSENSTOCK
et al., 2019). However, the mineral weathering is the major supply to plant nutrition,
and nutrient acquisition is related to intrinsic characteristics of plant species as well as
environmental conditions (PAWLIK; PHILLIPS; SAMONIL, 2016; UROZ et al., 2016;
RONDINA et al., 2019).

Acquisition of nutrients by plants requires a mining strategy. An efficient fine-
root system is produced and an elevated colonization of root-microorganisms needs to
be maintained in order to increase soil exploitation potential, especially when plants are
growing in environments with high light incidence and low input of organic material
into the soil (RONDINA et al.,, 2019), as happens during the establishment of
monoculture of trees. In contrast, an established tree population is a shaded
environment, with adult trees that present low metabolic rates and slower growth; thus,
their strategy for nutrient acquisition is the permanent exudation of acid organic
compounds (RONDINA et al., 2019), with variations due to weather conditions
(HARTLEY et al., 1999) and between species due to growth and distribution of roots,
plant physiology, rate of metabolism and associated microorganisms (CHEN et al.,
2006). The strategies of plants are accompanied by pH decrease caused by H* released
for balance charge, leading to weathering through dissolution of minerals in the
rhizosphere indicated by an increase of cation exchange capacity and soluble AlI®*
(WANG; GOTTLEIN; BARTONEK, 2001), with transformation of illite into
vermiculite due to loss of K from the interlayers (BORTOLUZZI et al., 2012), and the
released AI** in the soil retained int the interlayers of 2:1 clay minerals (KORCHAGIN
etal., 2019).
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Rhizosphere is considered a “hotspot” of soil where processes take place in a
higher rate than in bulk soil despite its small spatial size (KUZYAKOV;
BLAGODATSKAYA, 2015). It plays an important role on biogeochemical cycles
(TOBERMAN; CHEN; XU, 2011; HE et al., 2020), as the processes strongly influence
the soil stock of carbon and nutrient budget (TURPAULT; GOBRAN; BONNAUD,
2007) and can affect pedogenesis (CALVARUSO et al., 2009), no matter the period of
contact between the mineral and the active portion of roots (MCGAHAN;
SOUTHARD; ZASOSKI, 2014). The greater changes that proceed in the rhizosphere
generally cause pH reduction in alkali soils, and pH increase in acid soils, depending on
the type of plants grown and the soil mineralogy (MCGAHAN; SOUTHARD;
ZASOSKI, 2014), affecting management practices independently of crop or wood

production.

The soil parameters are affected in different ways by the vegetation type and the
establishment forms and management (MALYSZ; OVERBECK, 2018). Coniferous and
broadleaved trees modify the rhizosphere relative to bulk soil differently, as far as
mixed-forests relative to monoculture stands (CALVARUSO; N’DIRA; TURPAULT,
2011; GUAN; WANG; ZHANG, 2016). Peng et al. (2020) found higher forest floor C
stock in coniferous forest than in broadleaved forests, but according to Hou et al.
(2020), the rate of soil organic carbon (SOC) is greater in broadleaved afforestation than
in coniferous. According to Bu et al. (2020), the nutrient availability in rhizosphere and
bulk soil of mixed coniferous (Cunninghamia lanceolata) and broadleaves (Michelia
macclurei or Schima superba) species is increased compared to pure coniferous
plantations. Malysz and Overbeck (2018) found differences in the soil conditions due to
monoculture and regeneration trees patterns. However, the potential of trees species and
the vegetation establishment form to influence the physical-chemical properties in this
“hotspot” is not synthetized in a systematic review in a perspective of low-input and
sustainable forest growth. Hence, a meta-analysis might be an important tool in helping

to clarify the rhizosphere effects in these scenarios.

Meta-analysis is an efficient statistical approach for conducting systematic

literature reviews that combines the results from two or more individual quantitative
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studies (KOUTSOS; MENEXES; DORDAS, 2019), estimates with more precision the
effect of treatments adjusting for experimental homogeneity (LOVATTO et al., 2007),
and provides objective, transparent and replicable summaries of certain subjects covered
in scientific researches (DEL RE, 2015). General reviews on the rhizosphere have been
recently published (DOTANIYA; MEENA, 2014; SOKOLOVA, 2015; DESSAUX;
GRANDCLEMENT; FAURE, 2016; BROECKLING et al., 2018), as well as
systematic reviews (meta-analyses) considering carbon dynamics in forests (HOU et al.,
2020; PENG et al., 2020). However, a synthesis of individual studies across a variety of
conditions and sites that allows statistical testing on the rhizosphere effect of tree
species and stands establishment form on soil physical-chemical properties is lacking in

literature.

Hinsinger et al. (2009) defined the “rhizosphere effect” as the modification of
chemical, physical and biological properties around living roots that results from the
activity of roots and associated microorganisms. In order to address the rhizosphere
effect of trees, a meta-analysis was carried out to examine the soil attributes under
different species and establishment forms over the last 20 years. Specifically, we
addressed the following research questions: (i) Is it possible to infer about soil
weathering due to species of trees and establishment form accessing soil data of original
researches conducted worldwide? (ii) Do different groups of tree species (coniferous
and broadleaved) tend to produce distinctive levels of rhizosphere effect? (iii) Do
rhizosphere effects change due to stands establishment form (monoculture and mixed
plantations)? It is expected that this meta-analysis will show the gaps in rhizosphere

knowledge to assist in defining the guidelines for the present doctoral research.

3.3 Material and Methods
3.3.1 Literature review

Literature searches in published peer-reviewed journals were conducted from
July 11 to 12, 2020, in the Web of Science Core Collection. We considered for analysis
the studies published from 2000 to 2020 in which soil parameters of the rhizosphere and
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the bulk soil of forest species grown in field conditions were assessed. We used the
specific combination of words “rhizosphere AND bulk AND forest” for the search. The
criteria adopted for selecting the manuscripts were: (i) tree species (coniferous and
broadleaved), (ii) studies performed under field conditions, (iii) trees grown
spontaneously from self-seedling on the regenerated site or close to it (regeneration) or
planted seedlings raised in forest nurseries (monoculture), (iv) soils without chemical
contamination and that did not receive chemical fertilizers, and (v) studies whose data
presented dispersion measures or, if absent, imputable according to Furukawa et al.
(2006).

Our search retrieved 240 publications, among which 90 were downloaded for
detailed examination and only 32 fulfilled the established criteria for the meta-analysis
(Table 1). A total of 170 studies from eight countries (Figure 1) were used in this study,
including 66 on coniferous and 104 on broadleaved trees, 95 planted trees
(monoculture) and 75 naturally regenerated in mixed plantations (regeneration) (Table
2). We gathered data on sample size, mean and standard deviation/standard error of ten
soil properties for the control (bulk soil) and the treatment groups (rhizosphere): (i) pH,
(ii) available phosphorus (Pav), (iii) exchangeable potassium (K*), (iv) exchangeable
calcium (Ca?*), (v) aluminum (AI*"), (vi) total organic carbon (TOC), (vii) effective
cation exchange capacity (eCEC), and particle-size distribution — (viii) sand, (ix) silt and
(x) clay. These data were extracted from tables in original publications, or digitized
from figures using the Web Plot Digitizer software (ROHATGI, 2019). When
dispersion measures were not reported, which was observed in Calvaruso; N’Dira;
Turpault (2011) for pH and eCEC, and Cloutier-Hurteau et al. (2010) for AI**, the
standard deviation (SD) was imputed according to Furukawa et al. (2006). If dataset
presented dispersion measures equal to zero, we changed to 0.0001 to avoid calculation
errors by the RStudio software (R CORE TEAM, 2019). Prior to statistical analysis, the
measurement units were standardized. Furthermore, two moderator variables were
considered: (i) tree species, which were grouped into coniferous and broadleaved; and
(ii) establishment forms, which were grouped into monoculture and regeneration in

mixed plantations.
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Table 1 - Original publications used in the meta-analysis

Reference

Journal

Number of studies

(Agnelli et al. 2016)
(Alvarez et al. 2010)
(Alvarez et al. 2011)
(Angst et al. 2016)

(Bu et al. 2020)
(Calvaruso et al. 2011)
(Chen 2003)

(Chen et al. 2016)
(Chen et al. 2018)
(Chiellini et al. 2019)
(Cloutier-Hurteau et al. 2007)
(Cloutier-Hurteau et al. 2010)
(Collignon et al. 2012)
(Collignon et al. 2011)
(Courchesne et al. 2006)
(Dai et al. 2018)

(De Feudis et al. 2017)
(Fang et al. 2017)
(Guan et al. 2016)

(He et al. 2020)

(Hu et al. 2019)
(Korchagin et al. 2019)
(Liu et al. 2018)

(Liu et al. 2019)
(Phillips and Yanai 2004)
(Séguin et al. 2004)
(Turpault et al. 2007)
(Wang et al. 2016)

(Yin et al. 2014)

(Zhang et al. 2019)
(Zhao et al. 2015)
(Zheng et al. 2016)

Plant Soil (2016) 400: 297-314

J Soils Sediments (2010) 10:1236-1245
J Soils Sediments (2011) 11:221-230
Geoderma (2016) 264: 179-187

Forests (2020) 11: 461-477
Plant Soil (2011) 342:469-480

Forest Ecology and Management (2003) 178: 301-310
J. Plant Nutr. Soil Sci. (2016) 179: 67-77

Soil Biology and Biochemistry (2018) 126: 237-246
Applied Soil Ecology (2019) 138: 69—79

Environ. Sci. Technol. (2007) 41: 8104-8110

J. Environ. Monit. (2010) 12: 1274-1286

Plant Soil (2012) 357:259-274
Plant Soil (2011) 349:355-366

Environmental Toxicology and Chemistry (2006) 25: 635-642
Can. J. For. Res. (2018) 48: 1398-1405

Geoderma (2017) 302: 6-13

PLoS ONE (2017) 12: e0186905
Journal of Tropical Forest Science (2016) 28: 159-166

Geoderma (2020) 374: 114424

Environ Monit Assess (2019) 191:99-114

Catena (2019) 175: 132-143

Applied Soil Ecology (2018) 132: 91-98

Plant Soil (2019) 436: 365-380

Water, Air, and Soil Pollution (2004) 159: 339-356
Plant and Soil (2004) 260: 1-17

Geoderma (2007) 137: 490-496

J Soils Sediments (2016) 16: 1858-1870

Soil Biology & Biochemistry (2014) 78: 213-221
Journal of Soils and Sediments (2019) 19: 2913-2926

J Arid Land (2015) 7: 475-480

Biogeochemistry (2016) 131: 65-76
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Table 2 — Number of studies by country, tree species and establishment forms

Number of studies

Country Coniferous Broadleaved Monoculture  Regeneration

Brazil 1 - 1 1 -
Canada 26 4 22 3 23
China/Tibet 46/20 21/14 25/6 32/- 14/20
France 51 27 24 48 3
Germany 1 - 1 1 -

Italy 17 - 17 10 7

Spain 2 - 2 - 2

USA 6 - 6 - 6
TOTAL 170 66 104 95 75

Figure 1 - Worldwide distribution of the study sites included in this meta-analysis

Legend
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3.3.2 Statistical analysis

The effect size, which is a quantitative index that reflects the magnitude of the
association among variables of interest in each study (KONSTANTOPOULOS, 2006),
was calculated. Assuming that the methods of the studies and the characteristics of the
samples are different and may introduce variability among the true effects, a random-
effects model was used as suggested by Viechtbauer (2010). A mixed-effect model
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analysis was considered based on the assumption of random variation in effect size
between studies. Thus, it may account for at least part of heterogeneity in the true
effects (VIECHTBAUER, 2010).

To estimate the rhizosphere effect on soil attributes, the effect size for each data

point was calculated as the natural log of the response ratio (In RR) as:

In(RR) =1n (X;/X.)

where X: is the rhizosphere (treatment) mean and X is the bulk soil (control)
mean. The log transformation was used to balance positive and negative effects and to
maintain symmetry in the analysis specially when data presented discrepancies. The RR

variance (v) associated with each effect size was calculate by the following equation:

SD? sDé
2 2
TltXt Ne XC

V =

where SD¢ and SD are the standard deviations for the treatment and the control
groups, respectively; nt and nc are the sample sizes for the treatment and the control
groups, respectively. Ln (RR) = 0 indicates no rhizosphere effect, In (RR) > 0 represents
positive rhizosphere effect, and In (RR) < 0 represents negative rhizosphere effect.

The values of the soil attribute estimate, as represented by the effect sizes, were
transformed in percentage for better understanding (Appendix ). Negative percentages
indicate a decrease in soil attribute numerical value caused by the treatment
(rhizosphere) when compared to the control (bulk soil), whereas positive values indicate
an increase in rhizosphere attribute levels. If a 95% confidence interval did not overlap
with zero, then a significant rhizosphere effect was considered. All analyses were
conducted using metafor package version 2.4 (VIECHTBAUER, 2010) in RStudio (R
CORE TEAM, 2019), and SigmaPlot Version 12.0 was used to create the forest plots.

Correlation analysis (reported using Pearson correlation coefficients, r) was

carried out to identify the relationships between pH, TOC and eCEC in the rhizosphere
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(treatment) and bulk soil (control) with the climatic factors mean annual precipitation
(MAP) and mean annual temperature (MAT). These three soil attributes were chosen
due to the greater number of studies (n>40) relatively well distributed among the

moderator variables, what was not observed for other attributes.

3.3.3 Heterogeneity and moderator variables

We conducted an overall random effect size meta-analysis, where averages of the
effect sizes of all studies were estimated to check whether they were homogeneous or
not (Appendix I). Heterogeneity was quantified using 12, an index that describes the
percentage of the total variability over studies and allows to compare meta-analysis of
different types and sizes of studies with different outcome data and choices of effect
measure (HIGGINS et al., 2003). Percentages of approximately 25, 50 and 75% indicate
low, moderate and high heterogeneity, respectively (HIGGINS et al., 2003). When test
for heterogeneity was significant, we performed a sensitivity analysis.

Subgroup meta-analysis was performed in order to incorporate moderator
variables that could account for at least part of the heterogeneity among effect sizes.
Our moderator variables of interest were trees species, i.e. “coniferous” and
“broadleaved”, stand establishment forms, 1i.e. “monoculture” and natural
“regeneration” in mixed plantations. However, conclusions were not made on the

subgroups that presented only one study in order to avoid misleading statements.

3.3.4 Publication bias and sensitivity analysis

In order to check if the literature review was subject to publication bias, that is
significant treatment differences are more likely to be published than non-significant
findings, potential publication bias was assessed statistically by the “funnel” function in
the metafor package, and graphically represented with funnel plots of effect sizes versus
their standard errors (Appendices Il to 1V). In the absence of publication bias, it is

assumed that studies with higher precision will be plot near the average, and studies
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with lower precision will be spread evenly on both sides of the average, creating a
funnel shape distribution. Deviation from this shape may indicate publication bias. We
also performed the trim and fill analysis, which estimates the number of potentially
missing studies from a meta-analysis due to the suppression of the most extreme studies
on one side of the funnel plot. It demonstrates how the overall summary effect size

would shift if apparent bias would be removed.

Sensitive analysis was performed by assessing both variance and contribution of
each study for the overall summary effect size. Studies that presented great variance and
low contribution when compared to others in the dataset were removed one at a time
and the meta-analysis was performed again. This shows how much heterogeneity and

summary effect size change in the absence of the removed studies.

3.4  Results
3.4.1 3.4.1 Particle-size distribution, Al** and pH

The results of the overall meta-analysis for sand and silt did not show difference
between rhizosphere and bulk soil, while clay content decreased 55.51% in rhizosphere
(treatment) when compared to bulk (control) (Figure 2a). For the overall meta-analysis,
great inconsistences in the risk ratio estimates between the studies were observed for all
particle-sizes (1°=98.95% for sand, 99.71% for silt and 99.76% for clay). These great
heterogeneities were not explained by the establishment form moderator variable,
whereas the 12 index remained elevated (>98%) and highly significant (p < 0.01).
Particle-size responses due to tree species moderator variable were not able to be

evaluated due to missing studies on coniferous trees.

The contribution of the studies to the summary effect size was also assessed. It
was observed that 62.98% of the effect size is explained by 3 out of 19 studies for sand,
whereas 4 out of 19 studies accounted for 86.44% of the summary effect size on silt. On

the other hand, 54.06% of the effect size is explained by 4 out of 19 the studies for clay.
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A reduced number of studies that explain most of effect size is an explanation for the

high heterogeneity among them.

Twenty-two studies were recorded for AI**, but the sensitivity analysis led us to
dispose of one (ALVAREZ et al., 2010). Thus, in the overall meta-analysis (n=21), AI**
values increased 68.20% in rhizosphere when compared to bulk (Figure 2b), and in the
coniferous rhizosphere AI** content was 197.43% higher than in the coniferous bulk.
Aluminum was 50.68% greater in rhizosphere than in bulk for broadleaved trees. Due to
few studies on monoculture (only two), the comparation between AI** in rhizosphere
and bulk soil within establishment form moderator variable could lead to mistakes. The
high heterogeneity of the overall meta-analysis (1>=99.74%; 95% CI: 99.48 to 99.87%;
df=20; p < 0.01) did not change when moderator variables were considered, which
means that most of the variability among studies are due to heterogeneity and cannot be
fully explained by the moderators. Five out of 22 studies account for 86.30% of the

overall summary effect size for AI3*,

In the overall meta-analysis, it was observed that rhizosphere pH decreased
1.98% relative to bulk soil (Figure 2c). The studies on pH (n=116) presented high
heterogeneity among them (12=99.93%; 95% CI: 99.91 to 99.96%; df=115; p < 0.01)
which could not be explained by both tree species and establishment form moderator
variables, since the 1% index remained higher than 97%. However, when comparing
rhizosphere pH with bulk pH inside both moderator groups, coniferous presented the
greatest pH reduction (2.96%) in relation to broadleaved (1.98%), while the pH
reduction for monoculture and regeneration rhizospheres was the same (1.98%). As this
soil attribute has many studies that account for the overall effect size, the contribution of

each one is well distributed across the dataset.

Particle-size distribution (sand, silt and clay), AI** and pH presented publication
bias since they are not evenly distributed in both sides of the average and many studies
are plotted marginally or out of the funnel shape (Appendix Il). In order to balance the
meta-analysis, the trim and fill method suggested that for sand, three studies may be

added on the left side of the average, adjusting the 1> to 99.03% and the effect size to -
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7.54%. Five studies may be added on the right side of the average for AI®*, adjusting the
12 to 99.82% and the effect size to 98.40%.

Figure 2 - Rhizosphere summary effect size on particle-size distribution (a), AI** (b) and
pH (c)
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3.4.2 Available P, exchangeable K, exchangeable Ca and effective CEC

The concentration of available phosphorus (Pav) was higher in rhizosphere than
in bulk soil (18.53%, n=32) (Figure 3a). Although Pay in coniferous soils presented
higher concentration than in broadleaves, the increase of Pay in the rhizosphere did not
differ from bulk soil in both coniferous and broadleaved sites. Taking into account the
establishment form moderator variable, Pay was higher in regeneration rhizosphere
(32.31%) than in regeneration bulk, but in the monoculture rhizosphere, the increase in
Pav (16.18%) did not differ statistically from the monoculture bulk.
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The overall meta-analysis for exchangeable potassium (K*) showed positive
rhizosphere effect, with an increase of 69.89% (n=18) relative to bulk (Figure 3b). The
coniferous rhizosphere increase was higher (80.40%) than the broadleaved rhizosphere
increase (69.90%) when compared to the respective surrounding bulk soil. The
regeneration rhizosphere effect was even greater (203.44%) than the monoculture
rhizosphere (24.61%), even though the increase of K* in the monoculture rhizosphere

has not been enough to differ from the regeneration bulk soil concentration.

Exchangeable calcium (Ca?*) in the rhizosphere was not significantly different
from bulk soil in the overall meta-analysis (Figure 3c). The large confidence interval
(between -30.23% and 29.69%) indicates great data dispersion for this soil attribute,
which reduces the estimate precision. Non-significant reduction on Ca?* was also
observed within the coniferous and regeneration rhizosphere relative to bulk soil, and
non-significant increase was found for broadleaved rhizosphere compared to bulk. For
monoculture, the significant reduction (15.63%) was not reliable because only one study

was recorded.

Effective cation exchange capacity (eCEC) increased 22.14% (n=41) in
rhizosphere compared to bulk soil (Figure 3d) considering all recorded studies.
Coniferous had a higher eCEC (24.61%) in relation to their respective bulk soil than
broadleaved (17.35%). Although the regeneration rhizosphere presented greater eCEC
(34.90%) compared to monoculture bulk, any conclusion on this respect would be

premature due to the small number of registers (n=4) from only three studies/regions.

High heterogeneity was identified in the overall meta-analysis of all four
attributes, as demonstrated by a high 12 index (93.54% for Pav; 98.92% for K*; 99.55%
for Ca?*, 85.65% for eCEC), which may indicate inconsistency across studies. The
attempt to explain part of heterogeneity through moderator variables was frustrated for
all attributes. However, within P, and K* regeneration, the lower heterogeneity is due
to all or almost all studies have come from the same publications and conditions. For

eCEC, the heterogeneity of the regeneration subgroup was reduced to zero probably due
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to the small number of studies (n=4). The same was observed within Ca?* monoculture

subgroup (n=1).

The publication bias analysis through funnel plots visual interpretation showed
that Pay, K" and Ca?* studies presented publication bias since they are not evenly
distributed in both side of the average and more than 40% are plotted marginally or out
of the funnel shape. Despite the low number of studies plotted out of the funnel shape
for eCEC (22%), we also assumed as presence of publication bias (Appendix III).
Therefore, the trim and fill method suggested five studies to be added for Ca?*, three for
K* and seventeen for eCEC. For Ca?*, the studies were plotted on the right side of the
average, and for K* and eCEC on the left side of the average. These extra studies
adjusted the 12 and reduced the rhizosphere effect size for these three attributes: for
Ca2*, 12=99.57% and negative effect size -22.79%; for K*, 1>=98.86% and positive
effect size 53.97%; and eCTC, 1>=91.24% and positive effect size 9.63%.

The contribution of the studies for Pay shows that 5 out of 32 studies accounted
for more than 50% of the overall effect size. Three out of 18 studies/registers of K*
explained 77.02% of the overall effect size, 4 out of 17 studies of Ca?" explained
61.82% of the overall effect size, and for eCEC, only one study out of 41 accounted for
76.92% of the overall effect size.
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Figure 3 - Rhizosphere summary effect sizes on available P (Pav) (a), exchangeable K
(K*) (b), exchangeable Ca?* (c) and effective cation exchange capacity (eCEC) (d)

@ (b)
Overall effect size (32) 4 E—< - Overall effect size (18) E—(
—l' _ T Tree specie| I i I S Tree specie
Coniferous (15) t ins Coniferous (5) E—«
Broadleaved (17) FE—{ ns Broadieaved (13) E—4 -
R Establishment form| =TT Establishment form|
Monoculture (25) - ns (11) ns
Regeneration (7) ' | fon Regeneration (7) —f
-10 0 10 20 30 40 50 60 0 50 100 150 200 250 300
R, Summary Effect Size (%) K* Summary Effect Size (%)
(C] @
Overall effect size (17) %E% ns Overall effect size (41) 5—4
Tree spcie ——] T s Tree specie|
Coniferous (3) { ins Coniferous (21) 4 E—<
Broadleaved (14) 4 F—B—l ns Broadleaved (20) 1 E—«
Establishment form - ' Establishment form
—— —- vercoecn|{ [ — -
'
Regeneration (16) I—E*i ns Regeneration (4) k A
-150 -100 -50 0 50 0 20 40 60 80
Ca®" Summary Effect Size (%) eCEC Summary Effect Size (%)

Bars represent the response ratio (%) £ 95% confidence interval. Numbers in parentheses indicate the
number of studies (n). Significance at * p< 0.1; ** p< 0.05; *** p<0.01; “ns” not significant

3.4.3 Total organic carbon

Total organic carbon (TOC) was the second attribute most retrieved in our
literature review (n=96). After examining the overall meta-analysis results for
sensitivity, tree studies of Dai et al. (2018) were removed from the TOC dataset due to
their high variability and low contribution to the overall summary effect size
(0.00049%, 0.00029% and 0.00042%). Thus, considering the overall meta-analysis,
TOC significantly increased in the rhizosphere by an average of 75.07% (n=93) in
relation to bulk soil (Figure 4). The contribution of each study for the overall effect size
was not computed since the effect size is uniformly distributed across the dataset.

Analyzing the effect of tree species on TOC, it was observed that in the
coniferous rhizosphere, TOC increased 82.21% compared to coniferous bulk soil, which

is a higher rate than broadleaved trees rhizosphere (69.89%) when compared to the bulk
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soil. Furthermore, the rhizosphere effect of the regeneration was greater (91.55%) than

monoculture (63.23%).

Heterogeneity across studies was high and statistically significant for TOC
(1?=98.19%), and the moderator variables were not able to explain it since the 1% index
remained high, i.e. there is inconsistency in the risk ratio estimate across studies.
Publication bias was observed for TOC (Appendix 1V), and trim and fill analysis did not

plot any extra studies.

Figure 4 - Rhizosphere summary effect size on total organic carbon (TOC)
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number of studies (n). Significance at * p< 0.1; ** p< 0.05; *** p< 0.01; “ns” not significant.

3.4.4 Correlation analysis

pH is significantly correlated with mean annual precipitation (MAP) in both the
rhizosphere and the bulk soil (Table 3), but it was not significantly correlated with mean
annual temperature (MAT). However, TOC in both rhizosphere and bulk soil was
significantly correlated with both MAP and MAT, while eCEC does not correlate
significantly with neither MAP nor MAT.
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Table 3 - Pearson correlation coefficients (r) between pH, total organic carbon (TOC),
effective cation exchange capacity (eCEC) and the climatic factors mean annual
precipitation (MAP) and mean annual temperature (MAT)

MAP MAT n
Rhizosphere -0.47 ** 0.02"
pH ) 116
Bulk Soil -0.36 ** 0.02 "
Rhizosphere 0.62 ** -0.51 **
Total TOC ) 93
Bulk Soil 0.36 ** -0.38 **
Rhizosphere -0.23™ -0.16 ™
eCEC 41
Bulk Soil -0.03™ -0.26 ™

** Significant at p< 0.05; “ns” not significant. n = number of studies.
3.5 Discussion
3.5.1 The rhizosphere effect of trees: changes in physical and chemical properties

The particle-size distribution for the overall meta-analysis presented higher and
significant reduction on rhizosphere clay content relative to bulk soil, suggesting the
effect of plants on weathering of minerals (CAMA; GANOR, 2015; SOKOLOVA,
2015; KORCHAGIN et al., 2019) through the claying process. pH reduction followed
by an increase in soluble AI** and eCEC in the rhizosphere compared to the surrounding
bulk soil indicates the soil weathering through dissolution mechanisms in the
rhizosphere zone (WANG; GOTTLEIN; BARTONEK, 2001). The higher concentration
of K* in the rhizosphere compared to bulk suggest the dissolution mechanisms followed
by mineral transformation, as there is probably loss of K* from illite interlayers, leading
to its transformation into vermiculite (BORTOLUZZI et al., 2012).

The high acidity due to an increase in proton activity (H*) in the rhizosphere is
attributed mostly to low-molecular-weight organic acids (LMWOAS) released by
microbiota, primarily ectomycorrhizal fungi (SOKOLOVA, 2011), as a mechanism of
plant nutrition through the balance charge (WANG; GOTTLEIN; BARTONEK, 2001).
This is also in accordance with the higher significant correlation between pH and MAP

in the rhizosphere than in bulk soil (Table 3), and with the higher reduction of clay
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content followed by an increase in soil acidification and increased exchangeable AI** in
this “hotspot” (WANG; GOTTLEIN; BARTONEK, 2001). These suggest the action of
two mechanisms: (i) clay dissolution rate pH dependent on rhizosphere mineral
weathering and (ii) stoichiometry dissolution, which is pH dependent (CAMA;
GANOR, 2015; KORCHAGIN et al., 2019). In response to soil acidification, AI** is
released in the soil to form complex structures as 2:1 mixed-layered minerals with Al-
interlayers (VIENNET et al., 2016; KORCHAGIN et al., 2019), and a deeper
transformation of micas and illite into expandable mineral is a tendency revealed by
Sokolova et al. (2019). Furthermore, the mobilized AI** may precipitates as poorly
crystalline inorganic forms or, preferable, form Al-organic complexes highly stable,
preventing plants from its toxic effects (ALVAREZ et al., 2010).

Plants colonize and adapt to different environments. To enable this adaptation
and favor their growth, they induce modifications in the rhizosphere zone, which are
related to the continuous supply of roots exudates, border cells and products from the
metabolism of microorganisms (SOKOLOVA, 2015). Among the strategies of plants
adaptation is the chemotaxis followed by the association with microorganisms and the
increase of organic acids exudation, thus increasing the rate and degree of dissolution of
carbonate, silicate and phosphate minerals (LAZO; DYER; ALORRO, 2017;
SOKOLOVA et al., 2019), and the mobilization of nutrients (SOKOLOVA, 2015).
Mycorrhizal association, for instance, is a strategy of plants roots and fungal hyphae to
increase the volume of soil exploitation and mobilization of available P through organic
acids release (CLARKSON; HANSON, 1980). The soil acidification affects the pools
of base cations and have implications on mineral weathering and forest sustainability
(ROSENSTOCK et al., 2019). For example, the Ericaceae strategy to grown in very
acid soil is to modify the rhizosphere pH from close to neutral to acid levels with
respect to the bulk soil, which may be related to the ability of Ca?* accumulation in the
root zone (ALVAREZ et al., 2011). In this sense, despite not significant, the reduced
levels of Ca?* in the rhizosphere of trees relative to bulk soil may be associated with

coniferous and broadleaved adaptation to different environments, suggesting that the
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low Ca?* availability in soil solution may be due to root charge sites occupied by this

element.

Both K™ and available P increased in rhizosphere compared to bulk soil (69.89
and 18.53%, respectively). Although the dissolution mechanism due to pH may be
involved in the availability of these nutrients, the sources may vary. The main
mineralogical changes in soils of humid regions is the transformation of micas and illite
into chloritized structures and labile minerals (SOKOLOVA, 2011). During the
transformation of illite into vermiculite, K is released from the interlayer to the soil, as
Bortoluzzi et al. (2012) observed in grape production. This alteration in soil clay
mineralogy may occur in very small temporal and spatial scales (TURPAULT; RIGHI;
UTERANO, 2008). Furthermore, according to Vinichuk et al., (2010), fungal nutritional
demands is supposed to regulate P uptake. Apatite is the primary source of soil mineral
P due to its relatively high dissolution rate specially in acid medium. However, the
organic matter mineralization is an important source of both K (TURPAULT; RIGHI;
UTERANO, 2008) and P (CHEN, 2003). On sites P deficient, phosphatase activity and
the production of organic acids may be enhanced especially in the rhizosphere (CHEN,
2003; FUJII; AOKI; KITAYAMA, 2012; HOFMANN; HEUCK; SPOHN, 2016).

The potential of exchangeable nutrients was improved in the rhizosphere when
compared to bulk soil, which is indicated in this meta-analysis by an increase in eCEC
levels (22.14% higher in rhizosphere relative to bulk). This result confirms that the
interaction between roots, soil and microorganism enriches the rhizosphere pool
exchangeable sites and ions compared to bulk (HUMMES et al., 2019), independently
of the tree species (CALVARUSO; N’DIRA; TURPAULT, 2011). Our results
corroborate with Sokolova (2011), who demonstrated the importance of the rhizosphere
and, especially, the ectomycorrhizosphere, for the higher CEC due to a more acid
reaction compared to the soil beyond the rhizosphere, and with Collignon et al. (2011),
which stated that beyond the benefits of the higher biological activity in rhizosphere
compared to bulk is an efficient nutrient recycling. However, some species in some sites
may have the rhizosphere effect on microbial activity and availability of nutrients
reduced by increment in soil fertility (PHILLIPS; FAHEY, 2008).
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As related by several studies cited here, higher concentration of TOC was found
in the rhizosphere than in bulk soil, and both compartments presented significant
correlation of TOC with MAP and MAT, which confirm the influence of these climatic
factors on soil C stocks and fluxes. Warming and increased precipitation stimulates the
soil respiration and ecosystem photosynthesis, reflecting in increased aboveground
biomass and productivity (SULLIVAN et al., 2008; LUO et al., 2009; WU et al., 2011),
with larger responses in woody ecosystems (RUSTAD et al., 2001) as consequence of
higher microbial activity (SARDANS et al., 2008), enhanced C inputs and net C uptake
(LUO et al., 2009; WU et al., 2011), and soil nutrient mineralization (HARTLEY et al.,
1999). However, eCEC cannot be directly correlated to MAP and MAT since it depends
on several cations and each one is related to different soil properties. Furthermore, the
ecosystems are less responsive to the interaction of warming and precipitation than
expected from single-factors effects (LUO et al., 2008; WU et al., 2011)

3.5.2 The impact of coniferous and broadleaved trees in the rhizosphere effect

Rhizosphere affects the soil solution composition and its effect depends on the
specific functioning of different plant species, the related microbial community, and soil
mineralogy (MCGAHAN; SOUTHARD; ZASOSKI, 2014; SOKOLOVA et al., 2019).
Adjacent soils with the same land-use history, under an uniform tree coverage, may
present differentiation of the soil microbial community, especially when exotic species
are compared to native ones (KOURTEV; EHRENFELD; HAGGBLOM, 2002), but
also when coniferous rhizosphere is compared with broadleaved (SOKOLOVA et al.,
2019). But for all tree species, numerous studies demonstrated that Ca, Mn, K, Fe, Mn,
Al saturations and proton activity, N, C and base saturation are generally increased in
the rhizosphere compared to bulk soil (SEGUIN; GAGNON; COURCHESNE, 2004;
TURPAULT et al., 2005, CALVARUSO; N’DIRA; TURPAULT, 2011,
COLLIGNON; RANGER; TURPAULT, 2012).

This meta-analysis shows that the coniferous rhizosphere decreased the pH in a
higher percentage (2.96%) than the broadleaved rhizosphere (1.98%). On the other
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hand, A" increased in a greater proportion in the coniferous rhizosphere (197.43%)
than in the broadleaved rhizosphere (50.68%). These results suggest that the risk of Al
toxicity is higher under coniferous than under broadleaved trees and are in agreement
with the higher pH decrease observed under conifers by other studies (FIRN;
ERSKINE; LAMB, 2007; COLLIGNON; RANGER; TURPAULT, 2012). In acid soils,
the rhizosphere plays an ecological role in Al detoxification by both nutrient
accumulation and Al complexation with organic compounds (COLLIGNON;
BOUDOT; TURPAULT, 2012). Similar changes in soil acidity due to forest species
were observed by Sokolova et al. (2019), who described lower pH values in the
rhizosphere and enclosing soil of the conifer Norway spruce (Picea abies) than in the
rhizosphere and enclosing soil under the broadleaved Norway maple (Acer platanoides).
Also, in the clay fraction, smaller quantities of mica, kaolinite and illite, which are more
labile minerals associated with higher nutrient availability, was found under spruce than
under maple. These authors attribute the differences partially due to the woody species

and associated microbial community, and partially due to the clay fraction composition.

Along with the higher increase of H* activity and AIP* availability in the
coniferous than in the broadleaved rhizosphere is the higher Pa, K*, TOC and eCEC.
All these soil parameters indicate that the impact of conifers on soil is greater than
broadleaves (FIRN; ERSKINE; LAMB, 2007; COLLIGNON; RANGER; TURPAULT,
2012; SOKOLOVA et al., 2019). However, as far as the studies are concentrated in
temperate zones, further researches in the tropics are needed to find the impact of tree

species worldwide.

3.5.3 Changes in rhizosphere properties due to regeneration and monoculture
establishment forms

The rhizosphere of naturally regenerated forest soils, where tree species grown
spontaneously in a mixed-forest stand, is richer in TOC, K*, available Pay and eCEC
than the rhizosphere of monocultures when compared to the respective bulk
compartment, despite pH decreased at the same intensity (1.98%). These results confirm

the positive relationship between soil nutrient availability and the diversity of trees
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species. Since naturally regenerated woody environments favor the recolonization of
species from native flora, the greater diversity of organic materials as leaf litter and
roots promote the nutrients availability more similar to natural secondary forest and the
maintenance of the original edaphic conditions (FIRN; ERSKINE; LAMB, 2007), with
increasing in soil fertility (MALYSZ; OVERBECK, 2018). Our results corroborate with
Fan et al. (2019), which found higher content of organic matter and K* in secondary
forest soils compared to planted forests under the same geological conditions, and with
Bu et al. (2020), who stated that soil nutrient availability is promoted by replacing
monoculture of Chinese fir for a mixed-species forest.

Forested sites that produce woody biomass are subject to long-term soil
acidification due to hydrolysis and cations exportation by the harvest (MCGIVNEY et
al., 2019), which impacts the soil chemistry and weathering (ZAHARESCU et al.,
2020). The soil weathering spatial scale in forested sites depends on the root density and
the microbial community composition, which is greater in old forests relative to
regenerating forests (ZAHARESCU et al., 2020). Moreover, planted forests present
lower root:shoot ratio relative to natural forests even at the same water availability
(WANG; FANG; ZHU, 2008), which explains part of the establishment form effect on
rhizosphere properties.

Despite the higher AI®* concentration found in the regeneration forest
rhizosphere than in bulk soil when compared to monoculture, the small number of
studies on monoculture (only two) did not permit us to accurately infer about this soil
attribute on establishment form. The same happens with Ca*, which presented only one
study for monoculture. Thus, inferences considering these elements would lead to

misleading conclusions.

The natural succession with tree species depends on their regenerative potential,
the distance from seed source and the soil conditions (LEE; HAU; CORLETT, 2005).
At stand level, it was facilitated by the small size of the plantations/stands and by the
low density of trees (MALYSZ;, OVERBECK, 2018). However, the level of

germination and recolonization strongly depends on the characteristics of the plantation
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species (FIRN; ERSKINE; LAMB, 2007) and the combination of nutrients availability
(FOLLMER et al., 2021). In order to achieve a low-input and sustainable forest
production, a better understanding of the tree species on nutrient availability in soils is
crucial. Although monocultures of trees are a major basis for biomass supply,
management strategies that aim the transformation of the existing natural woody plant
regeneration under plantations into commercial forests is desirable since original soil
fertility tend to be preserved (RAMULA et al., 2008; MALYSZ; OVERBECK, 2018).
Agronomic and/or breeding approaches that contemplate the manipulation of the
rhizosphere environment may enhance the nutrient use efficiency (DOTANIYA,;
MEENA, 2014).

3.6  Conclusion

Our meta-analysis clearly illustrates the positive rhizosphere effect on nutrient
mobilization compared with the surrounding bulk soil, mostly in temperate zone where
studies are concentrated. The more acid medium in the vicinity of roots compared to the
bulk soil promotes a higher soil weathering followed by mineral dissolution in this
compartment, as signalized by clay content decrease and the increase in effective cation
exchange capacity and several nutrients essential to plant nutrition. The coniferous
rhizosphere effect is greater than broadleaved rhizosphere effect. Contrasting trees
naturally regenerated in mixed plantations with monocultures, the soil fertility is higher
in the first one which favor the trees establishment and development. The knowledge of
rhizosphere effect on soil-plant interaction is critically required for a better
understanding of the dynamics of forest systems for biomass production in a low-input
perspective, especially in tropical zones where researches on this topic are scarce. A gap
of rhizosphere studies in tropical and subtropical regions, which are considered “the
new agricultural frontier”, was detected. Tree species selection and current forest
management practices must be revisited, as far as replacing monoculture plantations for
naturally regenerated trees under canopy and/or mixed-species stands may be consider

as an option for multiple purposes forest toward sustainability.
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4 CHAPTER II

Higher mineral weathering of a Ferralsol evidenced in the rhizosphere of conifer

plantations grown in a subtropical climate

4.1  Abstract

Rhizosphere soil is more sensitive and susceptible to biochemical and physicochemical
changes than the surrounding bulk soil. The magnitude and speed of changes in
rhizosphere depend on environmental conditions, plant species, their root system
architecture and associate microorganism, and soil mineral composition. Thus, the
purpose of the present study was to examine the geochemical changes and mineralogical
evolution of two soil compartments (Rhizosphere, RZ; and Bulk Soil, BS) in three sites
(Natural Araucaria Forest — NAF (control); Reforested Araucaria Forest — RAF; and
Reforested Slash Pine Forest — RPF). Soil samples were collected under the canopy of
Araucaria angustifolia (Bert.) O. Ktze. in both a native forest and a monoculture, and
under the fast-growing exotic Pinus elliottii (Engelm.) plantation. We evaluated (i) if
there was a significant rhizosphere effect in the two monoculture plantations compared
to the natural reference site, (ii) if the intensity of the rhizosphere effect was associated
to the conifer species, and (iii) if there was evidence of alteration of clay minerals
assemblage due to conifers growth compared to MOF. No differences on chemical
attributes were found between RAF-RZ and NAF-RZ; however, total organic matter and
available phosphorus in RPF-RZ differed from NAF-RZ. Although no differences were
observed in silt and clay contents between RZ and BS for all sites, RPF promoted silt
decrease followed by clay increase in both compartments, while in RAF the opposite
was observed. The diversity of clay mineral assemblage the soil samples was not broad,
but variation in the relative proportions of clay minerals was observed, comprising
kaolinite, illite and hydroxy-interlayered minerals (HIM), with kaolinite-enrichment in
NAF-RZ, RAF-RZ and RPF, and absence of illite in slash pine soil. The proportion of
crystalline iron oxides was higher in RPF-RZ suggesting the influence of TOC impact
on iron oxides dissolution. This study evidences acceleration of soil weathering by
monoculture of conifers, with higher rates in slash pine than araucaria, increasing the
risk of soil quality loss when compared with the native Araucaria soil.

Keywords: 1. Araucaria angustifolia. 2. Pinus elliottii. 3. X-ray diffraction. 4. Ferralsols.



4.2 Introduction

Anthropic activities modify soil properties, among them the clay minerals
assemblage and their functions (soil organic matter, water retention, nutrient supply,
physical stability), on a time scale ranging from few months to hundreds of years,
depending on the environment where the processes occur in soil (CORNU et al., 2012).
In the rhizosphere, these changes can be very fast (HOUBEN; SONNET, 2012;
HINSINGER; JAILLARD, 1993), affecting the soil over pedogenic time
(CALVARUSO et al., 2009).

Firstly defined by Hiltner, in 1904, as the volume of soil surrounding the roots of
living plant that is influenced by their activity (HINSINGER, 1998; HINSINGER,;
PLASSARD; JAILLARD, 2006), the rhizosphere is not a region of definable shape and
size due to the complexity and diversity of plants root systems. It consists in a gradient
of physical, chemical and biological properties that change along the roots (MCNEAR
JR., 2013) and where processes take place in a higher rate than in bulk soil
(KUZYAKOV; BLAGODATSKAYA, 2015). The rhizosphere plays an important role
on biogeochemical cycles (TOBERMAN; CHEN; XU, 2011; HE et al., 2020), as the
processes strongly influence the soil stock of carbon and nutrient budget (TURPAULT;
GOBRAN; BONNAUD, 2007) and can affect pedogenesis (CALVARUSO et al.,
2009), no matter the period of contact between the mineral and the active portion of
roots (MCGAHAN; SOUTHARD; ZASOSKI, 2014).

The impact of root-soil contact time on mineral weathering and nutrient release
in pots was investigated by many authors. Naderizadeh, Khademi and Arocena (2010)
studied the transformation of phlogopite and muscovite in the rhizosphere of alfalfa
(Medicago sativa L.) under influence of added organic matter (OM). They observed an
increase of acidity, K release and mineral transformation due to OM addition with
dependence on the type of mineral. Houben and Sonnet (2012) observed the weathering
of smithsonite, a Zn mineral, as consequence of dissolved organic carbon produced by
the rhizosphere activity of ryegrass (Lolium multiflorum Lam). The effect of a monocot

(fescue, Vulpia myuros) and a dicot (tomato, Solanum lycopersicum) on mineral
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stability and soil solution composition was investigated by Mcgahan, Southard and
Zasoski (2014). They demonstrated a greater influence of the dicot then the monocot
rhizosphere, with rhizosphere solution extracts farther from equilibrium than bulk soil
solution extracts. These studies were conducted on annual plants and in laboratory,
where the conditions are very different from those existing in natural ecosystems since
the environment is controlled, resources are limited, and the surface of contact between

roots and minerals is larger, which maximizes the impact on mineral weathering.

Several in situ studies on rhizosphere of trees to understand the ecosystem
dynamics in temperate climate regions have been conducted, while in subtropical and
tropical regions they are scarce, especially for conifers. Turpault, Gobran and Bonnaud.
(2007) assessed the differences and the evolution of chemical properties for bulk soil,
rhizosphere and rhizosphere interface in a Pseudotsuga menziesii (Mirb.) Franco
ecosystem and found significant increase in the measured variables (organic matter,
cation exchange capacity and exchanged base cations) in the same order (bulk <
rhizosphere < rhizosphere interface) in months with higher temperature and biological
activity. Calvaruso, N’dira and Turpault (2011) compared physicochemical properties
of rhizosphere and bulk soil of five tree species in Breuil-Chenue forest. The soil
phosphorus (P) supply due to rhizosphere organic P of two tree species (Populus
simonii and Pinus sylvestris) in semiarid forests of Northeast China was investigated by
Zhao et al. (2015), who detected variations in rhizosphere recalcitrant organic P due to
tree species. Temporal variations in phosphatase activity and P fractions in bulk soil and
rhizosphere of Larix olgensis plantations with different developmental stages (16-, 23-,
34- and 49-y-old stands) were examined by Chen, Zhang and Duan (2016). The study
indicated that the species development affects P bioavailability through changes in P
fractions dynamic and phosphatase activities. Studying the mixture effect of Chinese fir
(Cunninghamia lanceolate) with broadleaved species, Bu et al. (2020) showed more

rhizosphere P availability in mix plantations of the species.

The greater changes that proceed in the rhizosphere are generally related to the
strategies of nutrient acquisition by plants, among them the permanent exudation of acid
organic compounds (RONDINA et al., 2019) accompanied by pH decrease promoted by
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H* released for balance charge (HINSINGER et al., 2001; CALVARUSO et al., 2009).
Also, most of weathering processes occur due to reaction of minerals in aqueous
solution (CHURCHMAN; LOWE, 2012), where the dissolved CO2 originated from
biota respiration and atmospheric inputs reacts with water, forms carbonic acid (H2COg)
and releases H* into soil solution (CHURCHMAN; LOWE, 2012). However, these
processes depend on the environmental conditions, type of plants and associated
microorganisms, and on the soil mineralogy (MCGAHAN; SOUTHARD; ZASOSKI,
2014; UROZ et al., 2016; RONDINA et al., 2019), and lead to weathering through
dissolution of minerals that is intensified in the rhizosphere. Cation uptake by plants in
exchange for H* also results in an increase of Al solubility and control the soil pH (LI;
JOHNSON, 2016). The mineral dissolution is identified by increases of AI** released
into soil solution (WANG; GOTTLEIN; BARTONEK, 2001; VIENNET et al., 2016;
KORCHAGIN et al., 2019), with transformation of illite into vermiculite due to loss of
K* from the interlayers (BORTOLUZZI et al., 2012), retention of the AI** in the
interlayers of 2:1 clay minerals (KORCHAGIN et al., 2019), and transformation of
hydroxy interlayered 2:1 clay minerals into smectite and vermiculite by depletion of Al-
interlayers due to its complexation by low molecular weight organic acids in soil
solution (BRAHY; TITEUX; DELVAUX, 2000; INDA et al., 2010; FINK et al., 2014)

Soils in the highlands of Southern Brazil, which are predominantly developed
under basaltic and rhyo-dacitic rocks, among them the highly weathered Ferralsols,
support the Mixed Ombrophylous Forest, a formation of the Atlantic Forest biome, also
known as Araucaria Forest. It consists in an ecosystem of social, cultural and economic
relevance that shelters the long-lived pioneer natural conifer Araucaria angustifolia
(Bertoloni) Otto Kuntze (1898). At the beginning of the 20th century, the native forest
biome was destroyed and the landscape converted into agro-ecossystems, among them
the plantation fast-growing and low-density exotic wood species such as Pinus spp. and
Eucalyptus spp. that started in the 1970s, has caused the reduction of the araucaria
population in over 80% (CNCFlora, 2012). Despite the broad diversity of local flora and
fauna supported by the Araucaria Forest (FONSECA et al., 2009; CARVALHO;
MOREIRA; CARDOSO, 2012), the fragmentation and habitat reduction have led to
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loss of biodiversity (HARTLEY, 2002; FONSECA et al., 2009; SILVA; SCHMITT,
2015) and to disruption on soil ecosystem (ISLAM; WEIL, 2000), leading the araucaria
to figure on The IUCN Red List of Threatened Species™ as ‘critically endangered’
(THOMAS, 2013) and drawing attention to the need of assessing the impacts on soil
(ISLAM; WEIL, 2000).

In a forest ecosystem, the deeper subsoil is an important source of plant nutrition
(DAWSON; HAHM; CRUTCHFIELD-PETERS, 2020) since deep fine roots uptake
nutrients and water from up to twelve meters deep (GERMON et al., 2020). In this
ecosystem, the roots generally represent 13% to 28% of the plant biomass (CAIRNS et
al., 1997), and in planted forests, the root:shoot ratio is lower than in natural forests,
even at the same water availability (WANG; FANG; ZHU, 2008). The conifer Pinus
elliottii var. elliottii (slash pine) grown from seeds has well-defined tap root with lateral
roots developed at 0 to 15 m deep, with fifty percent of the total root surface area
concentrated within the first 30 cm of soil, and the remaining fifty percent equally
distributed between 30 and 120 cm in soil profile (SCHULTZ, 1972). Furthermore,
roots smaller than 2 mm in diameter, which are the most active ones, represent half of
the total root surface in this conifer. The conifer Araucaria angustifolia (areaucaria) has
also a well-developed tap root system (KORNDORFER; MOSENA; DILLENBURG,
2008), but less laterally spread. The root system distribution define how soil resources

are explored to support the forest.

The alteration of chemical, physical and biological properties around living roots
resulting from their activity and associated microorganisms was defined by Hinsinger et
al. (2009) as the “rhizosphere effect”. Although the impacts of the rhizosphere of
conifers on soil properties are well documented in the literature (CHEN, 2003;
SEGUIN; GAGNON; COURCHESNE, 2004; COURCHESNE; KRUYTS;
LEGRAND, 2006; TURPAULT; GOBRAN; BONNAUD, 2007; CALVARUSO;
N°DIRA; TURPAULT, 2011; COLLIGNON et al., 2011; COLLIGNON; BOUDOT;
TURPAULT, 2012; ZHAO et al., 2015; GUAN; WANG; ZHANG, 2016; FANG et al.,
2017; CHEN et al., 2018; DAI et al., 2018; BU et al., 2020; HE et al., 2020), studies
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that examine the rhizosphere effect in humid subtropical regions, especially in araucaria
plantations, on soil mineralogical changes were not found. Our hypothesis was that,
even in highly weathered soils occurring in subtropical regions, exotic fast-growing
woody species produce greater rhizosphere effect than native slow-growing species. For
this, we evaluated (i) if there was a significant rhizosphere effect in the two
monoculture plantations compared to the natural reference site, (ii) if the intensity of the
rhizosphere effect was associated to the conifer species, and (iii) if there was evidence
of alteration of clay minerals assemblage due to conifers growth. Our approach was the
evaluation of physical, chemical and mineralogical properties of the rhizosphere and
bulk soil of araucaria, an endangered native long-lived pioneer conifer, and of slash
pine, an exotic fast-growing and low-density conifer, grown in a basalt-derived soil

within the Mixed Ombrophilous Forest domain.

4.3 Material and methods

4.3.1 Study area

The study area is located at Passo Fundo National Forest (FLONA-PF), Southern
Brazil (52°11°12” W, 28°16°47” S) (Figure 1). A secondary native Araucaria Forest
(NAF) fragment over 100 years old, a 64-years-old reforested Araucaria angustifolia
(RAF), and a 50-years old reforested Pinus elliottii var. elliottii (RPF), were selected. In
order to avoid variations of climate, topography and soil type, the samples are located
within a radius of 100 meters from the stands’ intersection. The altitude is
approximately 700 m above mean sea level. The climate is subtropical humid, classified
as Cfa according to Kdppen, with average annual temperature of 17°C, average annual
rainfall of 1,850 mm, and relative humidity of 72% (ICMBio, 2011). The soil is a
Ferralsol (IUSS WORKING GROUP WRB, 2015), also known as Latossolo Vermelho
Escuro (Brazilian Classification System), with dominance of kaolinite and oxides,
formed predominantly under volcanic basaltic flood. The upper stratum of the natural
forest fragments is dominated by araucaria and are in good conservation state in terms

of species composition and richness (MALYSZ, 2010). In the lower stratum, or
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regeneration, individuals of the Myrtaceae family are predominant, followed by
Fabaceae, Lauraceae and Euphorbiaceae. Previously to monocultures, intensive
agriculture used to be practiced with annual crops and cattle grassing, but details of the

land-use history are unknown.

At FLONA-PF, the stands are small (10 — 60 ha), which provides a close contact
with adjacent habitats and seed banks. The rotation period of conifer monocultures
managed for sustainable multiple use is much longer (> 40 years) than the traditionally
adopted by economically-driven regional timber companies (10-18 years). Formerly,
the implantation of forest stands was not low impact since both araucaria and slash pine
plantations followed soil preparation through conventional tillage with burning. Cultural
traits, such as weeding, mowing and crowning, were performed during the next four

years. Liming and fertilization practices were not found in the records.

The RAF was established in 1958 in 25.1 ha, with initial density of 5,000 trees
hal. Selective timber harvests were conducted in 1972/73, 1979 and 1992, and the latest
inventory of the timber stock (2011) showed 411.8 m® ha' and 317 trees ha. The
estimated mean diameter at breast height (dbh) was 36.96 cm, and 19.59 m of total high
(ht). The RPF was established in 1972 in 17.28 ha, with 2,500 trees ha™. Nine selective
timber harvesting were performed from 1976 until 2000, and according to the latest
inventory (2011), the remaining wood stock was 748.1 m3 ha* with 483 trees ha. The
dbh was 34.73 cm and ht 31.87 m (ICMBio, 2011).
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Figure 1 - Study site location

Mato Castelhano

4.3.2 Soil sampling and preparation

In August and September, 2019, four trees with the average population diameter
were randomly selected (~37 cm dbh for RAF; ~35 cm dbh for RPF. The selected native
araucaria specimens in the NAF were the remnants in the secondary forest fragment.
Three soil subsamples were collected per tree, homogenized to make one composite
sample, for a total of 12 samples (Figure 2a). The samples were collected with a cutting
blade, under the canopy of trees after litter removal, 10 to 30 cm far from the trunks of
trees, at 0-20 cm deep (Figure 2b). The blocks of soil containing roots were stored in
plastic bags at 4°C for up to 48 hours, and separated in two aliquots according to
Turpault; Gobran and Bonnaud (2007): rhizosphere (RZ) (Figure 2c) and bulk soil (BS),

giving 24 experimental units per site.

Soil aggregates with diameter between 1-2cm were separated for determination

of bulk density. The disturbed soil samples were air-dried and sieved (<2 mm) to obtain
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air-dried fine earth (ADFE) which were used for physical analysis. A portion of ADFE
samples was manually grounded in an agate grail, passed through a 0.2 mm sieve and

reserved for chemical and X-ray fluorescence (FRX) analysis.

Figure 2 - Sampling design (a); field soil sampling (b) rhizosphere compartment
surrounding fine roots (c)
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4.3.3 Chemical and physical analysis

Soil pH was measured in H20 (1:2.5 (w/v) soil/solution ratio) (TEIXEIRA et al.,
2017). Potential acidity (H* + AI**) was determined using the Santa Maria buffer
solution (TSM) as an alternative to SMP buffer (TOLEDO, 2011). Total organic carbon
(TOC) was determined by wet combustion (YEOMANS; BREMNER, 1988). Available
phosphorus (P) and exchangeable potassium (K*) were extracted by Melich-1 acid
solution (HCI 0.05 mol L™ + H2SO4 0.0125 mol L) and measured using a UV-Vis
spectrophotometer at 660 nm and a flame photometer, respectively. The exchangeable
cations (calcium: Ca?*; magnesium: Mg?*; and aluminum: AI**) were extracted in KCI 1
mol L and determined by inductively coupled plasma — optical emission spectrometry
(ICP-OES). The total cation-exchange capacity (CEC: K* + Mg?* + Ca?* + [H* + AI**))
and base saturation (%) = ([K* + Mg?* + Ca?*] * 100)/CEC) were estimated.

Twenty grams of soil were treated with hydrogen peroxide (5% H20: v/v) and
temperature (40 °C) to oxidize the organic matter. Particle-size distribution in soil free
of organic matter was performed by the pipette method (GEE; BAUDER, 1986). After
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dispersion with solution of sodium hexametaphosphate, the sand fraction (0.05-2.0 mm)
was obtained by sieving, and silt (0.002-0.05 mm) and clay (<0.002 mm) by
sedimentation in water. The aliquots of suspended clay were reserved for further
analysis. Bulk density (BD) was estimated using the clod method by immerging in
water clods coated with paraffin (a water-repellent substance), and the soil particle
density (SPD) followed the volumetric flask method (TEIXEIRA et al., 2017). Both BD
and SPD make use of the Archimedes’ principle. Total soil porosity (TSP) was
estimated by the relation between BD and SPD (TEIXEIRA et al., 2017). The samples
were assessed in triplicate given a total of 72 samples (n=12).

The abundance of oxides secondary solid phases was estimated in the bulk and
rhizosphere clay-sized fraction. An aliquot of suspended clay was lyophilized and
reserved for determination of pedogenic and poorly crystalline iron (Fe) oxides and
poorly crystalline aluminum (Al) forms by selective chemical dissolutions. Sodium
dithionite-citrate-bicarbonate (DCB), identified by subscript “d”, was used to extract the
combined amount of pedogenic iron oxides (Feq), poorly + crystalline forms (MEHRA;
JACKSON, 1960). Extraction using acid ammonium oxalate (AAO) at pH 3, identified
by subscript “0”, was performed to determine low crystalline iron (Feo) and aluminum
(Alo) oxides (MCKEAGUE; DAY, 1966). All dissolved Fe and Al forms were
determined by inductively coupled plasma — optical emission spectrometry (ICP-OES).
Feo/Feq was calculated to estimate the proportion of poorly-crystallized iron oxides

forms related to total iron oxides forms.

4.3.4 Total elemental composition analysis

The total elemental analysis of rhizosphere and bulk soil were performed by
energy-dispersive X-ray fluorescence (EDXRF) spectrometry using an Epsilon 3
EDXRF (PANalytical) system. Grounded ADFE (< 0.2 mm; n = 8) was pressed with
boric acid (1:7 ratio) into tablets at 25-ton cm-2 pressure. Elemental screening with
OMNIAN application was performed in 900 seconds per sample using standard

reference material for calibration. The total chemical composition was determined and
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expressed in oxides, and the target elements Al, Si, Fe, Mn, P and K were converted

into g kgt

4.3.5 Soil clay mineral characterization

The mineralogical composition of the clay-sized fraction (<2 um) free of organic
matter was determined in oriented preparations. Aliquots were Ca-saturated (CaCl, 0.5
mol L) or K-saturated (KCI 1 mol L) and then washed to eliminate the excess of salts
(BORTOLUZZI; POLETO, 2013). Oriented preparations were obtained by depositing
the saturated clay suspensions onto glass slides which were dried at room temperature
(air-dried: AD). Ca-saturated slides were also saturated with ethylene glycol (Ca-EG)
vapor (inside desiccator) for 24h. K-saturated slides were heated at 150°C (K-150),
350°C (K-350) and 550°C (K-550). XRD patterns of oriented preparations were
obtained on a Bruker D8 Advance diffractometer (Cu Ka radiation, A = 1.5418 A),
generated at 50 kV and 60 mA.) from 3 to 35° 20 with steps of 0.02° 26 and dwelling

time of 0.5 s.

The analysis of the clay mineral composition range from 4° 26 to 14° 26, since
the higher positions (> 14° 20) express the oxy-hydroxy minerals behavior and the
broad peaks produced by them reassemble those of the clay minerals, which make it
difficult to detect exact peak positions (MOORE; REYNOLDS, 1997) and to obtain an

accurate identification.

Air-dried Ca-saturated XRD patterns were decomposed into elementary peaks
according to the method proposed by LANSON (1997) using the software DecompXR
over 4 to 14° 26 range. According to the author, the decomposition procedure, also
known as modeling, is useful to identify the phases present in a sample and to describe
trends. The parameters of the elementary curves (peak position and intensity) were used
to identify the clay mineral species according to Brindley and Brown (1980)

recommendations.
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4.3.6 Statistical analysis

The data were examined for homogeneity of variances by Levene’s test, and for
normality by Lilliefors’ (Kolmogorov-Smirnov) test. If necessary, data were
transformed using the Box-Cox function. Outliers were verified through box-plot and
eliminated when present in the dataset. The data was subjected to a nested Analysis of
Variance (ANOVA) and to Tukey’s test (p < 0.05) using a Linear Mixed Model (LMM)
for comparison between sites. Principal Component Analysis (PCA), a multivariate
statistic used to explain most of the variance in the dataset while reducing the number of
variables to a few uncorrelated components, was applied to the whole set of data. The
variables that presented little contribution in explaining the data variability were
removed from dataset, and PCA was re-run for grouping according to soil chemical and
physical attributes of the rhizosphere. All statistical analyses were performed using
RStudio software (R CORE TEAM, 2019) and the graphs were created in both RStudio
and SigmaPlot Version 12.0.

4.4  Results
4.4.1 Soil chemical and physical characteristics

The major chemical and physical properties of both rhizosphere and bulk soil in
the three sites are presented in table 1. RAF presented the greatest rhizosphere effect,
followed by NAF and RPF. Among the assessed soil attributes, 19 out of 27 differed
significantly between RAF-RZ and RAF-BS, 8 out of 27 between NAF-RZ and NAF-
BS, and 6 out of 27 between RPF-RZ and RPF-BS.

The soil is strongly acidic with pH (H20) ranging from 4.0 to 4.3, which is
attributed to the very advanced stage of weathering and to the large amount of organic
matter (3.5 — 4.5 g org. C kgl). The exchangeable cations Ca?*, Mg?" and K* are very
low, while AI** is high due to the acidic pH, which is typical of high weathered soils.
Total CEC ranged from 90.0 to 93.1 mmolc kg™ for slash pine, and from 98.0 to 127.5
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mmolc kg for araucaria, with the highest values found in the rhizosphere. CEC is

related to the organic carbon content and the presence of 2:1 clay-minerals.

When comparing the chemical attributes in the rhizosphere of reforested
araucaria (RAF-RZ) and native araucaria (NAF-RZ, control), no differences were
detected (Table 1). However, the attributes TOC and available P in RPF-RZ differed
from NAF. The RPF-RZ presented lower TOC (3.62 g kg') than NAF-RZ (4.48 g kg™l),
but it was not different from RAF-RZ (4.14 g kg'). Available P was extremely low in
all sites and compartments (1.52 to 3.97 mg kg™?) (Table 1), whereas total P (P;) ranged
from 462 to 674 mg kg* (Table 2). Available P and P; were lower in RPF-RZ (1.52 mg
kg and 462 mg kg™) and differed from both NAF-RZ (3.97 mg kg* and 674 mg kg™?)
and RAF-RZ (3.72 mg kg and 556 mg kg™). Total CEC did not differ between RAF-
RZ and RPF-RZ; however, CEC of RPF-RZ was lower (93.1 mmolc kg?) and differed
from RAF-RZ (127.5 mmolc kgl). pH, APF*, H* + A", Ca?*, Mg?* availability and
cation saturation values did not present differences when RAF-RZ and RPF-RZ were
compared to NAF-RZ, and when RAF-RZ is compared to RPF-RZ.

The proportion of clay and silt in the rhizosphere did not differ from the
proportions in bulk soil for NAF-RZ and RAF-RZ or RPF-RZ (Figure 3). However, in
RAF and RPF it was detected a decrease of clay and silt content, respectively, related to
NAF-RZ. BD, SPD and TSP did not show difference when comparing NAF-RZ with
RAF-RZ and RPF-RZ (Table 1). Nevetheless, differences were found only for SPD in
RAF, which was lower in RZ (2.45 g cm™) compared to BS (2.63 g cm™), and for BD
and TSP in RPF. BD was lower in RZ (1.29 g cm™) compared to BS (1.38 g cm™), and
TSP was higher in RZ (0.48 m® m™) related to BS (0.45 m® m™).

4.4.2 lron and aluminum forms in the clay fraction and total elemental content in
soil

The amount of iron extracted by dithionite-citrate-bicarbonate (Feq) and of iron
and aluminum extracted by acid ammonium oxalate (Fe, and Alo) are presented in table
2. We did not find rhizosphere effect in NAF nor in RAF. However, in RAF the
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rhizosphere presented higher Fe, and Al, contents than in BS probably due to the
restrictive impact of organic matter on iron oxide crystallinity. Feo/Feq ratio, which
gives the proportion of poorly-crystallized iron oxides within pedogenic iron, was less
than 0.10, suggesting the prevalence of crystalline forms (hematite, goethite and
maghemite). These results are in accordance with total Fe and Al (Fet and Aly) measured
by XRF (Table 2), whose values did not differ between RZ and BS for NAF and RPF,
only for RAF, which presented higher amount in RZ than in BS. A depletion of total
silicon (Sit) content was observed in RAF-RZ compared to RAF-BS, but without
difference between the compartments for NAF and RPF.

To evaluate the species effect on soil, RAF-RZ and RPF-RZ were compared to
the reference site (NAF-RZ). Poorly-crystallized Al-oxides (Alo) did not differ among
RAF-RZ and RPF-RZ and the reference site NAF-RZ. Pedogenic iron (Feq) was lower
in RAF-RZ, while low crystalline iron (Feo) was lower in RPF-RZ, causing lower
Feo/Feq ratio in RPF-RZ compared to rhizosphere of the reference NAF-RZ. Sit was
higher in RAF-RZ, oppositely to Al and Fet, whose levels in RAF-RZ were lower than
in NAF-RZ and RPF-RZ. Sit and Al; in RPF-RZ did not differ from the control, only Fet

was higher in RPF-RZ than in the control site.

Phosphorus (P) and potassium (K), two major elements for plant nutrition,
presented depleted total content in RPF-RZ compared to RAF-RZ (Table 2). Total P (Py)
content was 462, 556 and to 674 mg kg! in RPF-RZ, RAF-RZ and NAF-RZ,
respectively. Total K (K;) was also lower in RPF-RZ (2.039 mg kg™), differing from
both  NAF-RZ and RAF-RZ (2.247 and 2.428 mg kg?, respectively).
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Table 1 - Chemical and physical soil properties for rhizosphere (RZ) and bulk soil (BS) under native araucaria forest (NAF), reforested

Araucaria angustifolia (RAF), and reforested Pinus elliottii (RPF). Values are means * confidence interval in parentheses (n = 12)

Soil properties No NAF RAF RPF
obs. RZ BS RZ BS RZ BS
Chemical
pH (H20) 66 4,09 (£0.13) aA 414 (£0.13) a 4,03 (£0.15) bA 410(x0.15) a 4.26 (£0.13) aA 427(x0.13) a
AR* (mmol. kgt 72 13.9 (£ 8.46) aA 13.1(x848) a 15.0 (+ 8.46) aA 14.3(+8.48) a 19.9 (+ 8.49) aA 21.1(x8.49) a
H*+AIR* (mmol. kg™) 69 1112 (£22.75) aA  88.8(x2245) b | 111.8(+23.05) aA  89.1(x22.80) b | 81.6(x22.60) aA 81.0(x22.85) a
TOC (g kgt 72 4.48 (£0.34) aA 3.91(x0.34) b 414 (+0.34) aAB  3.49(+x034) b | 362(+x034) aB  3.65(+0.34) a
K* (mmol. kg™ 72 3.37(+0.82) aA 2.46(x0.83) b 2.88 (+0.82) aA 1.33(x0.82) b 229 (+0.82) aA 1.34(x0.82) b
Ca?* (mmol. kg?) 70 1.85(x0.84) aA 1.77(x0.84) a 1.75(x 0.84) aA 154 (x0.84) b 1.78 (+ 0.84) aA 1.6 (x0.84) a
Mg?* (mmol. kg 70 5.97 (+3.92) aA 499 (+392) a 8.12(+3.92) aA  633(+393) b | 7.46(+x392) aA  6.06(+392) b
Available P (mg kg% 72 3.97 (+0.67) aA 347 (+0.66) a 3.72(+0.67) aA  2.09(+066) b | 1.52(+0.66) aB 1.53 (+0.66) a
CEC (mmol. kg™) 70  122.4(+19.45) aAB  98.0(x19.15) b | 127.5(+19.45) aA  99.2(+19.50) b | 93.1(+19.10) aB  90.0(+19.15) a
Base Saturation (%) 71 9.15(x7.53) aA 959(x751) a | 11.70(x7.52) aA 10.74(*754) b | 1276(x7.53) aA  10.30(x7.51) b
Physical
Sand (%) 72 9.79(+0.82) aB 955(x0.83) b | 1243(+x0.79) aA 12.35(+0.84) a | 10.22(+0.80) bB  10.50(+0.81) a
Silt (%) 71 31.1(+1.25) aA 309(x1.2) a 31.8(+12) aA 326(*12) a| 281(x1.25 aB 278(x1.2) a
Clay (%) 71 590.1 (+1.6) aA 59.5(x1.55) a 55.8 (+1.6) aB 55.0 (+1.55) a 61.7 (+1.6) aA 61.7(x1.6) a
BD (g cm™) 71 1.37 (x 0.06) aA 1.35(x0.06) a 1.34 (£ 0.06) aA 1.4 (£0.06) a 1.29 (+ 0.06) bA 1.38 (x0.06) a
SPD (g cm™) 70 248 (x0.07) aA 251(x0.07) a 2.45(x0.07) bA 2.63(x0.07) a 2.49 (£ 0.07) aA 250 (x0.07) a
TSP (m® m3) 71 0.45(x0.03) aA 0.46 (x0.03) a 0.45(+ 0.03) aA 0.47 (x0.03) a 0.48 (x0.03) aA 0.45(x0.03) b

Means sharing the same letter are not significantly different (Tukey, p < 0.05). Lowercase letters compare compartments within the site; uppercase letters compare
rhizosphere compartment between the three sites. Bold values represent rhizosphere means. Underlined values present significant difference between the three sites. H*+AIP*
— potential acidity; TOC — total organic carbon; CEC — total cation exchange capacity; BD — soil bulk density; SPD — soil particle density; TSP — total soil porosity.



Table 2 — Total soil fraction elements for rhizosphere (RZ) and bulk soil (BS) under native araucaria forest (NAF), reforestation with Araucaria
angustifolia (RAF), and reforestation with Pinus elliottii (RPF) sites (n = 8). Iron (Fe) and aluminum (Al) in clay faction for rhizosphere (RZ)
and bulk soil (BS) under native araucaria forest (NAF), reforestation with Araucaria angustifolia (RAF), and reforestation with Pinus elliottii
(RPF) sites (n = 12). Values are means + confidence interval in parentheses.

Soil fraction No NAF RAF RPF
obs. RZ BS RZ BS RZ BS
Total elemental composition (XRF)
Al (g kg 48 120 (+ 4.50) aA 120 (£450) a| 111(+5.00) aB 110 (£ 4.50) b 127 (+450) aA 128 (+4.50) a
Si (g kgh) 48 205 (+3.50) aB 205(+3.50) a| 213(+4.00) bA 215 (£ 4.00) a 198 (+3.50) aB 198 (+4.00) a
Fe (g kgh) 48 85.7 (+ 2.05) aB 85.2(x205) a| 80.7(+205 aC 789 (£205) b| 89.9(+x2.05 aA  90.1(x2.05) a
Mn (g kg% 44 1.19(20.23) aA  1.10(x0.24) b| 1.27(x0.24) aA 1.26 (£0.23) a| 0.92(+0.24) aA 0.95(x0.23) a
P (mg kg™ 48 674 (+40) aA 594 (+39.50) b 556 (+ 40) aB 500 (+40) b 462 (+ 40) aC 477 (£40) a
K (mg kg?) 48 2.247 (£107) aA  2120(+107) b | 2428(+107) aA  2.266(x107) b| 2.039(+107) aB 1.983(+107) b
Clay fraction No NAF RAF RPF
obs. RZ BS RZ BS RZ BS
lons extraction (g kg)
Feq 71 749 (£3.1) aA 727(£31) a 688 (+3.1) aB 69.0 (£3.1) a 719(£32) aAB 71.2(+3.05) a
Feo 71 2.91(+0.22) aA  2.68(x022) a| 295(+0.22) aA 2.62(£022) b| 203(x022) aB  2.05(+0.22)
Al 71 2.95(£0.37) aA 2,91 (+0.36) 3.33(£0.36) aA 2.77(£0.37) b| 271(x036) aA  2.66(x0.37)
lon Ratio
Feo/Feq 71 0.04 (+0.003) aA  0.04 (+0.003) a|0.043(+0.003) aA 0.038(+0.004) b| 0.03(+0.003) aB 0.03(+0.003) a

Means sharing the same letter are not significantly different (Tukey, p < 0.05). Lowercase letters compare compartments within the site; uppercase letters compare
rhizosphere compartment between the three sites. Bold values represent rhizosphere means. Underlined values present significant difference between the three sites. Feq —
sodium ditionite-citrate-bicarbonate extraction; Fe,, Al, —acid ammonium oxalate extraction.
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Figure 3 — Particle-size distribution for rhizosphere (RZ) and bulk soil (BS) under
native araucaria forest (NAF), reforestation with Araucaria angustifolia (RAF), and
reforestation with Pinus elliottii (RPF) (n = 12)
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4.4.3 Principal component analysis

The relationship between soil chemical and physical properties assessed using
principal component analysis (PCA) showed that PC1 and PC2 with all sixteen
observed variables explained 55.2% of the total variation (Figure 4a). However, 4 out of
16 were excluded (Sand, BD, TSP and SPD), and the new PCA showed that PC1 and
PC2 explained 70.7% of the total variation in the dataset (Figure 4b). The contribution
of the variables to PC1 and PC2 follow the color gradient (blue to orange) and the

increasing length of the vectors.

PCA revealed that the cluster RAF overlapped the cluster NAF, while slash pine
cluster did not (Figure 3c), meaning that changes in chemical and physical soil
properties were promoted by the exotic species. The soil properties that are most related



to NAF and RAF clusters are silt, TOC, K* and available P, while the variable

negatively correlated to them, the clay content, is more associated with the RPF cluster.

Figure 4 — Principal component analysis (PCA) ordination biplot for rhizosphere
chemical and physical properties in the three sites, with all observed (16) variables (a)
and after the exclusion of four variables (b); clusters of native Araucaria Forest (NAF),
reforested Araucaria forest (RAF), and reforested Slash Pine forest (RPF) (c)
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4.4.4 Mineralogy of the clay fraction

XRD patterns of the oriented Ca-saturated samples (Figure 5) exhibited peaks of
quartz (d ~ 0.426 and 0.358 nm), feldspars (d = 0.406 nm), kaolinite (one peak (001) at
d =0.721 nm and one peak (002) at d = 0.358 nm) and hydroxy-interlayered minerals (d
= 1.403 nm). The collapse of the 0.721 nm-peak after heating at 550 °C (K-550) (Figure
6) that did not shift following EG solvation (Figure 5) confirms the presence of kaolinite
in all sites and compartments (MOORE; REYNOLDS, 1997). The peak d = 0.721 nm
under hydrated and non-hydrated conditions presupposes the presence of meta-hallosyte
(BRINDLEY; BROWN, 1980).

XRD patterns of oriented K-saturated samples (Figure 6a, 6b, 6¢) showed peaks
that indicate the presence of kaolinite (d ~ 0.715 nm and ~ 0.356 nm), goethite (d = 0.42
and 0.27 nm), hematite (d = 0.27 nm), quartz (d ~ 0.426 and ~0.334 nm) and feldspars
(d =0.406 nm).

The behavior of the 1.40-nm peak in both Ca- and K-saturated samples,
chemically and thermally treated, indicates the presence and/or absence of 2:1 clay-
minerals (MOORE; REYNOLDS, 1997). Peaks at d ~ 1.40 nm that did not shift after
EG solvation excluded the presence of smectite (d = 1.51-1.52 nm) (Figure 5).
Hydroxy-interlayered minerals/vermiculite are suggested after the combination of the
treatments with EG solvation and K-350: no expandability in EG patterns, and a partial
collapse of d ~ 1.40 nm toward ~ 1.00 nm after K-350 (INOUE et al., 1989, MOORE;
REYNOLDS, 1997). The partial displacement of the vermiculite peak at d = 1.0 after
K-350 is due to the hydroxy-Al polymers bonds in the siloxane surface. The partial
collapse of the 1.0 nm-peak at K-550 confirms the presence of Al polymers in the
interlayers (BORTOLUZZI et al., 2008; INDA et al., 2010; BORTOLUZZI et al.,
2012). The absence of chlorite is also confirmed by the peak at 1.40-1.44 nm that is not
affected by ionic saturation and heating treatments (BARNHISEL; BERTSCH, 1989).

In the XRD data, no other low-intensity peaks are evident in AD and EG
patterns, only at K-550. A precise differentiation between vermiculite and hydroxy-
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interlayered vermiculite (HIV) or hydroxy-interlayered smectite (HIS) was not possible
due to the high noise levels at K-550 patterns; thus, from the experimental data, it is

assumed the presence of 2:1 hydroxy-interlayered minerals (HIM).

Figure 5 — X-ray diffraction (XRD) pattens of the clay fraction (< 2 pum) Ca-saturated
samples under native Araucaria forest (NAF), reforested Araucaria forest (RAF) and
reforested Slash Pine forest RPF. RZ: rhizosphere; BS: bulk soil. Oriented slides were
scanned for air-dried (Ca-AD) and ethylene glycol solvation (Ca-EG)
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Figure 6 — X-ray diffraction (XRD) pattens of the clay fraction (< 2 um) K-saturated
samples under native Araucaria forest (NAF) (a), reforested Araucaria forest (RAF) (b)
and reforested Slash Pine forest RPF (c). RZ: rhizosphere; BS: bulk soil. Oriented slides
were scanned for air-dried (K-25) and heated at 150 °C (K-150), 350 °C (K-350) and

550 °C (K-550)
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4.4.5 XRD modeling of the clay fraction

Considering that the mineral particle size and the degree of crystallinity are
similar (MOORE; REYNOLDS, 1997), the differences in the peaks on XRD patterns
are explained by the relative quantity of the clay minerals in the samples. By modelling
the XRD patterns and their peaks, it was possible to detect the relative contribution of
the clay mineral in soil samples. However, XRD patterns of K-saturated samples both
air-dried and thermally treated were not modeled due to the high noise levels, which
could lead to errors.

Modeling the XRD Ca-saturated pattens revealed that kaolinite and HIM are the
common minerals in the clay fraction in all samples, in different proportions and with
kaolinite dominance. Furthermore, the intensity of the kaolinite peak (d ~ 0.7 nm) in the
air-dried Ca- and K-saturated samples was higher in the RPF than in NAF and RAF
(Figures 5 and 6 a, b, c), which indicate grater relative contribution of the kaolinite peak
in slash pine soil. The total surface areas of the kaolinite peak in NAF and RAF were
higher in RZ compared to BS (Figure 7a-7d), while in RPF the opposite was observed
(Figure 7e-7f). Illite (d = 1.0 nm) was detected only in NAF-RZ, NAF-BS and RAF-BS,
with lower relative proportion in NAF-RZ. The relative contribution of HIM peaks was
lower in RPF than in RAF. The surface area of all peaks in the air-dried Ca-saturated

samples are presented in figures 7a to 7f.
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Figure 7 — X-ray diffraction (XRD patterns modeling for the clay fraction performed on
air-dried Ca-saturated (Ca-AD). Rhizosphere of native Araucaria forest (a); bulk soil of
native Araucaria forest (b); rhizosphere of reforested Araucaria forest (c); bulk soil of
reforested Araucaria forest (d); rhizosphere of reforested Slash Pine forest (e); bulk soil
of reforested Slash Pine forest (f)
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Ferralsols are deep, intensively weathered, yellow to red tropical soils, with a
residual concentration of resistant primary mineral such as quartz, and a clay
assemblage dominated by the low-active clay kaolinite, and a high content of
sesquioxides (IUSS WORKING GROUP WRB, 2015; BORTOLUZZI et al., 2015).
These soils are well drained, with good permeability and stable microstructure. Their
poor chemical fertility makes them rapidly depleted of plant nutrients if the process of
nutrient cycling is interrupted, as occurs with harvesting (VANMAEKELBERGH,
2009). The studied Ferralsol presented high clay and organic matter (humic A horizon),
with quantities altered by use. Crystalline iron form was present in higher amount than

the poorly-crystallized form, confirming the intensive weathering of this class of soils.

Analyzing the soil most active surface layer under RAF and RPF, evidences of
increased mineral weathering found in the rhizosphere confirm the results previously
obtained by many studies (HINSINGER; JAILLARD, 1993; COURCHESNE;
GOBRAN, 1997; CALVARUSO et al.,, 2009; TURPAULT; NYS; CALVARUSO,
2009; HOUBEN; SONNET, 2012; KORCHAGIN et al., 2019). Changes were detected
due to monoculture of trees, especially in soil organic carbon, available phosphorus,
cation exchange capacity (CEC) and soil granulometry. Here, positive effect was
observed in NAF-RZ and RAF-RZ concerning total organic carbon (TOC) and CEC,
while in RPF no differences were observed between RZ and BS. It was evidenced that
growing araucaria and slash pine in monoculture for over 50 years, without fertilizer
replacement and managed for sustainable multiple use, resulted in changes on soil
granulometry, total elemental composition, oxides, chemistry and proportion of clay

minerals. Below, the main evidences and consequences of these changes are discussed.

4.5.1 Soil chemical and physical properties affected by monoculture of conifers

The present study evidenced a greater rhizosphere effect promoted by the native
species, especially when araucaria is cultivated in monoculture. This finding may be
related to the root system architecture of the conifer. The rhizosphere is related to the

activity of living roots and associated microorganisms, and as soon as they die, the
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portion of soil associated with them is no longer rhizosphere, but bulk soil
(HINSINGER; PLASSARD; JAILLARD, 2006). As the slash pine has an extensive
lateral root system with a moderate tap root (CAREY, 1992), the transformation from
rhizosphere to bulk soil, and vice versa, is more dynamic than in araucaria plantations
since it presents a well-developed tap root system (REITZ, 1988) less laterally spread.
In general, it can be stated that the slash pine has more impact on its surrounding soil

than the araucaria.

The RAF-RZ presented soil acidification (pHH20 = 4.03), which was not
observed in slash pine soil, contesting the findings that highly productive woody species
are associated with lower pH and exhaustion of nutrient (FIRN; ERSKINE; LAMB,
2007; KORCHAGIN et al.,, 2019). Lower pH was followed by increase of TOC,
potential acidity, available P and available K*, Ca?*, Mg?*. Consequently, an increase in
CEC and base saturation was observed in RZ related to BS. Several studies demonstrate
that, whatever the tree species, Ca, Mn, K, Fe, Mn, Al and proton activity, N, C and
base saturation are generally increased in the rhizosphere compared to bulk soil
(SEGUIN; GAGNON; COURCHESNE, 2004; TURPAULT et al., 2005;
CALVARUSO; N’DIRA; TURPAULT, 2011; COLLIGNON; CALVARUSO;
TURPAULT, 2011; COLLIGNON; RANGER; TURPAULT, 2012). The acidification
process in the rhizosphere caused by H* released for balance charge has been previously
describe in the literature (APRIL; KELLER, 1990; CAMA; GANOR, 2015; LAZO;
DYER; ALORRO, 2017; KORCHAGIN et al., 2019), what occurs due to permanent
exudation of organic acids compounds and hydrolysis (SOKOLOVA, 2011; RONDINA
etal., 2019).

Higher TOC content was observed in NAF-RZ and RAF-RZ related to BS
especially due to fine roots concentration in topsoil, which represents the highest carbon
sink of root system (DANJON; STOKES; BAKKER, 2013). However, TOC in RPF-RZ
did not differ from RPF-BS, and it was lower than the content found in the reference
NAF-RZ, confirming the influence of the root system architecture on soil properties.
Also, TOC correlates with K*, a cation of high nutritional demand subject to a faster
turnover and greater retention time in plant biomass (CESPEDES-PAYRET et al.,
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2012). These two soil attributes are expected to be higher in secondary forest soils
compared to planted forests under the same geological conditions (FAN et al., 2019).
Hence, the high correlation between TOC and K* and the association with NAF and
RAF clusters (Figure 4 a, b, ¢) can be explained by the retention of K by the organic
matter and K mobilization from mineral to soil solution (NADERIZADEH;
KHADEMI; AROCENA, 2010).

Available P was higher in RAF-RZ than in RPF-RZ, following the tendency
observed by Michelsen et al. (1996) in native areas. Highly weathered soils in
subtropical regions are rich in Al- and Fe-oxides, and the higher P contents are
associated with the site occupation by soil organic matter that are located on the surface
of Fe- and Al-oxides (INDA et al., 2010; OLIVEIRA et al., 2020).These oxides act as P
sink due to the strong adsorption in oxi-hydroxides surfaces (BORTOLUZZI et al.,
2015), and also have a greater potential to preserve TOC than soils dominated by
primary minerals such as quartz and felspars (YEASMIN et al., 2017), which are quite
present in coarse textured soils. On the one hand, the acidic condition of these soils also
facilitates specific P adsorption with Fe- and Al-oxides (KIM et al., 2011), and on the
other, the root exudation of organic acids are a strategy of P mobilization in the
rhizosphere (FUJII; AOKI; KITAYAMA, 2012). As demonstrated by Inda, Fink and
Santos (2018), Feo/Feq ratios lower than 0.10 indicate the prevalence of crystalline
forms (hematite, goethite and maghemite) over low crystallinity types (ferrihydrite).
Also, the increased TOC suggest the dissolution of crystalline iron oxides (FINK et al.,
2014) in rhizospheres of NAF and RAF, with lower poorly crystalline forms in RPF-RZ
followed by proportion of lower Feo/Feq ratio than NAF-RZ and RAF-RZ.

Forest plantations induce alteration of soil constituent proportion, as observed by
other studies (AGNELLI et al., 2016; BORTOLUZZI et al., 2019; KORCHAGIN et al.,
2019; KORCHAGIN et al., 2020). No differences were observed in silt and clay content
between RZ and BS for all studied sites. However, RPF promoted silt decrease followed
by clay increase in both compartments, while in RAF the opposite was observed (Figure
3). The claying process observed in the soil cultivated with slash pine suggests that the
fast-growing exotic conifer and the root-associated microorganisms had greater effect
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on the fracturing of mineral grains. As revealed by April and Keller (1990), a greater
degree of fragmentation occurs in mineral grains with edges oriented toward root
surfaces than in grains with sides faced oppositely to roots. The mechanical forces
exerted by roots growth accelerate mineral degradation, exposing the mineral surfaces
to root-induced chemical gradients and, consequently, increasing soil weathering rates.
Mineral disaggregation is also induced by microorganisms whose growth is stimulated
by compounds, especially fixed carbon, released by photosynthetic members of the
symbiosis (BANFIELD et al., 1999).

The multivariate principal component analysis (PCA) showed that clay content is
the single soil attribute associated with RPF cluster, confirming the impact of the exotic
tree in the claying process. Clay is inversely related to available P and silt, which are
attributes most related to NAF and RAF, followed by total organic carbon, available K™,
cation exchange capacity and potential acidity (Figure 4c). Although aluminum,
calcium, magnesium, base saturation and soil acidity (pHn20) are not directly related to
a particular cluster, what is confirmed by the non-significant difference of these
attributes between the rhizosphere in all sites (Table 1), they are also important in

explaining the data variability since vectors are long.

4.5.2 Clay mineralogy under conifer soils

The mineral assemblage of the clay fraction presents some differences that may
vary due to the intensity of weathering and the soil environment. Highly weathered soils
are characterized by the presence of thermodynamically stable primary and secondary
minerals (QAFOKU et al., 2004). The samples of the three sites presented very similar
clay mineralogy, comprising 1:1-layer silicates of the kaolinite group, 2:1 dioctahedral
mica (illite-like minerals), hydroxy-interlayered minerals (HIM) (Figure 7a-7f), quartz,
and iron oxides. As expected for highly weathered subtropical soils, such as the studied
Ferralsol, it was not found a broad diversity of minerals, but variation in the proportions
of the main minerals or variation within the same type of mineral (QAFOKU et al.,
2004), with dominance of kaolinite (BORTOLUZZI et al., 2015).
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Kaolinite-enrichment was detected in RAF-RZ compared to RAF-BS, oppositely
to what was found in RPF site (Figure 7a-7f). Kaolinite is a highly hydrated 1:1 clay
mineral, thus presenting less thermal stability than the 2:1 mineral. Its steady-state
dissolution is stoichiometric, with regard to AIl/Si ratio in both acid and alkaline
medium (CAMA; GANOR, 2015), and is considered an intermediate phase in alteration
of silicates to oxides and oxy-hydroxides (VELDE; BARRE, 2010). The presence of
kaolinite in soil indicates reduction of silica content in the clay assemblage, what means
increased weathering rates (VELDE; BARRE, 2010).

Ilite is a mica specimen (detected at d = 1.0 nm), a 2:1 clay mineral whose
interlayer is occupied by anhydrous K ions forming a non-expansible layer. The
mineralogical composition of the samples, along with the greater amount of available K
(Table 1) and total K (Table 2) in the RZ compared to BS in all sites confirms the
rhizosphere effect on illite dissolution. The lower total K in RPF-RZ compared to RAF-
RZ may be due to the absence of illite in RPF (Figure 7e-7f,). lllite-like minerals are the
main reservoir of K in soils of temperate regions (BARRE; VELDE; ABBADIE, 2007)
and essential for plant nutrition (WILSON, 2004; VELDE; BARRE, 2010). The roots
act to release K from interlayers, thus inducing the formation of interlayered-Al
polymers as observed in other studies (BORTOLUZZI et al., 2008; INDA et al., 2010),
leading to illite transformation into vermiculite (HINSINGER; JAILLARD, 1993).
Therefore, the decline of illite confirms the greater slash pine demand for K, especially

in topsoil.

Whereas an ionic depletion is expected around the roots, especially of K*
(BREWSTER; TINKER, 1970; HINSINGER; JAILLARD, 1993), it was observed a K-
enrichment in the rhizosphere. This probably occurred due to the high biological
activities, which favor the nutrient recycling in the root zone and tree nutrition
(COLLIGNON; CALVARUSO; TURPAULT, 2011). Polyvalent cations, especially
aluminum, within the soil solution alter the potassium uptake by roots (CUMMING;
ECKERT; EVANS, 1985). High concentrations of aluminum and other cations may be
responsible for a net potassium accumulation in the root zone, resulting in retardation of

mica weathering in the araucaria sites (i.e., K-release) and, perhaps, potassium
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reincorporation into interlayer and reconstitution of some previously degraded micas
(SCOTT; SMITH, 1966; APRIL; KELLER, 1990).

The presence of one or another clay mineral is probably related to the
transformation of primary minerals (BORTOLUZZI et al., 2012). The relative increase
of kaolinite (1:1) with illite decline was observed in the present study and in grassland
soil cultivated 25 years with eucalyptus in the temperate region of South America
(CESPEDES-PAYRET et al., 2012). Cama and Ganor (2015) affirm that the dissolution
rate of illite is mainly controlled by the solution pH, that have the adsorption of H* by
the edges of particles as the first step of the dissolution process. Furthermore, Céspedes-
Payret et al. (2012) affirm that the dissolution by organic acids could be a major

mechanism of vermiculitization or smectization of illite-like minerals.

Based on the results of K-saturated XRD pattens (Figure 6 a, b, c), the partial
collapse of the 2:1 hydroxy-interlayered minerals (~ 1.40 nm peak toward ~ 1.00 nm
peak after K-550 treatment) was evidenced, as observed in many other Brazilian
weathered soils containing hydroxy-Al interlayered vermiculite (HIV) and hydroxy-Al
interlayered smectite (HIS) (BORTOLUZZI et al., 2008; INDA et al., 2010; CANER et
al., 2014). HIM presents hydroxy coordinated interlayer ions, which in natural
conditions is favored by the fixation of Al (OH) cations. These 2:1 mineral present
similar nature and crystallographic expression, but their response vary according to their
physic-chemical properties when investigated by X-ray diffraction (VELDE; BARRE,
2010). When Al is the interlayer prevalent ion and the layer is incomplete, the minerals
are identified as vermiculite (MEUNIER, 2007), and chlorite is identified when the
interlayer is more complete and Mg may be present. If K displaces the hydroxy layer
ions Al and/or Mg, the minerals are high charge smectites (VELDE; BARRE, 2010).
However, a reliable identification of HIM was not possible due to the high noise
exhibited by the XRD patterns exposed to thermal treatments.

4.5.3 Implications of land-use change for soil properties
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The Ferralsol under conifer plantations, in which RZ and BS environments were
assessed, presented characteristics that are expected for high weathered soils of the
humid subtropical region of Brazil, with high amounts of kaolinite-group minerals that
coexist with 2:1 clay minerals (BORTOLUZZI et al., 2008; INDA et al., 2010;
BORTOLUZZI et al., 2012; BORTOLUZZI et al., 2013; OLIVEIRA et al., 2020). The
greater susceptibility of the 2:1 minerals to land use changes and agricultural practices,
such as liming and K fertilization for annual crops, or acidification due to slash pine and
eucalyptus monocultures (CANER et al., 2014; KORCHAGIN et al., 2019), lead to a
tendency of aluminization to form hydroxy-Al-interlayered minerals (BORTOLUZZI et
al., 2008; BORTOLUZZI et al., 2012; KORCHAGIN et al., 2019). These changes of
interlayered cations may occur in a short time scale, from decades in soil horizons to
months in the rhizosphere (CORNU et al., 2012), and have consequences for soil
fertility as it affects the CEC (MEUNIER, 2007; KORCHAGIN et al., 2019).

A shift in soil use from native forest to conifer plantations leads to changes in
soil properties, no matter if they are native or exotics. However, exotic species such as
slash pine, when cultivated in monoculture, has greater soil alteration potential,
decreasing silt fraction and organic matter contents in the rhizosphere. The silt fraction
is associated with both medium- and long-term nutrient supply (WILSON, 2004);
however, the finest soil fraction, the clay, is more susceptible to changes due to soil use
and management (BORTOLUZZI et al., 2012). Furthermore, the higher proportion of
well-crystallized iron related to the poorly-crystallized (Feo/Feq) indicates increased
weathering promoted by the fast-growing exotic conifer, as well as the absence of illite
along with greater amount of total K and higher kaolinite proportion in soil. Araucaria
plantation also promoted changes in rhizosphere properties, but to a lesser extent than
slash pine, and are related to total element content, with lower P, Al; and Fet, and higher

Sit, which may also indicate some degree of weathering.

4.6 Conclusion
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The chemical, physical and mineralogical conditions in rhizosphere and bulk soil
of conifers under a high weathered Ferralsol confirm the higher intensity of the
processes occurring in the rhizosphere and has evidenced geochemical changes due to
monoculture of ~ 50 years old native and exotic conifers. The fast-growing exotic slash
pine promotes silt reduction followed by increase of clay contents and of crystalline iron
oxides, along with complete dissolution of illite and increase of kaolinite proportion in
clay assemblage. Araucaria plantations also promote changes in rhizosphere properties
compared to the rhizosphere of araucaria in its native environment, although in lower

proportions than slash pine.

This study evidences the soil geochemical and mineralogical evolution in conifer
plantations and the potential capacity of a non-native woody species in altering the soil
properties when introduced in an environment for timber production. Our findings
suggest an acceleration of weathering rates and the increasing risk of soil quality loss
when monocultures are favored over mixed plantations. Thus, a broad discussion based
on large approach studies on chemical, physical and mineralogical aspects of soils-plant
interactions in different scales merits particular attention due to their importance in

ensuring sustainable use of edaphic resources.
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5 CHAPTER I

Edaphic changes in sustainable use conifer plantations within the Mixed

Ombrophilous Forest domain

5.1 Abstract

The introduction of large-scale plantations brings recognized economic benefits at the expense
of natural environments. Understanding how forest plantations affect the natural resources may
match conservation with sustainable timber production. This study evaluated the chemical,
physical and microbiological soil attributes that are affected when monoculture of the native
Araucaria angustifolia (araucaria) and the exotic Pinus elliottii var. elliottii (slash pine) are
introduced in a Mixed Ombrophilous Forest (MOF) ecosystem. Soil samples were collected at
Passo Fundo National Forest in a secondary Araucaria Forest fragment, and in long-term
araucaria and slash pine monocultures managed for sustainable multiple use. Samples were
characterized in their physical (sand, silt, clay, bulk density, soil particle density and total soil
porosity), chemical (pHu2o, AIP*, H* +Al®*, total organic carbon, K*, Ca?*, Mg?*, available P,
total cation exchange capacity and base saturation) and microbiological (soil basal respiration,
microbial biomass carbon, metabolic and microbial quotients) attributes. Slightly edaphic
changes promoted by araucaria and slash pine were detected when the soil attributes were
assessed individually. However, the discrimination between the three sites by multivariate
analysis highlights different impacts of conifer species on soil, demonstrating the relevance of
two factors and the attributes associated to them: “soil acidity factor” and “total organic carbon
factor”. Slash pine impacted greatly the soil constituents since a claying process could be
observed, suggesting higher weathering rates. The factors soil acidity (pHu20, H* + A", Ca?*,
Mg?* and base saturation) and soil organic carbon (total organic carbon, K*, available P, sand
and clay), are the best indicators to discriminate soil changes due to vegetal substitution over
time. The present study also highlights the importance of the sustainable managed Brazilian
National Forests in protecting the natural ecosystems and the biodiversity, thus meeting the
Sustainable Development Goals established by the United Nations and the OMS One Health
approach.

Keywords: 1. Araucaria angustifolia. 2. Pinus elliottii. 3. National Forests. 4. Sustainable
Management. 5. Soil weathering.



5.2 Introduction

Araucaria angustifolia (Bertoloni) Otto Kuntze is a conifer of the Mixed
Ombrophilous Forest (MOF), also called Araucaria Forest, a subtropical component of
the Atlantic Forest Biome restricted to the highlands of Southern Brazil, with some
extension to Southeastern Brazil and Argentina. It is a long-lived pioneer that occupies
the MOF upper canopy and supports a broad diversity of local flora and fauna (WEBB
et al., 1984; CARVALHO, 2002; FONSECA et al., 2009; CARVALHO; MOREIRA;
CARDOSO, 2012). Originally, the Araucaria Forest covered an estimated surface area
of 200,000 km? (HUECK, 1972) inhabited by the Amerindians of Guarani group
(PETRY, 2003). In the early 20" century, the non-sustainable exploitation and natural
forest conversion to other uses caused a reduction of 12.8% of its original extent only in
Rio Grande do Sul state (CORDEIRO; HASENACK, 2009). Consequently, there was a
fragmentation and habitat reduction with loss of biodiversity (HARTLEY, 2002;
FONSECA et al., 2009; SILVA; SCHMITT, 2015), leading araucaria to figure on The
IUCN Red List of Threatened SpeciesTM as ‘critically endangered’ (THOMAS, 2013).

Currently, the harvest of araucaria is restricted by law, and a movement toward
the exploitation of exotic, fast-growing and low-density wood species, such as Pinus
spp. and Eucalyptus spp. by timber companies, has been noticed since the 70’s as these
exotics are more profitable in South America (CUBBAGE et al., 2007). In Brazil, the
total area planted with these exotic species reached 7.3 million ha in 2018, of which
slash pine occupied 1,6 million ha. Contrastingly, only around 13 thousand ha was
planted with araucaria (IBA 2019). The decline of Araucaria Forests resulted in
disruption on soil ecosystem and native species, drawing attention to the need of
assessing the impacts on soil quality (DORAN; PARKIN, 1994; BREJDA et al., 2000;
ISLAM; WEIL, 2000; USHARANI; ROOPASHREE; NAIK, 2019). As an example,
the introduction of exotic tree species often introduce non-native microorganisms in
association with the plant root system, with potential to impact the indigenous
community which, in turn, may affect the restauration of native vegetation (IZUMI et

al., 2008), particularly in relation to slash pine, which is considered an invasive species.
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To address the conservation of forest biodiversity and forest restoration are among the
biggest challenges faced by forest managers globally (LINDENMAYER, 2019).

The reforested araucaria soils are chemically different from the natural araucaria
ones (CARVALHO; MOREIRA; CARDOSO, 2012; BERTINI et al., 2015), but it is
more similar than slash pine or eucalyptus plantations (FONSECA et al., 2009;
FAGOTTI et al., 2012; BINI et al., 2013; PAZ et al., 2015; MALYSZ; OVERBECK,
2018). Highly productive woody species are associated with lower pH and exhaustion
of nutrient (FIRN; ERSKINE; LAMB, 2007; KORCHAGIN et al., 2019), while native
tree plantations allow the recolonization, thus ensuring the soil heterogeneity and the
maintenance of original properties (MALYSZ; OVERBECK, 2018). The Chapter Il
presented different rhizosphere effects of araucaria and slash pine, but the effect of these
species in bulk soil related to a native forest soil is still a gap to be filled. Also, studies
on the impact of Araucaria angustifolia (araucaria) and Pinus elliottii var. elliottii (slash
pine) plantations, managed for multiple and sustainable use of native and exotic forest
species, on a large range of edaphic attributes considering a single and contiguous soil

unit, are scarce in the literature.

The present research was carried out at Passo Fundo National Forest (FLONA-
PF) to evaluate to the effect of plantations of the native araucaria and the exotic slash
pine in the soil matrix when they are introduced in a MOF ecosystem. Although
monocultures of non-native trees are commonly considered ‘green deserts’, sustainable
forest practices of exotic species are among the specific objectives of the Brazilian
National Forests for conservation and sustainable multiple use of natural resources since
they support some biodiversity when compared to primary forest (FONSECA et al.,
2009; BREMER; FARLEY, 2010; HORAK et al., 2019). Here, the hypothesis is that
neighboring forested soils, within the same topographic and climatic conditions,
reforested with araucaria and slash pine, following sustainable use management
approaches, would differ from a secondary Araucaria Forest soil. Besides, as araucaria
IS a native species that physiognomically dominates the local forest, we expect that the
soil reforested with araucaria presents higher overall similarity with the preserved native

forest soil than the soil planted with slash pine. Statistical approaches are used to
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identify the soil chemical, physical and microbiological variables that are able to

discriminate the three sites and monitor the edaphic changes over time.

5.3 Material and methods

5.3.1 Site description

The study was carried out at Passo Fundo National Forest (FLONA-PF), located
on the Campos Gerais plateau in the Northern region of Rio Grande do Sul state, and
belong to Mato Castelhano municipality (52° 117 12” W, 28° 16° 47" S), following
previous authorization (Appendix V). The National Forest is a Conservation Unit for
Sustainable Use created in 1968 to conserve the in-situ biodiversity, including araucaria.
It is currently managed by the government environmental agencies Chico Mendes
Institute of Biodiversity Conservation (ICMBI0), and Brazilian Institute of Environment
and Renewable Natural Resources (IBAMA). FLONA-PF is considered a biodiversity
hotspot inserted in a landscape matrix dominated by annual crop fields forming a
heterogeneous mosaic with remnants of Araucaria Forest and monocultures of woody
species. It protects 38.63% of the largest fragment of existing native forests in the area
corresponding to its buffer zone, adding to its own area. It also represents 12% of the
area covered by forest remnants in this area. If araucaria plantations at FLONA-PF are
considered, this percentage rises to 25% (ICMBio, 2011). The reserve encompasses
1,333.61 ha with elevation between 632.3 and 757.6 m. The climate is humid
subtropical Cfa (K6ppen), with mean annual temperature of 17°C, mean annual rainfall
between 1,800 — 1,900 mm, and 72% of air relative humidity (ICMBio, 2011).

Previous reforestation, intensive agriculture used to be practiced with annual
crops and cattle farming, but details of these land-use history are unknown. The
remaining fragments of natural forests are over one hundred years old and are in good
conservation state in terms of species composition and richness (MALYSZ, 2010), with
phytosociological dominance in the horizontal forest structure of the Araucaria
angustifolia and the co-occurrence of many broadleaf species (ICMBio, 2011). The
regenerative component of both the Araucaria Forest and the monoculture plantations
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(araucaria and slash pine) are dominated by the Myrtaceae family, followed by
Fabaceae, Lauraceae and Euphorbiaceae, with almost twice more individuals in the
reforested Araucaria forest than in the reforested Slash Pine forest (MALYSZ;
OVERBECK, 2018).

At FLONA-PF, the stands are small (10 — 60 ha), which provides a close contact
with adjacent habitats and seed banks. The rotation period of conifer monocultures of
sustainable multiple use is much longer (> 40 years) than the traditionally adopted by
economically-driven regional timber companies (10-18 years). Formerly, the
implantation of forest stands was not low impact since both araucaria and slash pine
plantations followed soil preparation through conventional tillage with burning. Cultural
traits, such as weeding, mowing and crowning, were performed during the next four

years. Liming and fertilization practices were not found in the records.

The reforested Araucaria forest (RAF, stand 19) was established in 1958 (25.1
ha), with initial density of 5,000 trees ha’. Selective timber harvests were conducted in
1972/73, 1979 and 1992, and the last evaluated remaining wood stock (2011) consisted
of 411.8 m® ha'* and 317 trees ha. The estimated mean diameter at breast height (dbh)
was 36.96 cm and 19.59 m of total high (ht). The reforested Slash Pine forest (RPF,
stand 24) was established in 1972 (17.28 ha), with 2,500 trees ha’. Nine selective
timber harvesting were performed from 1976 until 2000, and according to the latest
inventory (2011), the remaining wood stock was 748.1 m® ha* with 483 trees ha™. The
dbh was 34.73 cm and ht 31.87 m (ICMBio, 2011).

5.3.2 Soil sampling and preparation

In 2018, three adjacent sites with the same soil type — a loamy, well-drained and
deep Ferralsol (Latossolo Vermelho Escuro by the Brazilian Classification System) —
were selected for sampling: i) a native secondary Araucaria Forest fragment (NAF) as
the reference site; and two mature monocultures managed for sustainable multiple use:

i) a reforested Araucaria angustifolia forest (RAF); and iii) a reforested Pinus elliottii
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forest (RPF) as the treatments. However, small nuances in the soil type cannot be

disregarded.

Disturbed soil samples were taken using a blade in August and September, 2019,
under tree canopy, 10 cm far from the trunks and at 0-20 cm deep, after litter removal.
From each site, four spots under the trees canopy were randomly selected. One
composite soil sample was collected per spot (three soil subsamples homogenized to
make one sample), for a total of 12 samples. The soil samples were air-dried and sieved
(<2 mm) to obtain air-dried fine earth (ADFE) used for physical and granulometric
characterization. An aliquot of the samples was manually grounded in an agate grail for
chemical characterization. All samples were assessed in triplicate given 36 experimental
units. For microbiological analysis, the soil samples were collected in March, 2020,
following the same criteria; however, they were sieved (<2 mm) to remove roots and
litter, and stored for up to 24 hours at 4°C before conducting the analysis in order to
minimize microbial death. Also, soil clods were reserved to obtain undisturbed samples

for the assessment of bulk density

5.3.3 Physical and chemical analysis

Soil pH was measured in H20 (1:2.5 (w/v) soil/solution ratio) (TEIXEIRA et al.,
2017). Potential acidity (H* + AI®*) was determined using the Santa Maria buffered
solution (TSM) as an alternative to SMP buffer (TOLEDO, 2011). Total organic carbon
(TOC) was determined by wet combustion (YEOMANS; BREMNER, 1988). Available
phosphorus (P) and exchangeable potassium (K*) were extracted by Mehlich (HCI
0.05 mol L + H,S04 0.0125 mol L) and measured using a UV-Vis spectrophotometer
at 660 nm and a flame photometer, respectively. Calcium (Ca?*), magnesium (Mg?*)
and aluminum (AI**) were extracted with 1 mol L KCI and determined using an
inductively couple plasma optical emission spectroscopy (ICP-OES). The total cation
exchange capacity (CEC: K* + Ca?* + Mg?* + [H* + AI**) and base saturation (BS% =
([K* + Mg?* + Ca?*] * 100)/CEC) were estimated.
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Particle-size distribution was performed to obtain sand (0.05-2.0 mm), silt
(0.002-0.05 mm) and clay (< 0.002 mm) fractions by sieving and sedimentation (GEE;
BAUDER, 1986) after organic matter oxidation with hydrogen peroxide (5% H202 v/v)
and temperature (40 °C). Soil bulk density (BD) was estimated using the clod method
by immerging in water clods coated with paraffin (a water-repellent substance). The soil
particle density (SPD) followed the volumetric flask method while total soil porosity
(TSP) was calculated by the ratio between BD and SPD (TEIXEIRA et al., 2017).

5.3.4 Microbiological analysis

Gravimetric soil moisture was determined at 105°C for 24h to standardize
moisture levels whenever necessary and to express laboratory results. To measure the
soil basal respiration (SBR), an indicator of the organic carbon microbial
mineralization, moister was adjusted to 70% of water holding capacity (WHC) and C-
CO>-C released within 10 days was determined by extraction with NaOH 1 mol L and
titration with HCI 1 mol L (STOTZKY, 1965). For microbial biomass carbon (Cmic),
which represents a reservoir of C that acts as drain and source, the samples were
preincubated at 70% WHC for seven days inside a dark chamber, at 25°C, and
estimated according to the fumigation-incubation method described by Reis Junior and
Mendes (2007). The metabolic effectiveness of soil microbial communities, expressed
by the index qCO,, was obtained by the ratio between SBR/Cmic, Which predicts that
higher values are associated to higher consumption of readily mineralized carbon and
elevation of CO losses. The microbial quotient index (QMIC), calculated by the ratio
between Cnmic /TOC, indicates the contribution of Cmic to TOC. It is a reliable parameter,
superior to its single components, in describing changes in anthropized ecosystems
(INSAM; DOMSCH, 1988).

5.3.5 Statistical analysis

All variables were examined for homogeneity of variances with Levene’s test

and, for normality, with Lilliefors’ test (Kolmogorov-Smirnov). Dataset was check for
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outliers through box-plot. When necessary, data were transformed using the Box-Cox
function in order to obtain homogeneous variances and data normality. The dataset was
subjected to a nested Analysis of Variance (ANOVA) and to Tukey’s test (p < 0.05)
using a Linear Mixed Model (LMM) for comparison between sites (n=12). Pearson
correlation coefficients (r) were calculated to identify the relationship between soil
attributes. Principal Component Analysis (PCA), a multivariate statistic used to explain
most of the variance in the dataset, was applied to the whole set of data. Linear
Discriminant Analysis (LDA) was performed to check possible misclassification of the
forest types and to find the linear combination of original variables that provide the best
possible separation between groups. All statistical analyses were performed using the
free RStudio version 3.6.1 (R CORE TEAM, 2019), and the graphs were created in both
RStudio and Sigmaplot version 13.

54  Results
5.4.1 Soil physical, chemical and microbiological properties

The majority of physical, chemical and microbiological soil attributes were not
sensitive to conifer species when assessed individually (Table 1). Only available P, soil
particle-size distribution and gMIC differed among the treatments. Available P was
higher in the control (NAF) than in the reforested sites (RAF and RPF). The lowest
gMIC in NAF indicates less carbon immobilization by the microbial biomass in the
native than in the reforested soils. Among the reforested sites, no difference in silt
content between RAF and NAF was found, only slash pine presented lower silt. Clay
content in RPF was not different from NAF (control), and in both it was higher than in
NAF (Figure 1).

Significant correlation (p < 0.05) was observed among 52 out of 190 soil
attribute pairs (Appendix VI). The higher frequency of strong correlations (-0.75 <r >
0.75) was observed for base saturation (BS), which was negatively correlated with CEC
(r =-0.80) and H*+AIP* (r = -0.80), and positively correlated with pH (r = 0.92), Ca?* (r
= 0.93) and Mg?* (r = 0.97). H™+APF*, Ca®*" and Mg?" also presented high positive
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correlation with pH (r = 0.77, 0.82 and 0.89, respectively) and Ca?" with Mg?* (r =
0.94). Other high positive correlations were between K* and available P (r = 0.81), CEC
and H'+AP* (r = 0.97), SBR and qCO; (r = 0.82), and Cmic and qMIC (r = 0.87).
However, the strongest negative correlations were between silt and clay (r = -0.96) and
BD and TSP (r = -0.94). BD and TSP correlated only with each other, and the
microbiological soil attributes SBR, Cmic and qCO2, were correlated with the fewest

number of soil attributes (2, 2 and 3 attributes, respectively).
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Table 1 — Soil chemical, physical and microbiological attributes in native Araucaria
Forest (NAF), reforested Araucaria angustifolia (RAF), and reforested Pinus elliottii

(RPF)
No. Forest type
Soil attributes
obs NAF RAF RPF
Chemical
pH(20) 33 41(£0.2)a 41(x0.2)a 43(x0.2)a
APR* (mmol; dm3) 36 13.1(+10.9)a 143 (£ 10.9) a 21.1(x10.9)a
H* + AI¥* (mmol; dm) 36 88.8 (+ 26.4) a 89.1 (+26.7) a 81.0 (+ 26.8) a
TOC (g kg™ 36 3.9(x05)a 35(x05)a 3.7(x05)a
K* (mmolc dm) 36 25(x1.0)a 1.3(x1.0)a 1.3(x1.0)a
Ca?* (mmol, dm) 35 1.8(x1.1)a 15(x1.1)a 1.6(x1.1)a
Mg?* (mmol, dm) 35 50(x5.1)a 6.4 (x5.1) a 6.1 (x5.1) a
Available P (mg dm) 36 35(x09)a 21(x09)b 15(09b
CEC (mmol; dm3) 36 98.0 (£20.8) a 99.2 (£20.7) a 90.0 (£20.8) a
Base saturation (%) 35 9.6 (£10.0) a 10.8 (£ 10.0) a 10.3 (£ 10.0) a
Physical
Sand (%) 36 96(*11)b 124(x11)a 105(x1.1) b
Silt (%) 35 30.8(x19)a 326(x19)a 27.8(x19)b
Clay (%) 35 59.7 (+ 2.6) a 55.0 (2.6) b 61.7 (+2.5) a
BD (g cm™®) 35 14(+01)a 14(£01)a 14(£01)a
SPD (g cm™) 36 25(x0.1)a 26(x0.1)a 25(x0.1)a
TSP (m3m?3) 35 0.5(£0.03)a 0.5(£0.03)a 0.5(£0.03)a
Microbiological

SBR (ug CO, g 10 d) 36 347 (+164.2) a 241 (£ 164.1) a 353 (£ 163.9) a
Cric(MgCg™) 35 3,459 (£4575)a 3,809 (x454.5)a 4,013 (+454.5)a
qCO: 35 0.1(x0.05)a 0.1(x0.05)a 0.1(+0.05)a
gMIC 36 08(x01)b 1.0 (¥0.1) a 1.1(x0.1)a

Means sharing the same letter are not significantly different (Tukey, p < 0.05). Bold values represent
significant difference among forest types. Numbers in parentheses represent confidence interval (n=12).
H*+Al%* — potential acidity; TOC — total organic carbon; CEC — total cation exchange capacity; BD —
bulk density; SPD — soil particle density; TSP — total soil porosity; SBR — soil basal respiration; Cmic —
microbial biomass carbon; qCO2 — metabolic quotient; gMIC — microbial quotient.
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Figure 1 — Particle-size distribution in the soil of native Araucaria Forest (NAF),
reforested Araucaria angustifolia (RAF), and reforested Pinus elliottii (RPF)
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Letters compare clay, silt and clay among the sites. Means sharing the same letter are not significantly
different (Tukey, p < 0.05)

5.4.2 Principal Component and Linear Discriminant Analyses

The relationship between soil chemical, physical and microbiological attributes
in the forest sites (NAF, RAF and RPF) was assessed using principal component
analysis (PCA). PC1 and PC2 with all 20 observed variables explained 49.2% of the
total variation (Figure 2a). After evaluating the variables that presented low contribution
in explaining data variability and few significant correlations among soil attributes, 5
out of 20 were excluded (BD, TSP, SBR, Cmic and qCO2). Thereafter, a linear
discriminant analysis (LDA) was performed with the remaining 15 variables in order to

check the probability of grouping the soil samples without misclassification.
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PCA was re-run with the remaining 15 variables. The principal components
(PCs) with eigenvalues >1 were selected to interpret the variability in the observations
since they explain better the total variation in the dataset than the soil attributes
individually, as far as PC with eigenvalues <1 explain less the total variation than the
soil attributes individually. The analysis showed that four PCs presented eigenvalues >1
and explained 86.3% of the total variance, in which 64.7% was explained by PC1 and
PC2 (Table 2). The contribution of each soil variables to the PCs is presented in table 2,

and the ones whose contribution to a PC was greater are highlighted in bold.

The soil correlated attributes were grouped according to their contribution to the
respective PC, and the magnitude of the PCs’ eigenvalues determined the order that the
components, or factors, were interpreted (Table 2). PC1 explained 37.3% of the total
variation in the observations and was named “soil acidity factor” because the soil
attributes that most contribute to it are BS, pH, Ca®*, Mg?* and H*+AI**, which are
significantly correlated with each other and strongly correlated (-0.75 < r > 0.75) with
soil pH. The second PC (PC2) explained 27.4% of the total variance, with major
contribution from sand, clay, TOC, K* and available P. However, despite the lack of
correlation between clay and available P, clay was considered within this factor due to
its high contribution (14.5%). PC2 was named “soil organic carbon factor” because all
these soil attributes are related to soil organic matter quality. PC3 explains about 13.9%
of the total variability in the observations, being highly contributed by silt and clay,
which are strongly correlated to each other (r = -0.96). PC4 described approximately
7.7% of the overall variability, with major influence from the significantly correlated
soil attributes CEC and SPD. PC3 and PC4 have minor importance in explaining the

total variance in the dataset (only 21.6%) and will not be discussed here.

The contribution of the variables to PC1 and PC2 are according to the increasing
color gradient and length of the vectors (Figure 2b). TOC, available P and K* are
negatively correlated with gMIC and SPD; Ca?* is negatively correlated with AI**; pH,
Mg?* and BS are negatively correlated with CEC and H*+AI®*; and clay is negatively
correlated to silt and sand (Appendix VI). Silt, gMIC and SPD are the variables that
present the lowest contribution in explaining the data variability.
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PCA revealed differences between the sites based on soil chemical, physical and
microbiological properties (Figure 3a). NAF, RAF and RPF were grouped without
overlapping, what means that although cultivated in the same soil type, topographic and
climate conditions, the conifer species and the understorey composition affected the soil
properties differently. The variables more associated with NAF cluster are clay, TOC,
K* and available P, while the variables negatively correlated to them are more
associated with RAF cluster, which are gqMIC, SPD, silt and sand (Figure 3a).

LDA presented equal prior for all three groups (NAF, RAF and RPF), what
means that given the 15 assessed variables, the probability of a soil sample of belonging
to the correct site is the same (0.33%), and no misclassification is observed. The
percentage separation that is achieved by the first linear discriminant function (LD1), a
linear combination of the fifteen variables, was 64.8%, and by the second linear
discriminant function (LD2) it was 35.2% (Figure 3b). LD1 is suitable to separate the
native sites (NAF and RAF) from the exotic (RPF), while LD2 enable a clear separation
of NAF from RAF, and RAF from RPF, but does not permit to separate NAF from RPF

since there is some overlapping in the horizontal projection.
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Table 2 — Soil attributes contribution for the principal components

Principal Component (PC)

1 2 3 4
Explained Variance (%) 37.3 27.4 13.9 7.7
Eigenvalues 5.6 4.1 2.1 1.2

Variables contribution on PCs (%)

pH (H20) 14.5 1.4 0.5 2.8
AlF* 10.3 0.1 7.7 6.6
H* + Al 13.7 0.4 35 8.7
TOC 0.4 15.3 0.4 2.6
K* 14 13.4 54 0.2
Ca? 14.3 0.3 0.0 10.2
Mg?* 14.5 0.4 0.0 12.7
Auvailable P 0.6 13.0 15.4 0.8
CEC 9.7 0.6 5.4 22.0
BS 16.7 0.1 0.0 4.6
Sand 0.4 20.2 0.5 1.9
Silt 0.1 8.7 234 4.8
Clay 0.2 14.5 16.2 1.6
SPD 2.4 5.7 7.5 16.8
gMIC 0.7 5.6 13.9 3.7

Bold values indicate greater contribution to PCs. H*+AI®* — potential acidity; TOC — total organic carbon;
CEC - total cation exchange capacity; BD — soil bulk density; SPD — soil particle density; TSP — total soil
porosity; SBR — soil basal respiration; Cnic — microbial biomass carbon; qCO2 — metabolic quotient;
gMIC — microbial quotient.
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Figure 2 — Principal component analysis (PCA) ordination biplot for chemical, physical
and microbiological soil attributes of the three sites, with the twenty observed variables
(a) and after the exclusion of five variables (b)
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Figure 3 — Clusters of the forest sites native Araucaria Forest (NAF), reforested
Araucaria forest (RAF), and reforested Slash Pine forest (RPF) based on PCA (a) and
LDA (b)
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5.5.1 Implications of species on edaphic changes

In the native Araucaria Forest, the conditions for natural soil functioning are
provided, so it can be considered a reference for soil quality. In the reforested sites,
most chemical properties were not sensitive to the conifer species (i.e., araucaria and
slash pine) (Table 1), except for available P. The available P was higher in the native
than in the reforested sites, following the tendency observed by Michelsen et al. (1996)
and Malysz et al. (2019). Highly weathered soils, as the Ferralsols in subtropical
regions, act as P sink due to the strong adsorption in Al and Fe oxi-hydroxides surfaces
(BORTOLUZZI et al., 2015); however, tropical forests immobilize great amounts of P
in its biomass (CLEVELARIO JUNIOR, 1996) and the litter mineralization is the
source of organic P that sustain the forest. In managed environments, as RAF and RPF,
the soil disturbance probably promoted an increase in soil organic matter decomposition
rates and P immobilization. At FLONA-PF, previous studies show higher K*
concentrations in the native forest than in araucaria and slash pine plantations
(MALYSZ; OVERBECK, 2018; MALYSZ et al., 2019), as well as higher organic
matter content (MALYSZ et al., 2019); however, we did not find significant differences
among sites for these attributes.

Forest plantations induce alteration of soil constituent proportion, as observed in
previous studies (AGNELLI et al., 2016; BORTOLUZZI et al., 2019; KORCHAGIN et
al., 2019; KORCHAGIN et al., 2020). Although clay content in the RPF did not differed
from the reference NAF site, a reduction on silt content in the RPF site compared to
NAF was observed (Table 1, Figure 1). Therefore, as these two attributes are highly
correlated (r = -0.96, Appendix V1), it can be suggested that the slash pine had a greater
effect on soil weathering expressed by a claying process. As revealed by April and
Keller (1990), a greater degree of fragmentation occurs in mineral grains with edges
oriented toward root surfaces than in grains with sides faced oppositely to roots. The
mechanical forces exerted by roots growth accelerate mineral degradation, exposing the
mineral surface to root-induced chemical gradients and, consequently, increasing soil

weathering rates. Mineral disaggregation is also induced by microorganisms whose
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growth is stimulated by compounds, especially fixed carbon, released by photosynthetic
members of the symbiosis (BANFIELD et al., 1999)

Regarding the biological response due to conifer plantations, variations in the
microbial biomass C (Cmic), soil basal respiration (SBS) and metabolic quotient (qCO.)
were not observed among the monoculture and the reference site. However, the results
do not necessarily mean that there is no influence of the species on soil microbiological
activity, but confirm the low-impact management practices and the mature stage of the
conifer forests. In fact, the microbial biomass from fungus, bacteria, actinomycetes and
algae is the main component of the living soil organic matter, but with shorter cycling
time, representing 1-3% of the total organic carbon in tropical soils (SILVA;
MENDONCA, 2007). According to Odum’s evolution theory and ecosystem
development (ODUM, 1983), as far as the ecosystems move toward an advanced stage,
the dependence on new entries decreases and the efficiency of energy and use of
nutrients increases. For example, the mycorrhizal networks that connect roots of
neighboring trees can positively affect the growth of mature trees (BIRCH et al., 2021)
by transferring water, carbon and essential nutrients between trees connected by a net

formed by their root systems and associated organism.

Despite variation due to climatic (INSAM, 1990) and edaphic factors, the soil
biological activity is a good indicator of ecosystem stability. Basal respiration, a
parameter used to evaluate the general activity of microbial biomass, shows that the
lowest loss of C as CO» through respiration indicates a more efficient microbial biomass
(INSAM; DOMSCH, 1988). Metabolic quotient, an index that evaluates the efficiency
of the microorganisms’ function (INSAM, 1990), shows that the more efficient they are,
the greater is the C fraction incorporated into their biomass and the smaller is the loss of
C per biomass unit through respiration (BEHERA; SAHANI, 2003).

The relationship between microbial biomass carbon (Cmic) and total soil organic
carbon (TOC), expressed by gMIC, was the only microbiological variable that differed
among the reference NAF (0.8) and the reforested sites (1.0 for RAF, and 1.1 for RPF).

As the native forest presents higer diversity of species, with a higher number of
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individuals in the regenerative stratum (MALYSZ; OVERBECK, 2018), it produces a
greater diversity of easier degradation residues, which improve the conditions for the
establishment of microbial community (BINI et al., 2013). Also, as NAF is a more
balanced ecosystem, besides the lower gMIC confirms this, it suggests that organic
carbon is better distributed among living and dead fractions of organic matter, and that
most of the carbon is found in humic substances, which are more stable. Comparing
agricultural and forest areas, the contribution of Cmic to the TOC decreases with time
more rapidly in forests than in agricultural sites (INSAM; DOMSCH, 1988), what
indicates a greater stability of the forest ecosystems.

For evaluating the sustainability of agriculture and land management practices, a
big volume of data and the analysis of multiple attributes simultaneously are required
since the soil variables individually almost do not bring usable information (DORAN;
PARKIN, 1994). In this sense, the significant correlation among several variables and
the low level of information that they contain individually are the reasons why
multivariate statistical methods were used to investigate the relationships between
variables (THIOULOUSE; PRIN; DUPONNOIS, 2012).

PCA showed that the four primary PCs are suitable to interpret the total
variability in the observations. PC1, or soil acidity factor, presented greater contribution
in explaining the data variability. The soil acidity is related to the capacity of the soil to
mobilize and supply nutrients that promote plants growth and the alteration of soil
constituents (BORTOLUZZI et al., 2019; HUMMES et al., 2019; KORCHAGIN et al.,
2020). Especially in established tree monocultures, a shaded environment with adult
trees with low metabolic rates and slower growth, the strategy for nutrient acquisition is
the permanent exudation of soil acid organic compounds (RONDINA et al., 2019;
SOKOLOVA, 2011). This strategy is accompanied by pH decrease caused by H*
released for balance charge, leading to weathering through dissolution of minerals
(CAMA; GANOR, 2015; LAZO; DYER; ALORRO, 2017; KORCHAGIN et al., 2019).

PC2, the soil organic carbon factor, is dominated by variables significantly

correlated to TOC and associated with the NAF cluster. The total amount of organic
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carbon is originated mainly from residues of animals and plants, from soil microbial
carbon and soil humus (MARTENS; REEDY; LEWIS, 2004). In most soils, the fine
mineral fraction is determinant on soil organic matter storage and stabilization
(WIESMEIER et al., 2019) due to the organic matter ability to form chemical bonds
with particles that present large specific superficial area, such as silt and clay (SILVA;
MENDONCA, 2007). Soils enriched with Al and Fe oxides or phyllosilicates (clay
minerals), such as the Ferralsol, have a greater potential to preserve TOC than soils
dominated by primary minerals like quartz and felspars (YEASMIN et al., 2017).
Through the mineralization of organic matter, an important biochemical process,
nutrients are released into the soil and supplied to plants (MARINARI et al., 2010),
such as the essentials potassium (TURPAULT; RIGHI; UTERANO, 2008) and
phosphorus (CHEN, 2003).

5.5.2 Conifer plantations as a strategy of ecosystem sustainability

In a scenario of increasing demand for wood, maintaining or increasing the soil
fertility is the major objective of a sustainable forest management (RANGER;
TURPAULT, 1999). However, the preservation of biological diversity has emerged as
an objective in forest management due to its increasing loss (ZAVALA; ORIA, 1995).
According to these authors, three goals must be achieved to obtain sustainable forest
practices: (i) to perpetuate forest cover being economically profitable, (ii) to preserve
ecosystem structure in terms of biodiversity, and (iii) to preserve ecosystem function in
nutritional terms. In this sense, low-impact practices such as small stand size, reduced
tillage, selection and retention systems, longer rotation cycle length, reduced impact
logging, steam removal instead of whole-tree harvesting have to be considered.
Although suitability of forest practices is highly site dependent, the tree harvesting
method is the most important silvicultural practice to not compromise long-term
sustainability since essential nutrients such as N and P are very sensitive to
overexploitation and nutrient reserves may be strongly negatively affected by whole-
tree removal (BLANCO et al., 2005).
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According to the United Nations Organization, sustainably manage forests and
halt biodiversity loss are among the 17 Sustainable Development Goals (SDGSs) to be
reach in order to promote prosperity while protecting the planet. To incentive tree
plantations with native species, such as araucaria in South Brazil, instead of exotics,
goes along with the goals that are expected (i) to end all forms of poverty (SDGs 1, 2
and 3) considering that its seeds are edible and source of income mainly for smallholder
farmers; (ii) to propose renewable energy (SDG 7) because its wood is highly
appreciated by the industry; (iii) to tackle climate change (SDG 13) and; (iv) to value
and protect all forms of life on earth (SDGs 14 and 15) since araucaria plantations allow
the recolonization with other native species, thus ensuring the soil heterogeneity and the
maintenance of original properties (MALYSZ; OVERBECK, 2018) besides hosting
Araucaria Forest biodiversity (FONSECA et al., 2009; MALYSZ; OVERBECK, 2018).

To encourage revegetation of areas, included degraded ones, with native species
that present slower growth potential and longer-term financial return, such as araucaria,
in spite of exotics with faster economical return, such as slash pine, is a big challenge
when only general soil properties are considered since both species are able to maintain
them in quite similar conditions compared to Araucaria Forest fragments. However,
differences exist as was clearly discriminated by multivariate analyses. The plantations
established in the past with araucaria and (mostly) with the non-natives slash pine and
eucalyptus, changed the forest composition and the natural ecosystem dynamics. In
general, monospecific tree plantations in the Araucaria Forest ecosystem present loss of
overall diversity compared to the natural environment (FONSECA et al., 2009; PAZ et
al., 2015; PEREIRA et al., 2020). The maintenance of species and functional diversity
under native rather than under exotic plantations is the major point in favor of the native
(PAZ et al., 2015). Thereafter, the exploitation of native forests and plantations on a
sustainable basis may allow for sustainable forest management in the long-term besides

offering immediate income opportunities (CUBBAGE et al., 2007).

The guidelines of the Brazilian National Forests are aligned with FAQO’s
principles (FAO, 2014) of sustainable use of forest resources (ICMBio, 2011). Low tree
density and frequency of thinning, with reduced impact of logging are among the
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adopted practices to ensure sustained yields (MALYSZ; OVERBECK, 2018). Pesticide-
free production allows achieving the environmental health predicted in the OMS One
health approach (FAQO, 2008) since we live in a world of microbiomes, and in this sense,
sustainable agriculture is a feasible associated practice (BAPTESTE et al., 2021). Land
use modifications and deforestation lead to a loss of biodiversity and are expected to
increase the pest infestations in urban areas and the risk of many emerging infectious
disease (MORRIS et al., 2016). Gradual improvement of the soil quality is obtained
over time (HARIPAL; SAHOOQ, 2013), and long-term rotations are in compliance with
FLONA'’s practices of sustainable multiple use.

5.6  Conclusion

The properties of a weathered Ferralsol of a subtropical humid region, when
individually assessed, were slightly affected by monocultural plantations of Araucaria
angustifolia (native) and Pinus elliottii var. elliottii (exotic) in a Mixed Ombrophilous
Forest ecosystem and managed for a sustainable multiple use. The soil cultivated with
slash pine is more impacted than the araucaria soil as a claying process was observed,
which suggests increasing weathering rates. Multivariate analysis clearly discriminates
among native Araucaria Forest, reforested Araucaria forest and reforested Slash Pine
forest soils, evidencing edaphic changes due to conifers species. Principal Components
Analysis (PCA) explains most of variability between soil. Soil acidity factor (pHw20, H*
+ AI¥*, Ca?*, Mg?* and base saturation) and soil organic carbon factor (total organic
carbon, K*, available P, sand and clay), are the best indicators to discriminate soil
changes due to vegetal substitution over time. The present study also highlights the
importance of the Brazilian National Forests managed for sustainable multiple use in
protectig the natural ecosystems and the biodiversity, and to show that it is possible to
increase the areas cultivated with forest monocultures in order to meet the Sustainable
Development Goals established by the United Nations and the OMS One Health

approach.
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6 FINAL CONSIDERATIONS

Soils, whether natural or cultivated, are an open system resulting from the
complex interaction between mineral and live worlds (MEUNIER; BORTOLUZZI;
MEXIAS, 2016). In the rhizosphere, where processes occur in higher rates compared to
the surrounding bulk soil, to assess geochemical and mineralogical evolution is a good
approach to detect and monitor the short-term impact of trees on soil. Although studies
on soil physic-chemical characteristics under slash pine and araucaria are reported in the
literature, implications of monocultures with these conifers on soil geochemical and
mineralogical evolution under tropical and subtropical climates are missing, but of great
relevance to ensure the sustainability of timber production, especially in areas

considered the new agricultural frontier in the southern hemisphere.

In Brazil, the total area planted with exotic woody species such as Pinus spp. that
started in the 70’s has been increasing, reaching 1,6 million ha in 2018. Contrastingly,
only around 13 thousand hectares were planted with the woody Araucaria angustifolia
(IBA, 2019). This native long-live pioneer species is characterized by its imposing size,
high wood value and appreciable edible seeds; however, its population decline has been
resulting in loss of diversity due to fragmentation and habitat reduction, causing
disruption on soil ecosystem (HARTLEY, 2002; ISLAM; WEIL, 2000; FONSECA et
al., 2009; SILVA; SCHMITT, 2015; USHARANI; ROOPASHREE; NAIK, 2019).

In an attempt to preserve the remaining fragments of native forest and
specimens, Brazil has established the strictest environmental laws and the largest
required reserves of natural forests among South America countries (Argentina, Chile,
Uruguay and Brazil) and the South United States (CUBBAGE et al., 2007). Despite the
restricted rules on the conservation and use of the Atlantic Forest Biome (Law No.
11,428/06), together with inspection, have reduced deforestation and the araucaria
cutting (SCHNEIDER et al., 2018), they also discouraged the planting of this species



because of the requirements and applied sanctions, which do not occur when the choice

is for planting the exotics Pinus spp. and Eucalyptus spp.

The World Commission on Environmental and Development defines sustainable
development as the “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs”, where natural
systems that support life on Earth such as the atmosphere, the water, the soils and the
living beings must not be endangered (BRUNDTLAND, 1987). In this context, to
preserve and monitor the soil quality, defined as “the capacity of a soil to function
within ecosystem boundaries to sustain biological productivity, maintain environmental
quality, and promote plant and animal health” (DORAN; PARKIN, 1994), is crucial. It
is not a matter of just replacing the entire established forest base with exotic species by
native trees, but of make the requirements more flexible and really encourage
monocultures with native woody species, such as araucaria, in order to match timber

production with conservation.
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7 GENERAL CONCLUSIONS

The present study highlights the potential of conifers to change soil physical-
chemical and mineralogical characteristics and intensify the soil weathering. In the
meta-analysis study, it was found that the ability of conifers and monocultures to alter
the soil properties is greater than broadleaved and naturally established trees in mixed
forest fragments. The higher fertility of the mixed forest soils compared to monoculture
soils is probably related to the greater diversity of species, with different root systems
and soil mining skils in addition to higher nutrient cycling. The meta-analysis also

presented a gap in the study of conifer soils in tropical and subtropical regions.

The exotic Pinus elliottii var elliottii presents a greater potential in changing the
general characteristics of the rhizosphere compared to the native Araucaria angustifolia.
The most affected soil attributes detected by univariate statistical analysis were particle-
size fractions, microbial quotient, total organic carbon and available phosphorus;
however, the multivariate statistics clearly discriminate slash pine from araucaria by the
assessed soil properties, which suggest that this is a great tool to detect and monitor soil
changes under plantations of different conifers. The mineralogical evolution of the clay
fraction in the rhizosphere and bulk soil of both conifers evidence a slight claying
process in slash pine soil, followed by complete illite dissolution and increase of
kaolinite proportion in clay assemblage, suggesting an acceleration of weathering rates
and the increasing risk of soil quality loss when monocultures of this conifer is
established in high weathered soils of humid subtropical regions. Araucaria angustifolia
also promoted changes in soil properties compared to the species grown in its native

environment, although in lower proportions than slash pine.



In south Brazil, monoculture with the exotics, fast-growing and low-density
woody species Pinus spp. and Eucalyptus spp. initiated in the early 1970 as an
alternative to the increasing demand and decline of the native long-lived pioneer conifer
Araucaria angustifolia due to its uncontrolled exploitation and slow growth of the
plantations. The introduction of exotic species in an ecosystem, as well as the
management practices, must be preceded by multidisciplinary studies of environmental
impact, at different scales, to understand the potential of environmental changes and to
find alternatives to mitigate them. The present study shows that studies on the
rhizosphere of trees are a feasible strategy to detect and monitor the short-term impact
of long-lived woody species on soil, which can be further investigated especially on the

interactions between microorganisms and clay minerals.

Ana Paula Hummes do Amaral 115



REFERENCES

ABER, J. D. et al. Is nitrogen deposition altering the nitrogen status of northeastern
forests? BioScience, v. 53, n. 4, p. 375-389, 2003.

ABER, J. D. et al. Is nitrogen deposition altering the nitrogen status of northeastern
forests? BioScience, v. 53, n. 4, p. 375-389, 2003.

AGNELLLI, A. et al. Holm oak (Quercus ilex L.) rhizosphere affects limestone-derived
soil under a multi-centennial forest. Plant and Soil, v. 400, n. 1-2, p. 297-314, 2016.

AKSELSSON, C. et al. Weathering rates in Swedish forest soils. Biogeosciences, v. 16,
n. 22, p. 4429-4450, 2019.

ALEKSEEVA, T. et al. Effect of soil acidification induced by a tea plantation on
chemical and mineralogical properties of Alfisols in eastern China. Environmental
Geochemistry and Health, v. 33, n. 2, p. 137-148, 2011.

ALVAREZ, E. et al. Aluminium geochemistry in the bulk and rhizospheric soil of the
species colonising an abandoned copper mine in Galicia (NW Spain). Journal of Soils
and Sediments, v. 10, n. 7, p. 1236-1245, 2010.

ALVAREZ, E. et al. Aluminum speciation in the bulk and rhizospheric soil solution of
the species colonizing an abandoned copper mine in Galicia (NW Spain). Journal of
Soils and Sediments, v. 11, n. 2, p. 221-230, 2011.

ANDA, M. et al. Mineralogy and factors controlling charge development of three
Oxisols developed from different parent materials. Geoderma, v. 143, n. 1-2, p. 153—
167, 2008.

ANGST, G. et al. Spatial distribution and chemical composition of soil organic matter
fractions in rhizosphere and non-rhizosphere soil under European beech (Fagus
sylvatica L.). Geoderma, v. 264, p. 179-187, 2016.

APRIL, R.; KELLER, D. Mineralogy of the rhizosphere in forest soils of the eastern
United States. Biogeochemistry, v. 9, n. 1, p. 1-18, 1990.

BANFIELD, J. F. et al. Biological impact on mineral dissolution: Application of the
lichen model to understanding mineral weathering in the rhizosphere. Proceedings of
the National Academy of Sciences of the United States of America, v. 96, n. 7, p.
3404-3411, 1999.

BAPTESTE, E. et al. The epistemic revolution induced by microbiome studies: an



interdisciplinary view. Biology, v. 10, n. 7, p. 1-15, 2021.

BARILLOT, C. D. C. et al. A standardized method for the sampling of rhizosphere and
rhizoplan soil bacteria associated to a herbaceous root system. Annals of Microbiology,
v. 63, n. 2, p. 471-476, 2013.

BARNHISEL, R. I.; BERTSCH, P. M. Chlorites and hydroxy-interlayered vermiculite
and smectite. In: DIXON, J. B.; WEED, S. B. (Eds.). Minerals in Soil Environments.
2nd. ed. Madison, WI: Soil Science Society of America, 1989. p. 729-788.

BARRE, P. et al. Impact of phyllosilicate mineralogy on organic carbon stabilization in
soils: incomplete knowledge and exciting prospects. Geoderma, v. 235-236, p. 382—
395, 2014.

BARRE, P.; VELDE, B.; ABBADIE, L. Dynamic role of “illite-like” clay minerals in
temperate soils: facts and hypotheses. Biogeochemistry, v. 82, n. 1, p. 77-88, 2007.

BEHERA, N.; SAHANI, U. Soil microbial biomass and activity in response to
Eucalyptus plantation and natural regeneration on tropical soil. Forest Ecology and
Management, v. 174, n. 1-3, p. 1-11, 2003.

BERTINI, S. C. B. et al. Soil properties discriminating Araucaria forests with different
disturbance levels. Environmental Monitoring and Assessment, v. 187, n. 4, p. 194,
20 2015.

BIGHAM, J. M.,; FITZPATRICK, R. W.; SCHULZE, D. Iron oxides. In: DIXON, J. B.;
SCHULZE, D. G. (Eds.). Soil Mineralogy with Environmental Applications.
Madison: SSSA, 2002. p. 323-366.

BINI, D. et al. Effects of land use on soil organic carbon and microbial processes
associated with soil health in southern Brazil. European Journal of Soil Biology, v. 55,
p. 117-123, 2013.

BIRCH, J. D. et al. Beyond seedlings: Ectomycorrhizal fungal networks and growth of
mature Pseudotsuga menziesii. Journal of Ecology, v. 109, n. 2, p. 806-818, 2021.

BLANCO, J. A. et al. Sustainability of forest management practices: Evaluation through
a simulation model of nutrient cycling. Forest Ecology and Management, v. 213, n. 1-
3, p. 209-228, 2005.

BORTOLUZZI, E. C. et al. Vermiculite, with hydroxy-aluminium interlayer, and
kaolinite formation in a subtropical sandy soil from south Brazil. Clay Minerals, v. 43,
n. 2, p. 185-193, 2008.

BORTOLUZZI, E. C. et al. Mineralogical changes caused by grape production in a
regosol from subtropical Brazilian climate. Journal of Soils and Sediments, v. 12, n. 6,
p. 854-862, 2012.

Ana Paula Hummes do Amaral 117



BORTOLUZZI, E. C. et al. Mineralogy and nutrient desorption of suspended sediments
during a storm event. Journal of Soils and Sediments, v. 13, n. 6, p. 1093-1105, 2013.

BORTOLUZZI, E. C. et al. Occurrence of iron and aluminum sesquioxides and their
implications for the P sorption in subtropical soils. Applied Clay Science, v. 104, p.
196-204, 2015.

BORTOLUZZI, E. C. et al. Accumulation and precipitation of Cu and Zn in a
centenarian vineyard. Soil Science Society of America Journal, v. 83, n. 2, p. 492—
502, 2019.

BORTOLUZZI, E. C.; POLETO, C. Metodologias para estudos de sedimentos: énfase
na proporcao e na natureza mineralogica das particulas. In: POLETO, C.; MERTEN, G.
H. (Eds.). Qualidade de sedimentos. 2. ed. Porto Alegre, RS: Associacdo Brasileira de
Recursos Hidricos, 2013. p. 83-140.

BRAHY, V.; TITEUX, H.; DELVAUX, B. Incipient podzolization and weathering
caused by complexation in a forest Cambisol on loess as revealed by a soil solution
study. European Journal of Soil Science, v. 51, n. 3, p. 475-484, 2000.

BREJDA, J. J. et al. Identification of regional soil quality factors and indicators: I.
Central and Southern high plains. Soil Science Society of America Journal, v. 64, p.
2115-2124, 2000.

BREMER, L. L.; FARLEY, K. A. Does plantation forestry restore biodiversity or create
green deserts? A synthesis of the effects of land-use transitions on plant species
richness. Biodiversity and Conservation, v. 19, n. 14, p. 3893-3915, 2010.

BREWSTER, J. L.; TINKER, P. B. Nutrient cation flows in soil around plant roots. Soil
Science Society of America Journal, v. 34, n. 3, p. 421-426, 1970.

BRINDLEY, G.W.; BROWN, G. X-ray diffraction procedures for clay mineral
identification. In: BRINDLEY, G.W.; BROWN, G. (Eds). Crystal Structures of Clay
Minerals and their X-ray Identification, Mineralogical Society, London, UK. p.305-
361, 1980.

BROECKLING, C. D. et al. Rhizosphere Ecology. In: FATH, B. (Ed.). Encyclopedia
of Ecology. 2. ed. United Kingdom: Oliver Walter, 2019. p. 574-578.

BRUNDTLAND, G. H. Report of the World Commission on Environment and
Development: Our Common Future towards Sustainable Development. Available
at: <https://sustainabledevelopment.un.org/content/documents/5987our-common-
future.pdf>. Accessed in May 14, 2021.

BU, W.-S. et al. Mixed broadleaved tree species increases soil phosphorus availability
but decreases the coniferous tree nutrient concentration in subtropical china. Forests, v.
11, n. 4, p. 461-477, 2020.

Ana Paula Hummes do Amaral 118



BUOL, S. W.; SOUTHARD, R. J.; GRAHAM, R. C.; MCDANIEL, P. A. Soil Genesis
and Classification. 5" edition. Ames: lowa State Press, 2003.

CAIRNS, M. A. et al. Root biomass allocation in the world’s upland forests. Oecologia,
v.111,n. 1, p. 1-11, 1997.

CALVARUSO, C. et al. Rapid clay weathering in the rhizosphere of Norway spruce
and Oak in an acid forest ecosystem. Soil Science Society of America Journal, v. 73,
n. 1, p. 331-338, 2009.

CALVARUSO, C.; N’'DIRA, V.; TURPAULT, M.-P. Impact of common European tree
species and Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) on the physicochemical
properties of the rhizosphere. Plant and Soil, v. 342, n. 1-2, p. 469-480, 2011.

CAMA, J.; GANOR, J. Dissolution kinetics of clay minerals. In: Developments in
Clay Science. Elsevier, 2015. v. 6p. 101-153.

CANER, L. et al. Basalt and rhyo-dacite weathering and soil clay formation under
subtropical climate in southern Brazil. Geoderma, v. 235-236, p. 100-112, 2014.

CANNELL, M. G. R.; JACKSON, J. E. Attributes of trees as crop plants. 1. ed.
Huntingdon: Institute of Terrestrial Ecology, 1985.

CAREY, J. H. Pinus elliottii. In: Fire Effects Information System, [Online]. U.S.
Department of Agriculture, Forest Service, Rocky Mountain Research Station, Fire
Sciences Laboratory (Producer). 1992. Available at:
<https://www.fs.fed.us/database/feis/plants/tree/pinell/all.ntml>. Assessed in November
26, 2021.

CARVALHO, F. DE; MOREIRA, F. M. DE S.; CARDOSO, E. J. B. N. Chemical and
biochemical properties of Araucaria angustifolia (Bert.) Ktze. forest soils in the state of
Sédo Paulo. Revista Brasileira de Ciéncia do Solo, v. 36, n. 4, p. 1189-1202, 2012.

CARVALHO, P. E. R. Pinheiro-do-parand. Circular Técnica 60, p. 1-17, 2002.

CESPEDES-PAYRET, C. et al. Land use change in a temperate grassland soil:
Afforestation effects on chemical properties and their ecological and mineralogical
implications. Science of The Total Environment, v. 438, p. 549-557, 2012.

CHADWICK, O. A. et al. Changing sources of nutrients during four million years of
ecosystem development. Nature, v. 397, n. 6719, p. 491-497, 1999.

CHEN, H. Phosphatase activity and P fractions in soils of an 18-year-old Chinese fir
(Cunninghamia lanceolata) plantation. Forest Ecology and Management, v. 178, p.
301-310, 2003.

CHEN, L.; ZHANG, C.; DUAN, W. Temporal variations in phosphorus fractions and

Ana Paula Hummes do Amaral 119



phosphatase activities in rhizosphere and bulk soil during the development of Larix
olgensis plantations. Journal of Plant Nutrition and Soil Science, v. 179, n. 1, p. 67—
77, 2016.

CHEN, X. et al. Greater variations of rhizosphere effects within mycorrhizal group than
between mycorrhizal group in a temperate forest. Soil Biology and Biochemistry, v.
126, p. 237-246, 2018.

CHEN, Y. M. et al. Chemical and physical properties of rhizosphere and bulk soils of
three tea plants cultivated in Ultisols. Geoderma, v. 136, n. 1-2, p. 378-387, 2006.

CHIELLINI, C. et al. Exploring the links between bacterial communities and magnetic
susceptibility in bulk soil and rhizosphere of beech (Fagus sylvatica L.). Applied Soil
Ecology, v. 138, p. 69-79, 2019.

CHOROVER, J.; AMISTADI, M. K.; CHADWICK, O. A. Surface charge evolution of
mineral-organic complexes during pedogenesis in Hawaiian basalt. Geochimica et
Cosmochimica Acta, v. 68, n. 23, p. 4859-4876, 2004.

CHURCHMAN, G. J.; LOWE, D. J. Alteration, formation, and occurrence of minerals
in soils. In: HUANG, P. M.; LI, Y.; SUMNER, M. E. (Eds.). Handbook of Soil
Sciences: Vol. 1: Properties and Processes. Boca Raton: CRC Press (Taylor &
Francis), 2012. p. 20.1-20.72.

CLARKSON, D. T.; HANSON, J. B. The mineral nutrition of higher plants. Annual
Review of Plant Physiology, v. 31, n. 1, p. 239-298, 1980.

CLEVELAND, C. C. et al. Patterns of new versus recycled primary production in the
terrestrial biosphere. Proceedings of the National Academy of Sciences, v. 110, n. 31,
p. 12733-12737, 2013.

CLEVELARIO JUNIOR, J. Distribuicdo de carbono e de elementos minerais em um
ecossistema florestal tropical imido baixo-montano. 1996. 135f. Tese (Doutorado
em Solos e Nutri¢do de Plantas). Universidade Federal de Vigosa, Vicosa, 1996.

CLOUTIER-HURTEAU, B. et al. The speciation of water-soluble Al and Zn in the
rhizosphere of forest soils. Journal of Environmental Monitoring, v. 12, n. 6, p. 1274,
2010.

CLOUTIER-HURTEAU, B.; SAUVE, S.; COURCHESNE, F. Comparing WHAM 6
and MINEQL+ 4.5 for the chemical speciation of Cu 2+ in the rhizosphere of forest
soils. Environmental Science & Technology, v. 41, n. 23, p. 8104-8110, 2007.

CNCFlora. Araucaria angustifolia in Lista Vermelha da flora brasileira verséo
2012.2 Centro Nacional de Conservacéo da Flora. 2012. Available at:
<http://cncflora.jbrj.gov.br/portal/pt-br/profile/Araucaria angustifolia>. Accessed in
November 26, 2021.

Ana Paula Hummes do Amaral 120



COLLIGNON, C. et al. Seasons differently impact the structure of mineral weathering
bacterial communities in beech and spruce stands. Soil Biology and Biochemistry, v.
43, n. 10, p. 2012-2022, 2011.

COLLIGNON, C.; BOUDOQT, J.-P.; TURPAULT, M.-P. Time change of aluminium
toxicity in the acid bulk soil and the rhizosphere in Norway spruce (Picea abies (L.)
Karst.) and beech (Fagus sylvatica L.) stands. Plant and Soil, v. 357, n. 1-2, p. 259-
274, 2012.

COLLIGNON, C.; CALVARUSO, C.; TURPAULT, M.-P. Temporal dynamics of
exchangeable K, Ca and Mg in acidic bulk soil and rhizosphere under Norway spruce
(Picea abies Karst.) and beech (Fagus sylvatica L.) stands. Plant and Soil, v. 349, n. 1-
2, p. 355-366, 2011.

COLLIGNON, C.; RANGER, J.; TURPAULT, M. P. Seasonal dynamics of Al- and Fe-
bearing secondary minerals in an acid forest soil: influence of Norway spruce roots (
Picea abies (L.) Karst.). European Journal of Soil Science, v. 63, n. 5, p. 592-602,
2012.

CORDEIRO, J. L. P.; HASENACK, H. Cobertura vegetal atual do Rio Grande do Sul.
In: PILLAR, V. DE P. et al. (Eds.). Campos Sulinos - conservagdo e uso sustentavel
da biodiversidade. Brasilia, DF: Ministério do Meio Ambiente - MMA, 2009. p. 285—
299.

CORNU, S. et al. Evidence of short-term clay evolution in soils under human impact.
Comptes Rendus Geoscience, v. 344, n. 11-12, p. 747-757, 2012.

COTTER-HOWELLS, J. D.; PATERSON, E. Minerals and soil development. IN:
VAUGHAN, D. J.; WOGELIUS, R. A. (Eds.). Environmental Mineralogy, Volume
2. Chantilly: Minerological Society of America, 2000. p. 91-124.

COURCHESNE, F.; GOBRAN, G. R. Mineralogical variations of bulk and rhizosphere
soils from a Norway spruce stand. Soil Science Society of America Journal, v. 61, n.
4, p. 1245-1249, 1997.

COURCHESNE, F.; KRUYTS, N.; LEGRAND, P. Labile zinc concentration and free
copper ion activity in the rhizosphere of forest soils. Environmental Toxicology and
Chemistry, v. 25, n. 3, p. 635-642, 2006.

CUBBAGE, F. et al. Timber investment returns for selected plantations and native
forests in South America and the Southern United States. New Forests, v. 33, n. 3, p.
237-255, 2007.

CUMMING, J. R.; ECKERT, R. T.; EVANS, L. S. Effect of aluminum on potassium
uptake by red spruce seedlings. Canadian Journal of Botany, v. 63, p. 1099-1103,
1985.

Ana Paula Hummes do Amaral 121



DAI, X. et al. C:N:P stoichiometry of rhizosphere soils differed significantly among
overstory trees and understory shrubs in plantations in subtropical China. Canadian
Journal of Forest Research, v. 48, n. 11, p. 1398-1405, 2018.

DANJON, F.; STOKES, A.; BAKKER, M. R. Root Systems of Woody Plants. In:
ESHEL, A.; BEECKMAN, T. (Eds.). Plant Roots: The Hidden Half. Boca Raton:
CRC Press (Taylor & Francis), 2013. p. 23-1 — 23-18. eBook.

DAWSON, T. E.; HAHM, W. J.; CRUTCHFIELD-PETERS, K. Digging deeper: what
the critical zone perspective adds to the study of plant ecophysiology. New Phytologist,
v. 226, n. 3, p. 666-671,2020.

DE FEUDIS, M. et al. Altitude affects the quality of the water-extractable organic
matter (WEOM) from rhizosphere and bulk soil in European beech forests. Geoderma,
v. 302, p. 6-13, 2017.

DEL RE, A. C. A Practical tutorial on conducting meta-analysis in R. The Quantitative
Methods for Psychology, v. 11, n. 1, p. 37-50, 2015.

DESSAUX, Y.; GRANDCLEMENT, C.; FAURE, D. Engineering the rhizosphere.
Trends in Plant Science, v. 21, n. 3, p. 266-278, 2016.

DIEFFENBACH, A.; MATZNER, E. In situ soil solution chemistry in the rhizosphere
of mature Norway spruce (Picea abies [L.] Karst.) trees. Plant and Soil, v. 222, p. 149—
161, 2000.

DORAN, J. W.; PARKIN, T. B. Defining and assessing soil quality. In: Defining Soil
Quality for a Sustainable Environment. Madison, WI: SSSA Special Publication no.
35, 1994. p. 1-21.

DOTANIYA, M. L.; MEENA, V. D. Rhizosphere effect on nutrient availability in soil
and its uptake by plants: A review. Proceedings of the National Academy of Sciences,
India Section B: Biological Sciences, v. 85, n. 1, p. 1-12, 2014.

FAGOTTI, D. S. L. et al. Gradients in N-cycling attributes along forestry and
agricultural land-use systems are indicative of soil capacity for N supply. Soil Use and
Management, v. 28, n. 3, p. 292-298, 2012.

FAN, Z. et al. Changes in plant rhizosphere microbial communities under different
vegetation restoration patterns in karst and non-karst ecosystems. Scientific Reports, v.
9,n.1,p.8761-8773, 2019.

FANG, X.-M. et al. Soil phosphorus functional fractions and tree tissue nutrient
concentrations influenced by stand density in subtropical Chinese fir plantation forests.
PLOS ONE, v. 12, n. 10, p. e0186905, 2017.

FAO. Food and Agriculture Organization of the United Nations. Building a common
vision for sustainable food and agriculture: Principles and Aproaches. Rome. 2014.

Ana Paula Hummes do Amaral 122



Available at: <http://www.fao.0rg/3/i3940e/i3940e.pdf>. Accessed in August 06, 2021.

FAO; OIE; WHO. Contributing to One World, One Health - A Strategic
Framework for Reducing Risks of Infectious Diseases at the Animal-Human-
Ecosystems Interface, 2008. Available at: https://www.fao.org/3/aj137e/aj137e00.pdf.
Accessed in March 15, 2022.

FERNANDEZ-MARTINEZ, M. et al. Nutrient availability as the key regulator of
global forest carbon balance. Nature Climate Change, v. 4, n. 6, p. 471-476, 2014.

FINK, J. R. et al. Chemical and mineralogical changes in a Brazilian Rhodic Paleudult
under different land use and managements. Revista Brasileira de Ciéncia do Solo, v.
38, n. 4, p. 1304-1314, 2014.

FIRN, J.; ERSKINE, P. D.; LAMB, D. Woody species diversity influences productivity
and soil nutrient availability in tropical plantations. Oecologia, v. 154, n. 3, p. 521-533,
2007.

FOLLMER, C. M. et al. Nutrient availability and pH level affect germination traits and
seedling development of Conyza canadensis. Scientific Reports, v. 11, n. 1, p. 15607,
2021.

FONSECA, C. R. et al. Towards an ecologically-sustainable forestry in the Atlantic
Forest. Biological Conservation, v. 142, n. 6, p. 1209-1219, 2009.

FUJII, K.; AOKI, M.; KITAYAMA, K. Biodegradation of low molecular weight
organic acids in rhizosphere soils from a tropical montane rain forest. Soil Biology and
Biochemistry, v. 47, p. 142-148, 2012.

FURUKAWA, T. A. et al. Imputing missing standard deviations in meta-analyses can
provide accurate results. Journal of Clinical Epidemiology, v. 59, n. 1, p. 7-10, 2006.

GEE, G. W.; BAUDER, J. W. Particle-size analyses, In: KLUTE, A. (Ed.). Methods of
soil analysis. Agronomy Monograph. 2 ed. Madison: American Society of Agronomy,
1986. p. 383-411.

GERENDAS, J.: RATCLIFFE, R. G. Root pH regulation. In: ESHEL, A;
BEECKMAN, T. (Eds.). Plant Roots: The Hidden Half. Boca Raton: CRC Press
(Taylor & Francis), 2013. p. 23-1 — 23-18. eBook.

GERMON, A. et al. Tamm Review: Deep fine roots in forest ecosystems: Why dig
deeper? Forest Ecology and Management, v. 466, n. April, p. 118135, 2020.

GOLDISH, S.S. A Study in Rock-Weathering. The Journal of Geology, v. 46, n. 01, p.
17-58, 1938.

GUAN, X.; WANG, S. L.; ZHANG, W. D. Availability of N and P in the rhizosphere

Ana Paula Hummes do Amaral 123



of three subtropical species. Journal of Tropical Forest Science, v. 28, n. 2, p. 159—
166, 2016.

HARIPAL, K.; SAHOO, S. Physicochemical and biochemical reclamation of soil
through secondary succession. Open Journal of Soil Science, v. 03, n. 05, p. 235-243,
2013.

HARTLEY, A. E. et al. Plant performance and soil nitrogen mineralization in response
to simulated climate change in Subarctic dwarf shrub heath. Oikos, v. 86, n. 2, p. 331,
1999.

HARTLEY, M. J. Rationale and methods for conserving biodiversity in plantation
forests. Forest Ecology and Management, v. 155, n. 1-3, p. 81-95, 2002.

HE, Q. et al. Vegetation type rather than climate modulates the variation in soil enzyme
activities and stoichiometry in subalpine forests in the eastern Tibetan Plateau.
Geoderma, v. 374, p. 114424, 2020.

HENDERSHOT, W. H.; LAVKULICH, L. M. The use of zero point of charge (ZPC) to
assess pedogenic development. Soil Science Society of America Journal, v. 42, n. 3, p.
468-472, 1978.

HIGGINS, J. P. T. et al. Measuring inconsistency in meta-analyses. British Medical
Journal, v. 327, n. 7414, p. 557-560, 2003.

HINSINGER, P. How do plant roots acquire mineral nutrients? Chemical processes
involved in the rhizosphere. Advances in Agronomy, v. 64, p. 225-265, 1998.

HINSINGER, P. et al. Plant-induced weathering of a basaltic rock: Experimental
evidence. Geochimica et Cosmochimica Acta, v. 65, n. 1, p. 137-152, 2001.

HINSINGER, P. et al. Origins of root-mediated pH changes in the rhizosphere and their
responses to environmental constraints: A review. Plant and Soil, v. 248, n. 1/2, p. 43—
59, 2003.

HINSINGER, P. et al. Rhizosphere: biophysics, biogeochemistry and ecological
relevance. Plant and Soil, v. 321, n. 1-2, p. 117-152, 2009.

HINSINGER, P.; JAILLARD, B. Root-induced release of interlayer potassium and
vermiculitization of phlogopite as related to potassium depletion in the rhizosphere of
ryegrass. Journal of Soil Science, v. 44, n. 3, p. 525-534, 1993.

HINSINGER, P.; PLASSARD, C.; JAILLARD, B. Rhizosphere: A new frontier for soil
biogeochemistry. Journal of Geochemical Exploration, v. 88, n. 1-3, p. 210-213,
2006.

HOFMANN, K.; HEUCK, C.; SPOHN, M. Phosphorus resorption by young beech trees
and soil phosphatase activity as dependent on phosphorus availability. Oecologia, v.

Ana Paula Hummes do Amaral 124



181, n. 2, p. 369-379, 2016.

HORAK, J. et al. Green desert?: Biodiversity patterns in forest plantations. Forest
Ecology and Management, v. 433, n. November 2018, p. 343-348, 2019.

HOU, G. et al. A meta-analysis of changes in soil organic carbon stocks after
afforestation with deciduous broadleaved, sempervirent broadleaved, and conifer tree
species. Annals of Forest Science, v. 77, n. 4, p. 92, 2020.

HOUBEN, D.; SONNET, P. Zinc mineral weathering as affected by plant roots.
Applied Geochemistry, v. 27, n. 8, p. 1587-1592, 2012.

HU, X.-F. et al. The effects of simulated acid rain on internal nutrient cycling and the
ratios of Mg, Al, Ca, N, and P in tea plants of a subtropical plantation. Environmental
Monitoring and Assessment, v. 191, n. 2, p. 99, 2019.

HUECK, K. As florestas da América do Sul: ecologia, composicdo e importancia
econdmica. 1. ed. S&o Paulo: Poligono, 1972.

HUMMES, A. P. et al. Transfer of copper and zinc from soil to grapevine-derived
products in young and centenarian vineyards. Water, Air, & Soil Pollution, v. 230, n.
7, p. 150, 2019.

IBA IndUstria Brasileira de Arvores. Report 2019. 2019. Available at:
<https://iba.org/datafiles/publicacoes/relatorios/iba-relatorioanual2019.pdf>.  Accessed
in August 10, 2021.

ICMBIio. Plano de Manejo da Floresta Nacional de Passo Fundo. Volume 1.
Floriandpolis: Instituto Chico Mendes de Conservacao da Biodiversidade, 2011.

INDA, A. V. et al. Aluminum hydroxy-interlayered minerals and chemical properties of
a subtropical Brazilian oxisol under no-tillage and conventional tillage. Revista
Brasileira de Ciencia do Solo, v. 34, n. 1, p. 33-41, 2010.

INDA, A. V. et al. Iron oxides dynamics in a subtropical Brazilian Paleudult under
long-term no-tillage management. Scientia Agricola, v. 70, n. 1, p. 48-54, 2013.

INDA, A. V.; FINK, J. R.; SANTOS, T. F. DOS. Pedogenic iron oxides in soils of the
Acre State, Brazil. Ciéncia Rural, v. 48, n. 8, p. €20180209, 2018.

INDA JUNIOR, A. V. et al. Variaveis relacionadas a estabilidade de complexos organo-
minerais em solos tropicais e subtropicais brasileiros. Ciéncia Rural, v. 37, n. 5, p.
1301-1307, 2007.

INOUE, A. et al. Convenient technique for estimating smectite layer percentage in
randomly interstratified illite/smectite minerals. Clays and Clay Minerals, v. 37, n. 3,
p. 227234, 19809.

Ana Paula Hummes do Amaral 125



INSAM, H. Are the soil microbial biomass and basal respiration governed by the
climatic regime? Soil Biology and Biochemistry, v. 22, n. 4, p. 525-532, 1990.

INSAM, H.; DOMSCH, K. H. Relationship between soil organic carbon and microbial
biomass on chronosequences of reclamation sites. Microbial Ecology, v. 15, n. 2, p.
177-188, 1988.

ISLAM, K. .; WEIL, R. . Land use effects on soil quality in a tropical forest ecosystem
of Bangladesh. Agriculture, Ecosystems & Environment, v. 79, n. 1, p. 9-16, 2000.

IUSS WORKING GROUP WRB. World Reference Base for Soil Resources 2014.
World Soil Resources Report No 106. Rome: FAO, 2014. Available at:
<http://scholar.google.com/scholar?hl=en&btnG=Search&g=intitle:World+reference+b
ase+for+soil+resources+2006#0>.

IZUMI, H. et al. Bacteria associated with ectomycorrhizas of slash pine (Pinus elliottii)
in south-eastern Queensland, Australia. FEMS Microbiology Letters, v. 282, n. 2, p.
196-204, 2008.

JAILLARD, B. Elements in Soils: Total and Extractable Contents, Solid Phase
Speciation. In: LUSTER J.; FINLAY, R. (Eds.). Handbook of methods used in
rhizosphere research. Birmensdorf: Swiss Federal Research Institute WSL, 2006. p.
38-43.

KAMPF, N.; CURI, N. Oxidos de Ferro: indicadores de ambientes pedogénicos. In:
NOVAIS, R. F.; ALVAREZ, V. H.; SCHAEFER, C.E.G.R. (Eds.). Tépicos em
Ciéncia do Solo. Vigosa: SBCS, 2000. p. 107-138.

KAMPF, N.; CURI, N.; MARQUES, J. J. Intemperismo e ocorréncia de minerais no
ambiente do solo. In: MELO, V. F.; ALLEONI, L. R. F. (Eds.). Quimica e mineralogia
do solo — Parte I: Conceitos basicos. 1. ed. Vicosa: Sociedade Brasileira de Ciéncia
do Solo, 2009. p. 333-380.

KIM, J. et al. Phosphate adsorption on the iron oxyhydroxides goethite (a-FeOOH),
akaganeite (B-FeOOH), and lepidocrocite (y-FeOOH): a 31P NMR Study. Energy &
Environmental Science, v. 4, n. 10, p. 4298, 2011.

KONSTANTOPOQOULOS, S. Fixed and mixed effects models in meta-analysis. 1ZA
Discussion Paper Series, v. 2198, p. 1-39, 2006.

KORCHAGIN, J. et al. Evidences of soil geochemistry and mineralogy changes caused
by eucalyptus rhizosphere. CATENA, v. 175, p. 132-143, 2019.

KORCHAGIN, J. et al. Distribution of copper and zinc fractions in a Regosol profile
under centenary vineyard. Environmental Earth Sciences, v. 79, n. 19, p. 439, 2020.

KORNDORFER, C. L.; MOSENA, M.; DILLENBURG, L. R. Initial growth of
Brazilian pine (Araucaria angustifolia) under equal soil volumes but contrasting rooting

Ana Paula Hummes do Amaral 126



depths. Trees, v. 22, n. 6, p. 835-841, 2008.

KOURTEV, P. S.; EHRENFELD, J. G.; HAGGBLOM, M. Exotic plant species alter
the microbial community structure and function in the soil. Ecology, v. 83, n. 11, p.
3152-3166, 2002.

KOUTSOS, T. M.; MENEXES, G. C.; DORDAS, C. A. An efficient framework for
conducting systematic literature reviews in agricultural sciences. Science of The Total
Environment, v. 682, p. 106-117, 2019.

KUZYAKOV, Y.; BLAGODATSKAYA, E. Microbial hotspots and hot moments in
soil: Concept & review. Soil Biology and Biochemistry, v. 83, n. February, p. 184—
199, 2015.

LANSON, B. Decomposition of experimental X-ray diffraction patterns (Profile
Fitting): A convenient way to study clay minerals. Clays and Clay Minerals, v. 45, n.
2, p. 132-146, 1997.

LAURI, P. et al. Woody biomass energy potential in 2050. Energy Policy, v. 66, p. 19—
31, 2014.

LAZO, D.E.; DYER, L. G.; ALORRO, R. D. Silicate, phosphate and carbonate mineral
dissolution behaviour in the presence of organic acids: A review. Minerals
Engineering, v. 100, p. 115-123, 2017.

LEE, E. W. S.; HAU, B. C. H.; CORLETT, R. T. Natural regeneration in exotic tree
plantations in Hong Kong, China. Forest Ecology and Management, v. 212, n. 1-3, p.
358-366, 2005.

LI, W.; JOHNSON, C. E. Relationships among pH, aluminum solubility and aluminum
complexation with organic matter in acid forest soils of the Northeastern United States.
Geoderma, v. 271, p. 234-242, 2016.

LINDENMAYER, D. B. Integrating forest biodiversity conservation and restoration
ecology principles to recover natural forest ecosystems. New Forests, v. 50, n. 2, p.
169-181, 2019.

LIU, J. et al. Characteristics of bulk and rhizosphere soil microbial community in an
ancient Platycladus orientalis forest. Applied Soil Ecology, v. 132, p. 91-98, 2018.

LIU, R. et al. Differential magnitude of rhizosphere effects on soil aggregation at three
stages of subtropical secondary forest successions. Plant and Soil, v. 436, n. 1-2, p.
365-380, 2019.

LOVATTO, P. A. et al. Meta-andlise em pesquisas cientificas: enfoque em
metodologias. Revista Brasileira de Zootecnia, v. 36, n. suppl, p. 285-294, 2007.

LUO, Y. et al. Modeled interactive effects of precipitation, temperature, and [CO2 ] on

Ana Paula Hummes do Amaral 127



ecosystem carbon and water dynamics in different climatic zones. Global Change
Biology, v. 14, n. 9, p. 1986-1999, 2008.

LUO, Y. et al. Terrestrial carbon-cycle feedback to climate warming: experimental
evidence on plant regulation and impacts of biofuel feedstock harvest. GCB Bioenergy,
v.1,n. 1, p. 62-74, 20009.

LUSTER, J. et al. Sampling, defining, characterising and modeling the rhizosphere - the
soil science tool box. Plant and Soil, v. 321, n. 1-2, p. 457-482, 2009.

MALYSZ, M CorrelacGes entre o componente arbdreo, regeneracdo, variaveis
ambientais e espaciais de um fragmento de Floresta Ombrdfila Mista na Floresta
Nacional de Passo Fundo - Mato Castelhano — RS. 2010. Dissertacdo (Mestrado em
Ecologia), Universidade Regional e Integrada do Alto Uruguai e das Missdes, Erechim,
2010.

MALYSZ, M. et al. Functional patterns of tree communities in natural Araucaria forests
and old monoculture conifer plantations. Acta Botanica Brasilica, v. 33, n. 4, p. 777—
785, 2019.

MALYSZ, M.; OVERBECK, G. E. Distinct tree regeneration patterns in Araucaria
forest and old monoculture tree plantations. Brazilian Journal of Botany, v. 41, n. 3, p.
621-629, 2018.

MARINARI, S. et al. Soil carbon and nitrogen mineralization kinetics in organic and
conventional three-year cropping systems. Soil and Tillage Research, v. 109, n. 2, p.
161-168, 2010.

MARTENS, D. A.; REEDY, T. E.; LEWIS, D. T. Soil organic carbon content and
composition of 130-year crop, pasture and forest land-use managements. Global
Change Biology, v. 10, n. 1, p. 65-78, 2004.

MCGAHAN, D. G.; SOUTHARD, R. J.; ZASOSKI, R. J. Rhizosphere effects on soil
solution composition and mineral stability. Geoderma, v. 226-227, n. 1, p. 340-347,
2014.

MCGIVNEY, E. et al. Assessing the impact of acid rain and forest harvest intensity
with the HD-MINTEQ model — soil chemistry of three Swedish conifer sites from 1880
to 2080. SOIL, v.5,n. 1, p. 63-77, 2019.

MCKEAGUE, J. A.; DAY, J. H. Dithionite- and oxalate-extractable Fe and Al as aids in
differentiating various classes of soils. Canadian Journal of Soil Science, v. 46, n. 1,
p. 13-22, 1966.

MCNEAR JR., D. H. The Rhizosphere - Roots, Soil and Everything in Between.
Nature Education Knowlwdge, v. 4, n. 3, p. 1-13, 2013.

MEHRA, O. P.; JACKSON, M. L. Iron oxide removal from soils and clays by a

Ana Paula Hummes do Amaral 128



dithionite-citrate system buffered with sodium bicarbonate. Seventh National
Conference on Clays and Clay Minerals. Anais...Elsevier, 1960. Available at:
<https://linkinghub.elsevier.com/retrieve/pii/B9780080092355500267>

MEUNIER, A. Soil hydroxy-interlayered minerals: a re-interpretation of their
crystallochemical properties. Clays and Clay Minerals, v. 55, n. 4, p. 380-388, 2007.

MEUNIER, A.; BORTOLUZZI, E. C.; MEXIAS, A. S. Le monde des argiles = O
mundo das argilas. 1. ed. Porto Alegre: UFRGS, 2016.

MICHELSEN, A. et al. Comparisons of understorey vegetation and soil fertility in
plantations and adjacent natural forests in the Ethiopian highlands. Journal of Applied
Ecology, v. 33, n. 3, p. 627-642, 1996.

MOORE, D.M.; REYNOLDS, R.C. X-ray diffraction and the identification and
analysis of clay minerals. 2 ed. New York: Oxford University Press, 1997.

MORRIS, A. L. et al. Deforestation-driven food-web collapse linked to emerging
tropical infectious disease, Mycobacterium ulcerans. Science Advances, V. 2, p.
€1600387, 2016.

NADERIZADEH, Z.; KHADEMI, H.; AROCENA, J. M. Organic matter induced
mineralogical changes in clay-sized phlogopite and muscovite in alfalfa rhizosphere.
Geoderma, v. 159, n. 3-4, p. 296-303, 2010.

NAGY, K. L. Dissolution and precipitation kinetics of sheet silicates. In: WHITE, A.
F.; BRANTLEY, S. L. (Eds.). Chemical Weathering Rates of Silicate Minerals.
Reviews in Mineralogy. Washington D.C.: Mineralogical Society of America, 1995. p.
173-233.

NESBITT, H. W.; YOUNG, G. M. Formation and diagenesis of weathering profiles.
The Journal of Geology, v. 97, n. 2, p. 129-147, 1989.

ODUM, E. P. Basic Ecology. 1 ed. Philadelphia: Saunders College Pub, 1983.

OLIVEIRA, J. S. et al. Soil properties governing phosphorus adsorption in soils of
Southern Brazil. Geoderma Regional, v. 22, p. e00318, 2020.

PADUANI, C. et al. Mineralogical characterization of iron-rich clayey soils from the
middle plateau in the southern region of Brazil+. Applied Clay Science, v. 42, n. 3-4,
p. 559-562, 20009.

PAWLIK, L., PHILLIPS, J. D.; SAMONIL, P. Roots, rock, and regolith:
Biomechanical and biochemical weathering by trees and its impact on hillslopes—A
critical literature review. Earth-Science Reviews, v. 159, p. 142-159, 2016.

PAZ, C. P. et al. Changes in macrofungal communities following forest conversion into

Ana Paula Hummes do Amaral 129



tree plantations in Southern Brazil. Biotropica, v. 47, n. 5, p. 616-625, 2015.

PENG, Y. et al. Tree species effects on topsoil carbon stock and concentration are
mediated by tree species type, mycorrhizal association, and N-fixing ability at the global
scale. Forest Ecology and Management, v. 478, n. August, p. 118510, 2020.

PEREIRA, J. M. et al. Reforestation processes, seasonality and soil characteristics
influence arbuscular mycorrhizal fungi dynamics in Araucaria angustifolia forest.
Forest Ecology and Management, v. 460, p. 117899, 2020.

PETRY, C. Construction de I’identité des paysages: I’'imaginaire des paysages et
I’identité territoriale au Sud du Brésil [Construction of the identity of landscapes:
the imaginary of landscapes and territorial identity in southern Brazil]. 2003. 340f.
Thesis (Doctorate in Geography) University Paris | — Panthéon La Sorbonne. 2003.

PHILLIPS, R. P.; FAHEY, T. J. The influence of soil fertility on rhizosphere effects in
northern hardwood forest soils. Soil Science Society of America Journal, v. 72, n. 2, p.
453-461, 2008.

PHILLIPS, R. P.; YANAI, R. D. The effects of AICI 3 additions on rhizosphere soil and
fine root chemistry of sugar maple (Acer saccharum). Water, Air, & Soil Pollution, v.
159, n. 1, p. 339-356, 2004.

QAFOKU, N. P. et al. Variable charge soils: Their mineralogy, chemistry and
management. In: SPARKS, D. L. (Ed.). Advances in Agronomy. 1. ed. London:
Academic Press, 2004. v. 84p. 159-215.

R CORE TEAM. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna: https://www.R-project.org, 2019.

RAMULA, S. et al. General guidelines for invasive plant management based on
comparative demography of invasive and native plant populations. Journal of Applied
Ecology, v. 45, n. 4, p. 1124-1133, 2008.

RANGER, J.; TURPAULT, M.-P. Input—output nutrient budgets as a diagnostic tool for
sustainable forest management. Forest Ecology and Management, v. 122, n. 1-2, p.
139-154, 1999.

REIS JUNIOR, F.B.; MENDES, I. C. Biomassa microbiana do solo. Planaltina, DF:
Embrapa Cerrados, 2007.

REITZ, R.; KLEIN, R.; REIS, A. Projeto Madeira do Rio Grande do Sul. 1. ed. Porto
Alegre: SADESUL/Herbario Barbosa Rodrigues, 1988.

RICHTER, D. DE B. et al. The Rhizosphere and Soil Formation. In: CARDON, Z. G;
WHITBECK, J. L. (Eds.). The Rhizosphere: An Ecological Perspective. 1. ed.
London: Academic Press, 2007. p. 179-200.

Ana Paula Hummes do Amaral 130



ROHATGI, A. WebPlotDigitizer: Web based tool to extract data from plots, images,
and maps. Version 4.2. 2019. Available at: <https://automeris.io/WebPlotDigitizer>.
Accessed July 24, 2020.

RONDINA, A. B. L. et al. Plants of distinct successional stages have different strategies
for nutrient acquisition in an Atlantic rain forest ecosystem. International Journal of
Plant Sciences, v. 180, n. 3, p. 186-199, 2019.

ROSENSTOCK, N. P. et al. Base cations in the soil bank: non-exchangeable pools may
sustain centuries of net loss to forestry and leaching. SOIL, v. 5, n. 2, p. 351-366, 2019.

RUSTAD, L. et al. A meta-analysis of the response of soil respiration, net nitrogen
mineralization, and aboveground plant growth to experimental ecosystem warming.
Oecologia, v. 126, n. 4, p. 543-562, 2001.

SARDANS, J. et al. Warming and drought alter C and N concentration, allocation and
accumulation in a Mediterranean shrubland. Global Change Biology, v. 14, n. 10, p.
23042316, 2008.

SCHAEFER, C. E. G. R.; FABRIS, J. D.; KER, J. C. Minerals in the clay fraction of
Brazilian Latosols (Oxisols): a review. Clay Minerals, v. 43, n. 1, p. 137-154, 2008.

SCHERM, H. et al. Meta-Analysis and other approaches for synthesizing structured and
unstructured data in plant pathology. Annual Review of Phytopathology, v. 52, n. 1, p.
453-476, 2014.

SCHNEIDER, L. C. A. et al. Deforestation in Mixed Ombrophilous Forest in the
serrana region of Santa Catarina. Revista Arvore, v. 42, n. 2, p. 420206, 2018.

SCHULTZ, R. P. Root development of intensively cultivated slash pine. Soil Science
Society of America Journal, v. 36, p. 158-162, 1972,

SCHWERTMANN, U.; SCHULZE, D. G.; MURAD, E. Identification of ferrihydrite in
soils by dissolution kinetics, differential X-ray diffraction, and Md&ssbauer spectroscopy.
Soil Science Society of America Journal, v. 46, n. 4, p. 869-875, 1982.

SCOTT, A. D.; SMITH, S. J. Susceptibility of interlayer potassium in micas to
exchange with sodium*. Clays and Clay Minerals, v. 14, n. 1, p. 69-81, 1966.

SEGUIN, V. et al. Mineral Weathering in the Rhizosphere of Forested Soils. In: HUAN,
P. M.; GOBRAN, G. R. (Eds.). Biogeochemistry of Trace Elements in the
Rhizosphere. 1. ed. Argonne, IL: Elsevier B.V., 2005. p. 29-55.

SEGUIN, V.; GAGNON, C.; COURCHESNE, F. Changes in water extractable metals,
pH and organic carbon concentrations at the soil-root interface of forested soils. Plant
and Soil, v. 260, n. 1/2, p. 1-17, 2004.

SILVA, I. R.; MENDONCA, E. S. Matéria organica do solo. In. NOVAIS, R. F,;

Ana Paula Hummes do Amaral 131



ALVAREZ, V. H.; BARROS, N. F. et al. (Eds.). Fertilidade do solo. 1. ed. Vigosa:
Sociedade Brasileira de Ciencia do Solo, 2007. p. 275-374.

SILVA, V. L. DA; SCHMITT, J. L. The effects of fragmentation on Araucaria forest:
analysis of the fern and lycophyte communities at sites subject to different edge
conditions. Acta Botanica Brasilica, v. 29, n. 2, p. 223-230, 2015.

SOKOLOVA, T. A. The role of soil biota in the weathering of minerals: A review of
literature. Eurasian Soil Science, v. 44, n. 1, p. 56-72, 2011.

SOKOLOVA, T. A. Specificity of soil properties in the rhizosphere: analysis of
literature data. Eurasian Soil Science, v. 48, n. 9, p. 968-980, 2015.

SOKOLOVA, T. A. et al. Acid-Base characteristics and clay mineralogy in the
rhizospheres of Norway maple and common Spruce and in the bulk mass of Podzolic
soil. Eurasian Soil Science, v. 52, n. 6, p. 707-717, 2019.

STOTZKY, G. Microbial Respiration. In: BLACK, C. A. (Ed.). Methods of Soil
Analysis: Part 2 Chemical and Microbiological Properties. Madison, WI: Soil
Science Society of America, 1965. p. 1550-1572.

SULLIVAN, P. F. et al. Temperature and microtopography interact to control carbon
cycling in a high arctic fen. Ecosystems, v. 11, n. 1, p. 61-76, 2008.

TEIXEIRA, P.C., DONAGEMMA, G.K., FONTANA, A., TEIXEIRA, W.G. (Eds.).
Manual de métodos e analise de solo. 3 ed. Brasilia, DF: Embrapa, 2017.

THIOULOUSE, J.; PRIN, Y.; DUPONNOIS, R. Multivariate analyses in soil microbial
ecology: a new paradigm. Environmental and Ecological Statistics, v. 19, n. 4, p.
499-520, 2012.

THOMAS, P., 2013. Araucaria angustifolia. The IUCN Red List of Threatened
Species 2013: . T32975A2829141. 2013. Available at:
<http://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T32975A2829141.en>. Accessed in
September 10, 2018.

TOBERMAN, H.; CHEN, C.; XU, Z. Rhizosphere effects on soil nutrient dynamics and
microbial activity in an Australian tropical lowland rainforest. Soil Research, v. 49, n.
7, p. 652, 2011.

TOLEDO, J. A. Solucdo tampdo que mimetiza as caracteristicas acido-base do
tampdo SMP em resposta & acidez de solos brasileiros. 2011. 98f. Dissertagdo
(Mestrado em Ciéncia do Solo), Universidade Federal de Santa Maria, Santa Maria,
2011.

TURPAULT, M.-P. et al. Influence of mature Douglas fir roots on the solid soil phase
of the rhizosphere and its solution chemistry. Plant and Soil, v. 275, n. 1-2, p. 327—-
336, 2005.

Ana Paula Hummes do Amaral 132



TURPAULT, M. P. Sampling of rhizosphere soil for physicochemical and
mineralogical analyses by physical separation based on drying and shaking. In:
LUSTER J.; FINLAY, R. (Eds.). Handbook of methods used in rhizosphere
research. Birmensdorf: Swiss Federal Research Institute WSL, 2006. p. 196-197.

TURPAULT, M.-P.; GOBRAN, G. R.; BONNAUD, P. Temporal variations of
rhizosphere and bulk soil chemistry in a Douglas fir stand. Geoderma, v. 137, n. 3-4, p.
490-496, 2007.

TURPAULT, M.-P.; NYS, C.; CALVARUSO, C. Rhizosphere impact on the
dissolution of test minerals in a forest ecosystem. Geoderma, v. 153, n. 1-2, p. 147-
154, 2009.

TURPAULT, M.-P.; RIGHI, D.; UTERANO, C. Clay minerals: precise markers of the
spatial and temporal variability of the biogeochemical soil environment. Geoderma, v.
147, n. 3-4, p. 108-115, 2008.

UHLIG, D.; AMELUNG, W.; BLANCKENBURG, F. Mineral nutrients sourced in
deep regolith sustain long-term nutrition of mountainous temperate forest ecosystems.
Global Biogeochemical Cycles, v. 34, n. 9, p. 1-21, 2020.

UHLIG, D.; VON BLANCKENBURG, F. How slow rock weathering balances nutrient
loss during fast forest floor turnover in montane, temperate forest ecosystems.
Frontiers in Earth Science, v. 7, n. July, 2019.

UROZ, S. et al. Specific impacts of beech and Norway spruce on the structure and
diversity of the rhizosphere and soil microbial communities. Scientific Reports, v. 6, n.
1, p. 27756, 2016.

USHARANI, K.; ROOPASHREE, K.; NAIK, D. Role of soil physical, chemical and
biological properties for soil health improvement and sustainable agriculture. Journal
of Pharmacognosy and Phytochemistry, v. 8, n. 5, p. 1256, 2019.

VANMAEKELBERGH, D. Nanoelectronics: from droplets to devices. Nature
nanotechnology, v. 4, n. 8, p. 475-6, 20009.

VELDE, B.; BARRE, P. Clay Minerals in Soils: The Interface Between Plants and the
Mineral World. In: VELDE, B.; BARRE, P. (Eds.). Soils, Plants and Clay Minerals.
1. ed. Berlin: Springer Berlin Heidelberg, 2010. p. 129-170.

VIECHTBAUER, W. Conducting meta-analyses in R with the metafor. Journal of
Statistical Software, v. 36, n. 3, p. 1-48, 2010.

VIENNET, J.-C. et al. Effect of particle size on the experimental dissolution and auto-
aluminization processes of K-vermiculite. Geochimica et Cosmochimica Acta, v. 180,
p. 164-176, 2016.

VINICHUK, M. et al. Accumulation of potassium, rubidium and caesium (133Cs and

Ana Paula Hummes do Amaral 133



137Cs) in various fractions of soil and fungi in a Swedish forest. Science of The Total
Environment, v. 408, n. 12, p. 2543-2548, 2010.

VUORENMAA, J. et al. Long-term changes (1990-2015) in the atmospheric deposition
and runoff water chemistry of sulphate, inorganic nitrogen and acidity for forested
catchments in Europe in relation to changes in emissions and hydrometeorological
conditions. Science of The Total Environment, v. 625, p. 1129-1145, 2018.

WANG, X.; FANG, J.; ZHU, B. Forest biomass and root—shoot allocation in northeast
China. Forest Ecology and Management, v. 255, n. 12, p. 4007-4020, 2008.

WANG, Y. et al. Environmental behaviors of phenolic acids dominated their
rhizodeposition in boreal poplar plantation forest soils. Journal of Soils and
Sediments, v. 16, n. 7, p. 1858-1870, 2016.

WANG, Z.; GOTTLEIN, A.; BARTONEK, G. Effects of growing roots of Norway
spruce (Picea abies [L.] Karst.) and European beech (Fagus sylvatica L.) on
rhizosphere soil solution chemistry. Journal of Plant Nutrition and Soil Science, v.
164, n. 1, p. 35-41, 2001.

WEBB, D. B. et al. A Guide to species selection for tropical and sub-tropical
plantations. Tropical Forest Papers, n. 15, p. 1-263, 1984.

WEINDORF, D. C.; BAKR, N.; ZHU, Y. Advances in portable X-ray Fluorescence
(PXRF) for environmental, pedological, and agronomic applications. In: SPARKS, D.
L. (Ed.). Advances in Agronomy. 1. ed. London: Academic Press, 2014. v. 128p. 1-45.

WHITE, A. F.; BRANTLEY, S. L. Chemical Weathering Rates in Silicate Minerals.
1. ed. Washington, D.C.: Mineralogical Society of America, 1995. v. 31

WIESMEIER, M. et al. Soil organic carbon storage as a key function of soils - A review
of drivers and indicators at various scales. Geoderma, v. 333, p. 149-162, 2019.

WILSON, M. J. Weathering of the primary rock-forming minerals: processes, products
and rates. Clay Minerals, v. 39, n. 3, p. 233-266, 2004.

WU, Z. et al. Responses of terrestrial ecosystems to temperature and precipitation
change: A meta-analysis of experimental manipulation. Global Change Biology, v. 17,
n. 2, p. 927-942, 2011.

XU, R. et al. Adsorption properties of subtropical and tropical variable charge soils:
implications from climate change and biochar amendment. In: SPARKS, D. L. (Ed.).
Advances in Agronomy. 1. ed. London: Academic Press, 2016. v. 135p. 1-58.

YEASMIN, S. et al. Organic carbon characteristics in density fractions of soils with
contrasting mineralogies. Geochimica et Cosmochimica Acta, v. 218, p. 215-236,
2017.

Ana Paula Hummes do Amaral 134



YEOMANS, J. C.; BREMNER, J. M. A rapid and precise method for routine
determination of organic carbon in soil. Communications in Soil Science and Plant
Analysis, v. 19, n. 13, p. 1467-1476, 1988.

YIN, H.; WHEELER, E.; PHILLIPS, R. P. Root-induced changes in nutrient cycling in
forests depend on exudation rates. Soil Biology and Biochemistry, v. 78, p. 213-221,
2014,

ZAHARESCU, D. G. et al. Biological weathering in the terrestrial system: an
evolutionary perspective. In: DONTSOVA, K.; BALOGH-BRUNSTAD, Z.; LE
ROUX, G. (Eds.). Biogeochemical cycles: ecological drivers and environmental
impact, Geophysical Monograph 251. 1. ed. Hoboken, NJ: John Wiley & Sons, Inc.,
2020. p. 3-32.

ZAVALA, M. A.; ORIA, J. A. Preserving biological diversity in managed forests: a
meeting point for ecology and forestry. Landscape and Urban Planning, v. 31, n. 1-3,
p. 363-378, 1995.

ZHANG, W. et al. Phyllostachys edulis (moso bamboo) rhizosphere increasing soil
microbial activity rather than biomass. Journal of Soils and Sediments, v. 19, n. 7, p.
2913-2926, 2019.

ZHAO, Q. et al. Rhizosphere organic phosphorus fractions of Simon poplar and
Mongolian pine plantations in a semiarid sandy land of northeastern China. Journal of
Arid Land, v. 7, n. 4, p. 475-480, 2015.

ZHENG, M. et al. Effects of phosphorus addition with and without nitrogen addition on
biological nitrogen fixation in tropical legume and non-legume tree plantations.
Biogeochemistry, v. 131, n. 1-2, p. 65-76, 2016.

Ana Paula Hummes do Amaral 135



APPENDICES



Appendix |. Supplemental table

. Model Results
. . Noof - [.h % (9% Confidence Interval
Variable Outcome/analysis . df P Signif, Confidence Estimate | .. . |
studies Interval) % Significance (%) ;
Low Up
All studies 116 115 | <001 FE 00.03 (99.91-90.96)| -0 i -3.0 -1.0
Coniferous 43| 42 <001 ik 99 19 -3.0 = 49 0.0
pH Broadleaved 73| 72 <001 FkE 9990 220 =HE 30 -10
Monoculture 44| 43 <0.01 ek 99.34 -20 = -39 0.0
Regeneration 721 T =001 i 9747 -20 == 3.0 -1.0
All studies 32| 3 = (.01 FEE 93.54 (89.51-96.63)| 183 i 4.1 350
Coniferous 15| 14 <0.01 FHE 95.49 234 ns -1.0 537
Pw Broadleaved 17| 16 < 0.01 EikE 90.78 15.0 ns 3.0 350
Maonoculture 25 24 < 0.01 EEE 95.40 16.2 ns -1.0 36.3
Regeneration 1 6 0.12 ns 30.94 323 =* 116 36.8
All studies 18| 17 = (.01 FE 98.02 (97.93-99.58)| 69.9 i k)KL 120.3
Coniferous 5 4 < 0.01 EEE 83.25 80.4 = 307 1181
K* Broadleaved 13| 12 <001 Ekk 99 37 60.9 == 174 146.0
Monoculture 11 10 <001 FEE 0373 246 ns -10 36.8
Regeneration 11 6 0.63 s 19.92 203.4 == 1535 263.3
All studies 03] 92 = 0.01 2 98.10 (97.64-98.77)| 751 =HE 56.8 954
Coniferous 40| 39 <001 FEE 0388 822 == 492 1203
TOC Broadleaved 53| 32 <0.01 FHE 96.63 69.9 == 50.7 91.6
Monoculture 47| 46 < 0.01 EikE 97.65 63.2 i 405 878
Regeneration 46| 45 <0.01 bk 98.46 916 == 60.0 127.0
All studies | 20 = 0.01 2 90.74 (99.48-99.87)| 682 =5t 17.7 103.4
AP Coniferous 3| 2 = 0.01 *EE 97.16 1974 =% 146.0 2633
Broadleaved 18] 17 <0.01 i 99 66 0.7 e 246 204
Monoculture 2 1 < 0.01 i a97.70 13.9 ns -3.0 33.6




Appendix I1. Funnel plots of effect sizes versus standard errors for sand, silt, clay, pH and AI**
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Appendix I11. Funnel plots of effect sizes versus standard errors for Pay, Kay, Ca?* and eCEC
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Appendix V. Funnel plots of effect sizes versus standard errors for TOC

Total Organic Carbon (TOC)
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Appendix VI — Pearson correlation, r (significant at p < 0.05)
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