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RESUMO

Apesar de sua importancia econdmica, ecoldgica e social, a silvicultura da erva-mate
ainda carece de informagdes importantes e alternativas aos sistemas tradicionais de
producdo de biomassa. Neste trabalho, tivemos por objetivo desenvolver um novo
sistema de cultivo de erva-mate com alta densidade de plantio e adequada fertilizacao
com nitrogénio; dividimos nosso estudo em 3 capitulos, que estao descritos a seguir.
O primeiro capitulo € uma revisao sistematica de estudos com densidade de plantio
em espécies florestais em que discutimos e demos uma visao geral d os estudos nas
ultimas décadas para entender como a densidade de plantio pode influenciar o
crescimento e a produtividade dos povoamentos florestais. Em nossas buscas, nao
encontramos estudos com povoamentos de alta densidade de erva-mate, indicando a
falta de conhecimentos na area. No segundo e terceiro capitulos, expusemos os
resultados de um experimento de campo implantado em 2018 em General Carneiro,
PR. O ensaio de campo foi estabelecido em esquema fatorial duplo com 3 densidades
de plantio (9.090, 13.333 e 25.000 plantas ha') e 5 doses de nitrogénio (0%, 50%,
100%, 200% e 300% da dose recomendada de N) avaliado em 5 colheitas
subsequentes realizadas de maio de 2019 a maio de 2021 com periodos de rotagao
reduzidos. No segundo capitulo, avaliamos a biomassa total (por hectare e por planta)
de folhas jovens e maduras. No terceiro capitulo, avaliamos a atividade antioxidante
e os teores de compostos fendlicos totais e metilxantinas (cafeina e teobromina) em
folhas jovens e maduras. O aumento da densidade de plantio aumentou a biomassa
total do povoamento, embora os teores de biomassa individual e compostos
bioquimicos ndo tenham apresentado alteragdes significativas. O maior rendimento
em biomassa total foi obtido com 25.000 plantas ha-' e dose de 200% N — 1.792 kg
ha' em janeiro de 2021. No tratamento de alta densidade (25.000 plantas ha™'),
observou-se uma demanda expressiva de fertilizagdo com N, com maiores
produtividades nos tratamentos com maior disponibilidade de N. Considerando os
compostos bioquimicos, a densidade de plantio e as doses de N influenciaram a
atividade antioxidante, os compostos fendlicos totais e os teores de metilxantinas,
embora ndo tenha havido uma resposta linear. Houve influéncia significativa das
épocas de colheita e da idade das folhas em nossos resultados bioquimicos, indicando
que outros fatores ambientais podem influenciar os metabdlitos secundarios da erva-
mate até 2 anos apos o plantio. Nossos resultados demonstram o potencial da erva-
mate para o manejo em povoamentos de alta densidade, com periodos de rotag&o
reduzidos e manejo adequado de nutrientes para a producado de altos volumes de
biomassa.

Palavras-chave: compostos bioquimicos, produtividade de biomassa, silvicultura,
plantio de alta densidade, erva-mate



ABSTRACT

Despite its economic, ecological, and social importance, yerba mate silviculture still
lacks important information and alternatives to the traditional leaves production
systems. In this study, we aimed to develop a new cultivation system for yerba-mate
with a high planting density system and adequate nitrogen fertilization; we divided our
study into three chapters, which are described below. The first chapter is a systematic
review of studies with planting density in forest species; we discussed and gave an
overview of how far we have gone in the last decades to understand how planting
density may influence the growth and yield of forest stands. In our searches, we did
not find studies with high-density stands of yerba mate, indicating the lack of
knowledge in this field. In the second and third chapters, we exposed the results of a
field experiment established in 2018 in General Carneiro, PR, Brazil. The field trial was
established in a double factorial scheme with 3 planting densities (9,090, 13,333, and
25,000 plants ha') and 5 N doses (0 %, 50 %, 100 %, 200 %, and 300 % of the
recommended N dose) evaluated over 5 subsequent harvests performed from May
2019 to May 2021 in a reduced rotation period. In the second chapter, we evaluated
total biomass (per hectare and per plant) of young and mature leaves. In the third
chapter, we evaluated the antioxidant activity and total phenolic compounds and
methylxanthines (caffeine and theobromine) contents in young and mature leaves.
Increasing planting density increased stand total biomass, although individual biomass
and biochemical compounds contents did not present significant changes. The highest
yield in total biomass was obtained with 25,000 plants ha' and 200 % N dose — 1,792
kg ha™' in January 2021. In the high-density treatment (25,000 plants ha), we
observed an expressive demand of plants in N fertilization, with higher yields in
treatments with higher N availability. Considering the biochemical compounds, planting
density and N doses influenced antioxidant activity, total phenolic compounds, and
methylxanthines contents, although there was not a linear response. There was a
significant influence of harvest seasons and leaf age on our biochemical results,
indicating that other environmental factors may influence yerba mate secondary
metabolites until 2 years after planting. Our results demonstrate the potential of yerba
mate to be managed in high-density stands, with reduced rotation periods and
adequate nutrient management for high volume biomass production.

Keywords: biochemical compounds, biomass productivity, silviculture, high-density
planting, yerba mate
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1 INTRODUCTION

Yerba mate (llex paraguariensis A.St.-Hil.) is an arboreal species of the
Aquifoliaceae family, native to the mixed rainforest of South America — in Brazil,
Argentine, Paraguay, and Uruguay (Carvalho, 2006). In Brazil, the species occurs in
the Southern States; mainly in Parana, Santa Catarina, and Rio Grande do Sul,
associated with the “araucaria forest”. In these countries, yerba mate is traditionally
consumed as hot or cold beverages, called “chimarrao” and “tereré”, respectively
(Sturion & Resende, 2010). In the last decades, the tea made from yerba mate leaves
has attracted the attention of the national and international markets, increasing the
interest in species plantations.

In Brazil, yerba mate is explored in native forests or cultivated in the forest
understory, in agroforestry systems, or in monostands (Penteado Junior & Goulart,
2019; Westphalen et al., 2020); in 2020, yerba mate production in Brazil was 527,546
tons (IBGE, 2021). Traditionally, yerba mate monostands are established with low
planting density (2,222 — 2,500 plants ha') and harvested each 18-24 months (Santin
etal., 2017; Santin et al., 2019). In this system, harvested biomass is composed mainly
by mature leaves and thin branches (Santin et al., 2014). However, young leaves have
a higher concentration of bioactive compounds, which is interesting for tea industry
(Yin et al., 2015). There is an increasing demand of yerba mate leaves with higher
morphological and biochemical quality, which can be obtained through breeding
programs associated with differentiated silvicultural traits, e.g., reducing rotation
periods.

Yerba mate infusions have polyphenols and methylxanthines contents
comparable to those of coffee (Coffea arabica) and green tea (Camellia sinensis),
increasing the interest of pharmaceutical and food industries searching for its health
benefits (Lima & Farah, 2019; Meinhart et al., 2019). To meet the increasing demand
for differentiated yerba mate products, several studies have been developed as part of
breeding programs searching for genotypes with specific chemical and sensorial
characteristics, and processing methods to keep these characteristics in the final
products (Duarte et al., 2019; Duarte et al., 2020; Gabira et al., 2020; Westphalen et
al., 2020; Tomasi et al., 2021; Vieira et al., 2021). Apart of genetic factors, silvicultural
traits can also change leaves characteristics, since polyphenols and methylxanthines

are secondary metabolites and their contents in leaves change according to



17

environmental conditions, such as temperature, water and nutrients availability, and
pest or diseases attacks (Zhu et al., 2019; Begon & Townsend, 2020; Erb &
Kliebenstein, 2020); However, no studies have been developed aiming to manage
yerba mate young leaves vyield and biochemical characteristics to produce
differentiated raw material for pharmaceutical and food industries.

Chapter | of this study is a systematic review about planting density in forest
plantations worldwide. Our objective was to discuss and give an overview of how far
we have gone in the last decades to understand how planting density influences plant
morphological and physiological characteristics. In our searches, we did not obtained
studies about yerba mate, indicating the importance of the study we performed.
Chapters Il and Ill present the results of a field trial established in 2018 with yerba mate
submitted to different planting densities and nitrogen doses. From this trial, we
measured total productivity, mature and young leaves productivity, these data are
exposed and discussed in Chapter Il. We also evaluated how planting density and N
doses influenced on biochemical compounds contents in mature and young leaves,

which is exposed and discussed in Chapter lIl.
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2 CHAPTER | - THE IMPACT OF PLANTING DENSITY ON FOREST
PLANTATIONS: AN OVERVIEW

Knowledge on tree morphological and physiological responses to planting
density may influence plantation establishment practices according to desired size and
characteristics of wood products. In this review, we discuss and give an overview of
how far we have gone in the last decades to understand how planting density may
influence growth and yield of forest stands. We used PRISMA methodology to select
papers published in the last two decades that evaluated how planting density effected
morphological and physiological characteristics of planted trees. We observed an
increase in publications during the last few years, mainly assessing species for timber
production (Eucalyptus and Pinus) in research mostly concentrated in USA, China, and
Brazil. Planting density was found to have a major impact on stem diameter and
volume, resulting in a greater stand productivity of high-density stands, but with trees
of smaller individual volume. We found few studies evaluating physiological responses
of trees to planting density, where species light and water requirements were most
significant. Knowledge gaps were identified for tree species grown for leaves, fruits, or
seeds. Information compiled in this review can serve as a basis for the establishment
of studies aiming at better using of forest areas and developing plantations with optimal
spacing design.

Key-words: growth and yield, forestry, forest stands, silviculture, stand density,

tree spacing

2.1 INTRODUCTION

The forest-based industry is a key player in the socioeconomic development
of countries around the world, offering several raw products to fiber, timber, energy,
and non-wood products industries. Forest plantations for industrial purposes cover
about 131 million ha, which corresponds to 2 % of the total world forest cover,
according to the Global Forest Resources Assessment (2020). The same report points
that the highest ratio of introduced species in planted forests is in South America — 97
% of planted areas corresponds to non-native species. In general, plantation forests

are established with a design defined to provide the best conditions for trees growth,
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to maximize productivity, and to manage timber shape focusing on several final
products.

Competition between neighbor trees for light, nutrients, and water is the main
aspect that silviculture aims to manage in forests and plantations. It is defined as a
demand for a resource required by individuals that may exceed the immediate supply;
as a result, some trees can become deprived from that resource (Begon and
Townsend, 2020). Light is considered the primary source of competition and leads
several physiological and morphological changes also called shade avoidance
responses, that include hyponasty, stem and petiole elongation, apical dominance, leaf
positioning, and life cycle adjustments. Shade avoidance responses caused by light
signaling were explored in physiological, biochemical, and genetic aspects by Huber
et al. (2020), who demonstrated that light competition could have consequences for
plant community such as canopy structure, species composition, and individuals’ size.
Space is also a limiting factor for trees growth because it influences on resource
consumption per area and on the access of individuals to environmental factors;
though, it is not considered a resource for which plants compete because it is probably
never limiting in itself in terrestrial ecosystems, like what happens for water and other
resources (Wilson et al., 2007). Competition has direct effects on plant physiology,
mediating individual growth by regulating resource acquisition (Benomar et al., 2012);
therefore, it is fundamental to understand species responses to temporal and spatial
variations in resources to provide theoretical guidance to stand management. Planted
forests are straight-forward cases of competition because trees are even-aged and of
the same species, regularly spaced, and with uniform resources availability.

Despite this focus on competition from silviculturists, we must consider that
trees are not always competing; facilitation relationships can also take place in forest
stands and silvicultural practices aiming to reduce tree density are not always a good
approach. In general, facilitation relationships create a buffer zone that mitigate
variations in soil humidity, atmospheric temperature, and light interception, which ease
plant establishment and growth (Bravo-Oviedo et al., 2018). In plantations with wider
spacings or subjected to thinning, wind penetrates more easily, increasing mechanical
stresses in remained trees (Scott and Mitchell, 2005). Natural root grafting has also
been reported as a means for facilitation relationships between jack pine trees to occur,
allowing for a better use of resources (Tarroux and Desrochers, 2011). When these

stands are thinned, however, the root system of removed trees increase the carbon
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demand on remnant trees, that then decrease in growth compared to non-grafted trees
even though they benefit from more resources (Benomar et al., 2011). This is an
example showing that tree growth is not only dependent on competition but also on
facilitation relationships (Begon and Townsend, 2020); these relationships should
therefore be better understood in forest stands as a way to increase the efficiency of
resources use.

Foresters take tree-spacing in plantations seriously because it affects
profitability — close spacing requires more seedlings — and productivity, because closer
spacings can improve tree form and timber quality for some industries, e.g., the lumber
industry (Charlton et al., 2020; Glencross et al., 2012; Naiji et al., 2016; Tonini et al.,
2018). Tree growth tends to reach a maximum at a certain density and declines with
additional trees, but this relation also depends on stand age, site quality, and
environmental conditions (Will et al., 2001). As a key to understand density-related
patterns, Weiner & Freckleton (2010) reviewed the empirical and mathematical basis
of constant final yield, concluding that constant final yield appears to be the most robust
pattern in ecology and classified it as essential to understand and predict plant
community behavior. In general, there is no competition for resources at very low
densities, which leads to a regular increase in biomass accumulation up to a certain
point where biomass accumulation reduces because natural resources become
limiting for growth. Despite its importance, field studies on tree density in planted forest
stands are scarce and still lacks on overall information about how each species
responds to increasing planting density to provide high-quality products. In this review,
we discuss how planting density affects plantation forest growth and yield in temperate
and tropical regions; and give an overview of how far we have gone in the last decades
to understand how planting density is used as a silvicultural practice, providing relevant

information to guide future research in this field.

2.2 MATERIAL AND METHODS

2.2 .1 Criterion of literature Search

We searched literature relating plant morphological and physiological
responses to planting density in forest stands, published from 2001 to 2020. This

period was chosen to select the most up-to-date advances in the field of planting
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density. The literature review was conducted according to the PRISMA methodology

(Moher et al., 2009) and its process is explained in Figure 1.

FIGURE 1. WORKFLOW DESCRIPTION OF THE PRISMA METHODOLOGY
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We used two indexing electronic databases to identify literature available
worldwide and covering a wide variety of high-quality journals: Web of Science and
Scopus. Title, abstract, and keywords were searched through combinations of the
words “forest”, “planting”, “plant”, “plantation”, “stem”, “stand”, “spacing”, and “density”,
using Boolean operators (OR, AND). Search was limited to research papers published
between 2001-2020, in English-language, and in scientific journals, excluding review
articles, event papers, technical reports, and short communications. The database
search returned 2986 papers in Web of Science and 3313 papers in Scopus. A total of
4016 papers remained after removing duplicates.

In the screening process, we analyzed and excluded papers that did not meet
our criteria to be included in this review. In this process, we excluded papers that (a)
focused on agricultural crop species as cotton, wheat, maize, and soy; (b) were based

in field trials established in drylands and wetlands; (c) focused on the development of
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GIS and remote sensing technologies; (d) were based on modelling or mathematical
models, not on field trials. We included in our research papers focusing in both
temperate and tropical species, considering that the most important studies in the field
of planting density occurs in both regions. After the exclusion of these papers, 188
papers remained for the eligibility analysis: These papers were evaluated regarding
clarity of information and the application of stand density on field trials. We only
included in our study papers that (a) were based in data collected in planted forests,
with clear information about spacing and evaluations; (b) used tree density as a factor
affecting growth, not as a variable in natural forest stands; (c) evaluated planted tree
species responses, not natural understory regeneration, shrub or herbaceous species;
(d) evaluated tree morphological and physiological responses to planting density,
excluding papers investigating wood quality or environmental aspects. After this

analysis, a total of 104 papers were used in this review.

2.2.2 Data Analysis

2.2.2.1 Quantitative assessment

We used descriptive statistics to analyze general trends concerning frequency
of publication, regions where these studies were developed, species most studied, and
range of spacings applied. All papers selected for the review were evaluated and
important information was extracted and analyzed in a Microsoft Excel spreadsheet.

2.2.2.2 Qualitative assessment

In the qualitative analysis, we evaluated relationships between growth
variables and planting density. For this we considered the most used morphological
and physiological characteristics in selected papers: Total height, diameter at breast
height (DBH), individual and stand basal area, individual and stand timber volume, leaf
biomass, leaf area index, crown height and diameter, intercepted radiation, carbon
assimilation, transpiration, respiration, water use efficiency, leaf water potential, and
chlorophyll content. All important information related to these variables were extracted
and analyzed in a Microsoft Excel spreadsheet. Results were classified as a neutral

(*), positive (+) or negative (-) response to spacing in each paper, which resulted in
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tables with species and the summary response of morphological or physiological

growth characteristics to planting spacing.

2.3 RESULTS AND DISCUSSION

2.3.1 Quantitative analysis

We found an increasing trend in the number of publications about planting
density (Figure 2). The number of publications fluctuated along the years, with the
highest peaks in 2019 and 2020 while there were no publications on the subject in
2004 and 2006. Concerns about increasing timber quality and reducing rotation time
drove the increase in planting density studies; although cost and environmental
aspects were also considered (Bentancor et al., 2019; Charlton et al., 2020; Duan et
al., 2019; Smith et al., 2016). Increasing planting density is an important alternative to
increase forest production, especially in countries where areas for forest plantations

are scarce due to competing crops or environmental aspects.

FIGURE 2. NUMBER OF PUBLICATIONS ON THE SUBJECT OF PLANTING DENSITY FROM 2001
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Publications on planting density were widespread worldwide, with many
countries having only one publication (Figure 3). The subject of planting density was
more frequent in trials located in United States of America (USA — 19), followed by

Brazil (17) and China (14). These are countries with a strong tradition of plantation
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forestry, although species and products generated from these forests focus on different
industries — mainly timber, pulp and paper, or biomass for energy production. USA and
China are located in temperate climates, with mainly natural and planted forests of
coniferous species (Groot and Cortini, 2016; Harrington et al., 2009; Will et al., 2005,
2001; Zhao et al., 2020, 2011), while Brazil is located in the tropical zone, with planted
forests of different broad-leaved species (da Pascoa et al., 2019; Narducci et al., 2016;
Schwerz et al., 2020a, 2020b; Silva et al., 2012; Tonini et al., 2018). We thus observed
more studies on Pinus species in USA and China, and more studies on Eucalyptus
species in Brazil. Other countries with a strong forest industry did not present a high
number of studies in the subject of planting density because trials were located in
natural forests, without a regular spacing between plants, and explored thinning
management and ecological aspects other than growth parameters; those studies

were removed from this review in the screening process.

FIGURE 3. NUMBER OF PUBLICATIONS ON THE SUBJECT OF PLANTING DENSITY AROUND
THE WORLD FROM 2001 TO 2020

Number of publications |

SOURCE: The author.

Species of the genus Pinus and Eucalyptus are the most studied in planting
density trials, representing 28 % and 25 % of the analyzed studies (Figure 4). Among
Pinus species, the most used in trials was Pinus taeda, corresponding to 14 studies;
for Eucalyptus species, the most used was the Eucalyptus grandis, with 7 studies.
These are the most important species for plantations in several countries, used by the
timber, pulp and paper, and energy industries. The lack of information on tree species

cultivated for products other than wood becomes obvious; the only species found for
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other products were Camellia sinensis (Kigalu, 2007a, 2007b), Hevea brasiliensis (Naji
et al., 2014), Fraxinus angustifolia (Ozbayram and Cigek, 2020), Gliricidia sepium
(Silva et al., 2012), Jatropha curcas (Andrianirina et al., 2019), and Moringa oleifera

(Mendieta-Araica et al., 2013).

FIGURE 4. FREQUENCY OF GENUS IN STUDIES ON THE SUBJECT OF PLANTING DENSITY
FROM 2001 TO 2020.
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We observed that planting densities were different for coniferous and broad-
leaved species (Figure 5). Planting density varied among species and went from 100
stems ha' for Eucalyptus globulus (Henskens et al., 2001) to 250,000 stems ha™' for
Populus spp. and Salix spp. (Mamashita et al., 2015). Differences in planting density
were mainly due to the planned end products from these trials. Pinus species, the
biggest fraction of coniferous species used in the studies, are mainly used for timber
production, especially for the sawmill industry; for this it is necessary to produce timber
with greater DBHs that cannot be achieved in high planting densities. Contrasting,
Eucalyptus and Populus, among other broad-leaved species, are used for pulp and
paper or energy industries, that can use boles of smaller DBH; these are reached in
shorter rotation periods and can be planted in higher densities. Studies with Camellia
sinensis also use higher densities because the main products of these plantations are
the leaves used in the tea industry (Kigalu, 2007a, 2007b). It must be noted that we

removed from Figure 5 densities used in Mamashita et al. (2015) because they were
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testing very high planting densities in a short-term study and their values were outliers

in our summary.

FIGURE 5. AVERAGE SPACINGS USED IN PLANTING DENSITY TRIALS FROM 2001 TO 2020.
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2.3.2 Qualitative analysis

Studies on tree density in planted forest stands mainly address biomass
production and timber quality, which reflects on the variables measured (Table 1). The
most commonly measured morphological variables were diameter at breast height
(DBH; 74 % of papers), height (H; 64 % of papers), and stand volume (SV; 48 % of
papers). Table 1 shows growth responses of trees to increasing planting density for
different tree species. In general, there was a tradeoff between tighter spacing and
biomass production per area, and initial spacing strongly influenced plant growth in
different periods during stand growth. Higher planting densities reduced stem and/or
crown diameter and, in most studies, there was a linear relationship among these
growth variables (Benomar et al., 2012; da Pascoa et al., 2019; Dassot et al., 2015;
Han et al., 2020; Harrington et al., 2009; Silva et al., 2012). Height growth tended to
increase with planting density, but this trend was not consistent and did not occur in
many experiments. Height is not always a density-dependent variable and soil fertility
is said to be the most important factor for height growth (Henskens et al., 2001;
Woodruff et al., 2002); therefore, competition for soil nutrients could be the main cause

for reduced height growth for trees in high-density stands.
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TABLE 1. SUMMARY OF STUDIES USING MORPHOLOGICAL MEASUREMENTS IN RESPONSE
TO INCREASING PLANTING DENSITY FROM 2001 TO 2020.

Species S H DBH CH CD IV SV IBA SBA LB LAl Reference
Acacia mangium X %y - + %qzz)atmanto, 2016; Tonini et al.,
Acacia mearnsii + + (Eloy et al., 2018)
Acer velutinum - (Naiji et al., 2016)
Alnus rubra + - - (DeBell and Harrington, 2002)
; P * (Eloy et al., 2018; Schwerz et al.,
Ateleia glazioviana - +/- i O 2020b, 2020a)
Betula alba - + (Fernandez-Nufez et al., 2010)
Betula alnoides - * + * (Wang et al., 2016)
Betula pendula * * - - * (Johansson, 2007)
Betula pubescens * * - - * (Johansson, 2007)
Camellia sinensis + (Kigalu, 2007b)
gzgglglg?aam/a N - + + +  (Faroogetal., 2020; Liu et al., 2019)
Endospermum + . ) *4 + (Glencross et al., 2012; Smith et al.,
medullosum 2016)
S:;{;;ZZ’::US * - - (da Pascoa et al., 2019)
Eucalyptus benthamii * -+ (Resquin et al., 2019)
Eucalyptus + oo % ) + + (Horner et al., 2009; Nagar et al.,
camaldulensis 2015; Paula et al., 2013)
Eucalyptus cloeziana * - * (Alcorn et al., 2007)
- * * * (Bentancor et al., 2019; Resquin et
Eucalyptus dunnii - - ot i al., 2019)
* (Forrester et al., 2013; Henskens et
Eucalyptus globulus - - - - * * 4L, 2001; Miranda et al., 2015)
(Eloy et al., 2018, 2016; Forrester
Eucalyptus grandis * * - - +/- * + + + and Smith, 2012; Resquin et al.,
2019; Schwerz et al., 2020b, 2020a)
fé ,%:ZZ;Z ,;(Si -+ +  (Hakamada et al., 2017, 2020a)
i (Hakamada et al., 2017, 20203;
= grEneis ol - */- -+ - + + Ramalho et al., 2019; Silva et al.,
urophyila 2019; Tavares et al., 2020)
Eucalyptus marginata * - + + (Grigg et al., 2008)
(Alcorn et al., 2007; Cassidy et al.,
Eucalyptus pilularis [+ - */- - * 2013; Forrester and Smith, 2012;
West and Smith, 2020)
Eucalyptus urophylla - + + (Hakamada et al., 2017, 2020a)
Fagus orientalis - * + (Guner et al., 2010)
Fagus sylvatica * - * - (Dassot et al., 2015)
Fraxinus angustifolia - * + * (Ozbayram and Cigek, 2020)
Gliricidia sepium - - - (Silva et al., 2012)
Gmelina arborea - * * - + + (Tenorio et al., 2019)
Hevea brasiliensis * - + (Naji et al., 2014)
Jatropha curcas * (Andrianirina et al., 2019)
Juglans nigra - + - (Bohanek and Groninger, 2003)
Leucaena leucocephala - *- - *oooo- + (Liu et al., 2018; Prasad et al., 2011)
Mimosa caesalpiinifolia - - - (Silva et al., 2012)
: * (Eloy et al., 2018; Schwerz et al.,
Mimosa scabrella - +/- + + + 2020b, 2020a)
Moringa oleifera * + (Mendieta-Araica et al., 2013)
Picea glauca - * - + (Metsaranta, 2019)



Picea mariana
Pinus banksiana
Pinus contorta

Pinus elliottii

Pinus massoniana
Pinus patula
Pinus pinea

Pinus ponderosa

Pinus radiata

Pinus resinosa
Pinus sibirica

Pinus sylvestris

Pinus taeda

P. balsamifera x P.
trichocarpa

P. balsamifera x P.
maximowiczii

Populus deltoides

P. deltoides x P.
xeuramericana

P. deltoides x P. nigra
P. simonii x P. nigra

Populus tomentosa

Populus xeuramericana
Pseudotsuga menziesii

Quercus acutissima

Quercus petraea
Sassafraz tzumu

Sclerobium paniculatum

Sequoiadendron
giganteum
Tectona grandis

Zelkova serrata

+/-

*/+

*/_

*/_

*/+

-+

*/_
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(Groot and Cortini, 2016; Metsaranta,
2019)

(Heébert et al., 2016)

(Liziniewicz et al., 2012)

(Barron-Gafford et al., 2003; Burkes
et al., 2003; Gadow and Kotze, 2014;
Will et al., 2001)

(Yan et al., 2019)

(Charlton et al., 2020; Gadow and
Kotze, 2014)

(Mufoz et al., 2020)

(Gyenge et al., 2010)

(Fernandez-Nuriez et al., 2010;
Lasserre et al., 2005; Lin et al., 2013;
Waghorn et al., 2007)

(Metsaranta, 2019)

(Milyutina et al., 2013)

(Egbéack et al., 2012; Milyutina et al.,
2013; Nan et al., 2020; Wegiel and
Polowy, 2020)

(Akers et al., 2013; Barron-Gafford et
al., 2003; Bose et al., 2018; Burkes
et al.,, 2003; Cardoso et al., 2013;
Clark et al., 2008; Egback et al.,
2015; Roth et al., 2007; Russell et
al., 2009; Torreano et al., 2012; Will
et al., 2005, 2001; Zhao et al., 2020,
2011)

(Benomar et al., 2012)

(Benomar et al., 2012)

(Fang et al., 2007; Roncevi¢ et al.,
2013)

(Tun et al., 2018)

(Toillon et al., 2013)

(Ahmed et al., 2020)

(Han et al., 2020; Huijuan et al.,
2020)

(Fang et al., 2007; Xue et al., 2012)

(Harrington et al., 2009; Marziliano et
al., 2015; Woodruff et al., 2002)

(Cheng et al., 2020)
(Colin et al., 2012)
(Sun et al., 2018)
(Narducci et al., 2016)

(O’Hara and York, 2014)

(Pachas et al., 2019)
(Tanabe et al., 2019)

S = survival; H = total height; DBH = diameter at breast height; CH = crown height; CD = crown
diameter; IV = individual volume; SV = stand volume; IBA = individual basal area; SBA = stand basal
area; LB = leaf biomass; LAl = leaf area index. * = neutral influence of increasing planting density; + =
positive influence of increasing planting density; - = negative influence of increasing planting density.

SOURCE: The author.
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In the first years after planting, interaction between trees is limited and
competition may not be observed until later, when trees reach above- and below-
ground space of neighbors. Studies analyzed in this review evaluated trees from one
(Schwerz et al., 2019; Silva et al., 2019) to 90 (Wegiel and Polowy, 2020) years after
planting and results on morphological characteristics were found to be highly
heterogenous. In a Eucalyptus plantation, Silva et al. (2019) observed differences in
DBH and volume per tree between densities as soon as 24 months after planting. The
authors attributed these differences to the higher light interception by tree crowns,
which lead to a higher production of photoassimilates. For Acacia mearnsii, Schwerz
et al. (2019) observed a greater biomass allocation in branches and leaves in the first
year after planting; at 7 years after planting, leaf biomass significantly reduced while
total stand timber biomass increased, regardless of planting density. Studies that
examined biomass allocation along gradients of light, water, and nutrients availability
support the hypothesis that plants tend to allocate biomass to the organs that acquires
the more limiting resources (Ma et al., 2021; McCarthy and Enquist, 2007; Rodriguez-
Garcia and Bravo, 2013); therefore, plants competing for resources in a high-density
stand tend to change allocation patterns according to stand age and the planting
density. The greater allocation in growth of branches and leaves in the first years form
the canopy, which is important to regulate light interception and determine forest
productivity (Barbier et al., 2010); and changes in tree growth after canopy closure are
often related to competition with neighbor trees (Will et al., 2001).

Several shade-avoidance responses related to the production and transport of
the phytohormones auxin and cytokinin drive trees growth and development in high-
density stands. The auxin is known to steer plant growth and development through the
elongation of hypocotyl and petiole, and upward leaf movements, enhancing access
to light (Galvdo and Fankhauser, 2015). Auxin biosynthesis and transport is related to
photoreceptors signaling (Kupers et al., 2020), and in high density stands it leads to
growth in heigh instead of stem lateral growth and branches development in the lower
portion of the trees, defining plant shape; its metabolism and how it influences on plant
growth and development was extensively reviewed by Casanova-Saez and Vol
(2019). The influence of cytokinin on plants growth and on acclimation to the light
gradient in high-density stands is related to the differences in transpiration rate in
shaded and sun exposed leaves; the reduced influx of cytokinin in shaded leaves as a

result of a lower transpiration rate reduces protein synthesis and amino acids export,
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which induces a reallocation of resources to sun-exposed leaves — with higher sink
strength (Pons et al., 2001). As a result of changes induced by these phytohormones,
specific leaf area is reduced in trees subjected to high-density spacings, although leaf
area index can increase in these circumstances.

Generally, there is a reduction of leaf expansion in shaded leaves and a
stimulation in the unshaded ones, and it directly influences on leaf area index (LAI) and
on specific leaf area (SLA) (Pons et al., 2001). As a measure of canopy closure, LAl is
an indicative of stand productivity and biomass accumulation, and it can be an
alternative measure of growing space and stocking control in plantations (O’Hara and
York, 2014). Few studies have, however, considered this index among measured
growth variables. Only 13 studies (12.5 %) considered leaf area index as a response
variable to planting density and all of them revealed a neutral or positive relation with
increasing density (Akers et al., 2013; Farooq et al., 2020; Grigg et al., 2008;
Hakamada et al., 2020a; Henskens et al., 2001; Johansson, 2007; O’Hara and York,
2014; Schwerz et al., 2020a; Tenorio et al., 2019; Tun et al., 2018; Will et al., 2005,
2001; Yan et al., 2019). LAl is often used as an indicator for canopy closure and light
interception in agricultural crops (Sharma-Natu and Ghildiyal, 2005), but we must
consider that in forest plantation, tree density is largely different from agricultural
plantations and so is light interception. Hakamada et al. (2020a) indicated that
increasing LAl in clonal Eucalyptus plantations was directly related to light interception
and, consequently, to a more efficient biomass production. The authors observed that
genotype related characteristics also influenced on clone responses to planting
density, which is an important factor to be considered on breeding programs. Akers et
al. (2013) obtained similar results for Pinus taeda plantation under different densities
and authors attributed this increase in LAl and light interception to an increase in light-
use efficiency in high-density stands when compared to lower-densities stands. It must
be noted that an increase in LAl or SLA is not always accompanied by an increase in
photosynthesis efficiency, considering that increasing leaf expansion can result in
thicker leaves with lower stomatal density, and consequently, reduced gas exchange
potential (Mcelwain et al., 2016; Thyroff et al., 2019).

Competition for resources cannot always be managed with water and nutrient
additions or other silvicultural treatments and the effects of resources management are
more likely to be obtained for leaf, fruit, and seed yield than for wood (Kigalu, 2007a,
2007b; Mendieta-Araica et al., 2013; Narducci et al., 2016). For other species, fruit and
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seed yields are not influenced or negatively influenced by density, independently of
other resources management, as for Pinus pinea (Munoz et al., 2020). It indicates a
potential to manage spacing arrangements in interaction with other silvicultural
treatments to increase yield even when other resources become scarce. Establishing
high-density plantations in sites with high availability of water and nutrients is a strategy
to increase productivity by reducing competition between trees without increasing
plantation coasts (Harrington et al., 2009; Sun et al., 2018; Toillon et al., 2013; Zhao
et al., 2020).

The increase in total plantation biomass with a decrease in individual tree
biomass is an important aspect to consider for forest producers. There is a potential of
producing wood for energy in high density stands; although for more valuable wood
products, such as lumber and veneer, these stands should be submitted to thinning
managements to produce larger boles. At high initial densities, thinning may be the
best option for producers to guarantee high valuable wood products at the end of
rotation, regulating timber form and volume (Charlton et al., 2020). Smith et al. (2016)
highlight the need to evaluate economical aspects and use possibilities of thinned
stems, and Glencross et al. (2012) also suggest the use of high planting density with
thinning treatments to obtain different products at different times to guarantee both
stand and individual high volume. Adapted management strategies guarantee both
wood and energy products in forest plantations, including increasing tree density,
additional thinning, and reducing rotation length, resulting in financial gains (Scott and
Tiarks, 2008).

Although we consider the constant final yield as an index of maximum planting
density in a stand, most studies evaluated in this review did not reach a planting density
that would be considered limiting for tree growth. A possibility is that many researchers
focused on density ranges to obtain an increase in stand biomass, but still considering
the production of high-quality wood products. In some studies, both individual and
stand volume did not present linear responses to increasing stand density, indicating
that increasing planting density not always results in increasing biomass productivity
(Gadow and Kotze, 2014; Guner et al., 2010; Marziliano et al., 2015; Ozbayram and
Cicek, 2020; Tavares et al., 2020; Wegiel and Polowy, 2020). It is important to note
that most plantations are not fertilized during the whole rotation, so a decrease in
planting density would lower soil nutrient extraction and an economy in fertilization

(Medeiros et al., 2020). High planting density can also improve resources use
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efficiency through physiological mechanisms, which we will discuss in the next
paragraphs.

Physiological evaluations in response to tree density are less numerous in the
literature, probably because they are less easily done in the field compared to
dendrological measurements (Table 2). Physiological studies mainly focus on
Eucalyptus and Pinus species and are addressed by a restricted number of research
groups. The number of measured variables was also reduced compared to

morphological variables, focusing especially on light and water influence on trees.

TABLE 2. SUMMARY OF STUDIES USING PHYSIOLOGICAL MEASUREMENTS IN RESPONSE TO
INCREASING PLANTING DENSITY FROM 2001 TO 2020.

Species IR A E R WUE LWP CI Reference
Ateleia glazioviana * (Schwerz et al., 2020a)
Camellia sinensis - + (Kigalu, 2007a)
Eucalyptus globulus * (Henskens et al., 2001)
Eucalyptus grandis * (Schwerz et al., 2020a)
Eucalyptus grandis % E. (Hakamada et al., 2017, 2020a,
camaldulensis + * - 2020b)
Eucalyptus grandis x E. (Hakamada et al., 2017, 2020a,
urophylla + * - 2020b)
(Hakamada et al., 2017, 2020a,
Eucalyptus urophylla + * - 2020b)
Fagus orientalis * (Guner et al., 2010)
Mimosa scabrella * (Schwerz et al., 2020a)
Pinus elliottii - + (Will et al., 2001)
Pinus sibirica + (Milyutina et al., 2013)
Pinus sylvestris + (Milyutina et al., 2013)
(Akers et al., 2013; Will et al.,
Pinus taeda - i - 2005, 2001)
Populus deltoides x P. nigra - (Toillon et al., 2013)

IR = intercepted radiation; A = carbon assimilation; E = transpiration; R = respiration; WUE = water
use efficiency; LWP = leaf water potential; Cl = chlorophyll content. * = neutral influence of increasing
planting density; + = positive influence of increasing planting density; - = negative influence of
increasing planting density. SOURCE: The author.

The first and most obvious influence of closer planting spacing is a reduction
in light interception, which directly influences plants physiological functions. In a study
with Pinus plantations at different densities, Will et al. (2001) observed that tree growth
correlated with intercepted radiation; as stand density increased, the amount of
radiation intercepted per unit of leaf area decreased due to self-shading. The authors
observed that differences in net photosynthesis and respiration rates were minimal and

did not correlate with growth at the different stand densities, possibly because
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resources necessary for plants physiological activities were not limiting in any
treatment. Toillon et al. (2013) also observed that high planting densities accentuated
competition for light in poplar plantations, which led to increased height growth instead
of stem diameter. As trees are closer together, there was a reduction in R:FR ratio,
indicating an upcoming competition for light and a decrease of total light intensity in
the stand (Huber et al., 2020); however, only Benomar et al. (2011) observed
differences in C assimilation related to planting density among the studies used in this
review. In the first stages of seedlings growth, low R:FR ratio promotes auxin synthesis,
increasing hypocotyl elongation, this process induces seedlings to grow searching for
light (Casanova-Saez and Vol3, 2019).

Few data are available on direct measurements of gradients in transpiration
rates in forest canopies, although there is evidence that this physiological parameter
vary parallel to light gradient (Pons et al., 2001). Except for Camellia sinensis (Kigalu,
2007a), it was observed that transpiration and respiration increased with increasing
planting density (Hakamada et al., 2017, 2020a, 2020b; Will et al., 2001). These results
are closely related to water use efficiency — for Camellia sinensis, the reduction in
transpiration rates increased water use efficiency in high-density stands, while for
Eucalyptus clones’ responses varied according to genotype (Hakamada et al., 2020a,
2020b; Kigalu, 2007a). Differences in plant physiological responses could be linked to
species characteristics such as drought resistance, number of stomata, and leaf type;
however, we found a lack of information on the mechanisms related to changes in
water use with plantation density and its influence on tree growth.

Understanding the dynamics of physiological responses to increasing stand
density is fundamental to plan adequate management scenarios and to obtain high-
valuable products. Increasing planting density may also have implications for
ecosystem water balance since high density stands have a higher water use from a
landscape perspective (Forrester, 2015). It is known that tree physiology responses in
high density stands are mediated by competition for resource acquisition (Resquin et
al., 2019; Will et al., 2005), indicating the importance of site quality and the knowledge
about species requirements to establish a monospecific forest plantation. Several
studies selected in this review indicate that site characteristics have a major impact on
tree growth and physiological responses to planting density, indicating the importance

of physiological evaluations in field trials to develop management programs for each
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species (Akers et al., 2013; Guner et al., 2010; Toillon et al., 2013; Will et al., 2005,
2001).

2.4 FINAL CONSIDERATIONS

We observed an increasing trend in studies on plant morphological and
physiological responses to planting density in forest plantations. Most studies are in
countries with a well-established forest market for timber, pulp and paper, and energy,
which explains the high number of studies focusing on Pinus and Eucalyptus species.
The main variables evaluated in field trials are DBH and timber volume, illustrating a
study field especially focused on timber production; therefore, we highlight the need to
develop research on the production of other forest products such as leaves, fruits, and
seeds. We also highlight the need to consider the use of physiological evaluations in
field trials, which could give more accurate responses of plants to competition for
resources.

Increasing planting density of forest plantations is important for regions where
forest plantations compete with other high-valuable crops or where space is a limiting
factor for the development of the forest industry. High-density forest stands can
represent an increase in value and yield for a variety of products, but we still need to
improve knowledge about plants growth focusing on products other than timber. Our
results can be a basis for the establishment of forest plantations aiming at the better

use of forest stands and the development of new silviculture studies.
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3 CHAPTER Il - PLANTING SPACING AND NITROGEN FERTILIZATION ON
YERBA MATE: YIELD RESPONSES ON A HIGH-DENSITY PRODUCTION
SYSTEM

We studied the effects of planting density and N doses in yerba mate biomass
production. In September 2018 we established a field trial in a factorial scheme with 3
planting densities (9,090, 13,333, and 25,000 plants ha™') and 5 N doses (0 %, 50 %,
100 %, 200 %, and 300 % of the recommended N dose). We evaluated total biomass
(per hectare and per plant), young and mature leaves biomass in 5 subsequent
harvests. Increasing planting density increased stand total biomass, although
individual biomass did not present significant changes. The highest yield in total
biomass was obtained with 25,000 plants ha' and 200 % N dose — 1,792 kg ha™ in
January 2021. In the high-density treatment (25,000 plants ha') we observed an
expressive demand of plants in N fertilization, with higher yields in treatments with
higher N availability. Young and mature leaves biomass yield reflected total biomass
yield, with more productivity in high-density planting with higher availability of N. Yield
per plant did not reduce in high-density planting, indicating no competition between
neighbors. Our results demonstrate the potential of yerba mate to be managed in high-
density stands, with reduced rotation periods and the adequate nutrient management
for high biomass production.

Keywords: biomass productivity, llex paraguariensis, plant nutrition, planting

density, stand density, silviculture

3.1 INTRODUCTION

Yerba mate (llex paraguariensis A. St.-Hill.) is an arboreal species native to
the South American Humid Subtropical Forest and it is cultivated in monospecific
stands or in agroforestry systems in Brazil, Argentine, and Paraguay (Carvalho, 2003).
Its leaves are social and economically important for small producers in the regions
where the species occurs because they are used to produce traditional beverages as
chimarrao, tereré, and tea (Lima & Farah, 2019). In traditional silvicultural systems
(monospecific stands), yerba mate is produced in low density planting spacings (2,222

— 2,800 plants ha™'), with a rotation period of 18-24 months and producers still lack
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information about silvicultural traits to increase leaves quality and yield (Santin et al.,
2015; Santin et al., 2016).

In recent years, several studies have demonstrated that yerba mate leaves
can be a source of caffeine, theobromine, and other bioactive compounds for food,
cosmetic, and pharmaceutical industries (Riachi & Maria, 2017; Valduga et al., 2019;
Duarte et al., 2020). Reducing rotation period is an alternative to increase leaves
quality, since biochemical compounds contents are higher in young leaves and smaller
periods between harvests reduce damages caused by environmental conditions and
pest attacks (Blum-Silva et al., 2015; Yin et al., 2015). The interest in using yerba mate
as a raw material for health-promoting and functional products require studies aiming
at increasing yield and quality of leaves produced in plantations.

Increasing planting density is a silvicultural alternative to increase yield in
several agricultural and forestry plantations (Leite et al., 2011; Charlton et al., 2020;
Hakamada et al., 2020; Schwerz et al., 2020). In forest stands, studies indicate that
individual biomass yield tends to reduce while stand yield increases until a limit when
competition between neighbor plants causes significant changes in plant
morphological and physiological aspects (Huber et al., 2020). Camellia sinensis, used
to produce the most common tea worldwide, is planted in high-density stands (8600 —
180,000 plants ha') and its leaves are harvested in regular intervals to guarantee a
high yield and specific characteristics expected by industries (Kigalu, 2007a; Kigalu,
2007b; Rawat et al., 2017; Du et al., 2021). The use of high-density stands is an
alternative to reduce rotation periods and to increase yield in yerba mate plantations,
but the species still lacks knowledge on silvicultural traits that would enable high-
density plantations establishment.

It is known that planting density alters resources availability, which includes
nutrients, demanding adequate management practices to guarantee a regular yield
over time (Leite et al., 2011; Hakamada et al., 2020). Yerba mate occurs naturally in
low fertility soils, but studies reported that in intense silvicultural systems it responds
positively to fertilization, indicating that biomass productivity may be related to nutrients
availability (Santin et al., 2015; Santin et al., 2016; Barbosa et al., 2018; Toppel et al.,
2018). As nitrogen (N) is a main component of several molecules in plants, it is
essential to regularly manage this nutrient in high-density plantations to guarantee a

regular yield.
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There are no records of yerba mate cultivated in high-density silvicultural
systems; therefore, this study aimed to assess the effects of planting density and N
doses on biomass yield of yerba mate. For this, we consider the following hypothesis:
(a) Increasing planting density would increase biomass yield; (b) Increasing planting

density would demand a higher N dose to provide the expected yield.

3.2 MATERIAL AND METHODS

The experiment was established in September 2018, in a private property in
General Carneiro — PR, Brazil (26°25°'39” S, 51°18’56” W, 983 m). Region’s climate is
Cfb type (humid subtropical), with mild temperatures in summer and the occurrence of
frosts in winter, without a defined dry season (Alvares et al.,, 2013). Temperature
averages do not exceed 22 °C during summer and 18 °C during winter. Soil chemical

and physical analysis are exposed in Table 3.

TABLE 3. ORGANIC MATTER CONTENT (OM), SOIL AVAILABILITY OF PHOSPHORUS (P),
POTASSIUM (K), CALCIUM (CA), AND MAGNESIUM (MG), AND SOIL PHYSICAL ASPECTS IN
THE EXPERIMENTAL AREA BEFORE llex paraguariensis PLANTATION.

oM P K Ca Mg Clay Silt Sand

% ----mg/dm®----  cmol/dm®* = ------ gkg'------
Soil content 5.65 1.05 7040 0.20 0.20 745 125 88
Analysis level High Verylow Verylow Low Low

SOURCE: The author.

Three planting densities were used: 9,090, 13,333, and 25,000 plants ha-', all
of them above the commonly applied in commercial yerba mate plantations. Spacing
between rows was fixed in 1.00 m and spacing between plants in the row varied
accordingly to planting density treatment — 1.10 m, 0.75 m, and 0.40 m for 9,090,
13,333, and 25,000 plants ha ', respectively (Figure 6).
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FIGURE 6. GRAPHICAL DESCRIPTION OF THE PLANTING DENSITY TREATMENTS USED IN /lex
paraguariensis EXPERIMENT.
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SOURCE: The author.

At experiment establishment, in September 2018, we applied fertilization
according to soil analysis —44.0 kg N ha', 153.9 kg P ha™', and 42.5 kg K ha', which
represented the annual recommended dose of P and half the dose of N and K
(Wendling & Santin, 2015). After plantation, fertilization was applied every January and
September, considering the different N doses for each treatment: 0 %, 50 %, 100 %,
200 %, and 300 % of the recommended N dose (Table 4). In each fertilization, we
applied the half annual dose of N and K to reduce nutrient losses, and every September
we applied total annual P dose. Fertilization was not applied in May harvest to avoid
plants growth during winter, when they are subjected to frosts and new branches are

deeply affected.

TABLE 4. ANNUAL DOSE OF FERTILIZER APPLIED IN THE EXPERIMENT.
Dose (kg ha')

Fertilizer 0% 50% 100% 200% 300 %

Urea (45 % N) 0.0 488 97.0 194.0  291.0

Single superphosphate (21 % P20s) 733.0 733.0 733.0 733.0 733.0
Potassium chloride (58 % K20) 733 733 73.3 73.3 73.3

SOURCE: The author.

Four months after planting (January 2019), we pruned seedlings, removing the
apical meristem to induce the formation of lateral shoots. We evaluated total fresh
biomass (leaves and branches) and the productivity of young and mature leaves in five
harvests every January and May, from May 2019 until May 2021. In every harvest we
kept 20-30 % leaves in the plant to maintain physiological activity. After weighting total

biomass in a precision scale, we separated leaves in young and mature. Young leaves
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were membranous and light green or reddish colored, located in the upper branches’
region; those thicker and darker, located in the lower region of the branches were
classified as mature leaves. The separated leaves were also weighted in a precision
scale. Data was expressed in kg ha™, considering the planting density of each
treatment, and individual total yield was expressed in g plant-'.

The experiment was established in a completely randomized blocks design in
a double factorial arrangement, with three planting densities and five nitrogen doses
evaluated over five harvests in four blocks. Each treatment repetition consisted in 30
plants and was separated from other treatments by a double plant row (border) to avoid
the influence of other treatments. From analysis of variance (ANOVA) results, we
performed Tukey’s range test at 5 % probability. For the analysis and graphics, we
used the R software version 3.6.3 (R Core Team, 2020).

3.3 RESULTS AND DISCUSSION

Analysis of variance indicated that planting density and N dose had significant
effects on total biomass productivity; however, we did not observe a significant
interaction of these factors with harvests (Table 5). It is expected that subsequent
harvests will have increased leaves production since plants are more acclimated to
field conditions, tending to grow and produce more biomass. To avoid diluting the effect
of planting density and N dose, we separated statistical analysis for each harvest.

TABLE 5. ANALYSIS OF VARIANCE (ANOVA) FOR TOTAL BIOMASS PRODUCTIVITY OF YERBA
MATE SUBMITTED TO DIFFERENT COMBINATIONS OF N DOSE AND PLANTING DENSITY.

Variation GL  Mean Square Pr(>F)
Block 3 1160438 1.03-03 ***
Harvest 4 535737 204 e
Planting density 2 11351893 2716 xxx

N dose 4 1111044 5.57-09 ***
Planting density x N dose 8 476708 5.21-06 ***
Harvest x planting density 8 102855 0.34
Harvest x N dose 16 170245 0.024
Harvest x N dose x planting density 32 46485 0.98
Residue 222 91093

CV (%) 47.70

Signif. codes: *** = 0.00; ** = 0.01; * = 0.05. SOURCE: The author.

The use of high-density stands with reduced rotation periods is an innovative

silvicultural system for yerba mate. High-density stands are already used for tea plants
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(Camellia sinensis) production in several countries, with the production of high-quality
raw material for the pharmaceutical and food industries (Kigalu, 2007a; Tfouni et al.,
2018; Valduga et al., 2019). Our results indicate that yerba mate plants also have the
potential to be managed as tea plants, although this silvicultural system requires more
accurate resources management to guarantee the expected yield. Santin et al. (2016)
also highlight the importance of an adequate nutritional management for yerba mate
plantations searching to reduce rotation periods and slightly increasing planting
density.

Total biomass differed among treatments, with the highest productivity ha-!
with 25,000 plants ha™', regardless nutrition treatments (Figure 7). The highest biomass
production — 1,792 kg ha™! — was obtained in January 2021 with 25,000 plants ha' and
the addition of 200 % of the recommended N dose. The same planting density had
greater differences among N doses. Although we observed differences in total biomass
production between harvests, it is clear that in planting density of 25,000 plants ha™’
we had higher productivity when applying 200 % or 300 % of the recommended N dose

for yerba mate.
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FIGURE 7. TOTAL FRESH BIOMASS (kg ha'') OF YERBA MATE SUBMITTED TO DIFFERENT
COMBINATIONS OF PLANTING DENSITY AND N DOSES, EVALUATED IN FIVE SUBSEQUENT
HARVESTS. MEANS FOLLOWED BY THE SAME CAPITAL LETTERS DO NOT DIFFER BETWEEN
DENSITIES IN THE SAME N DOSE AND HARVEST, AND MEANS FOLLOWED BY THE SAME
SMALL LETTERS DO NOT DIFFER BETWEEN N DOSES IN THE SAME PLANTING DENSITY AND
HARVEST BY THE TUKEY TEST AT 5 % PROBABILITY.
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SOURCE: The author.

In the first three years after planting, we observed an increasing general trend
in total biomass production in all treatments, varying from 155 kg ha-! in May 2019 to
1,792 kg ha' in January 2021. The significant differences in productivity in stands with
25,000 plant ha™' indicate that the availability of N may be a limiting factor for plants
growth and biomass accumulation in high-density stands. Contrarily, in low-density
stands the availability of resources for a small number of plants did not promote its
growth, indicating that increasing N availability will not reflect in higher productivity per

plant.
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Leaves yield per plant differed only for 9,090 and 25,000 plants ha' in May
2019 and in January 2021 (Figure 8). Although there were no significant differences,
we observe an increasing trend in individual biomass over time in treatments with 100
% or more N dose. Plants submitted to 0 % N dose did not present an increasing trend
in biomass over harvests. The highest yields per plant were obtained in January 2021,
with 72.07 g plant™ in 9,090 plants ha ' submitted to 200 % N dose; and 71.67 g plant-
Tin 25,000 plants ha"' submitted to 200 % N dose. The smallest yield per plant was

obtained in the same harvest in 9,090 plants ha™' submitted to 0 % N dose.

FIGURE 8. TOTAL FRESH BIOMASS (g plant') OF YERBA MATE SUBMITTED TO DIFFERENT
COMBINATIONS OF PLANTING DENSITY AND N DOSES, EVALUATED IN FIVE SUBSEQUENT
HARVESTS. MEANS FOLLOWED BY THE SAME CAPITAL LETTERS DO NOT DIFFER BETWEEN
DENSITIES IN THE SAME N DOSE AND HARVEST, AND MEANS FOLLOWED BY THE SAME
SMALL LETTERS DO NOT DIFFER BETWEEN N DOSES IN THE SAME PLANTING DENSITY AND
HARVEST BY THE TUKEY TEST AT 5 % PROBABILITY.
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Although we obtained high productivity per area in 25,000 plants ha' planting
density, we did not observe a reduction in biomass productivity per plant, as observed
in planting density studies with other species, such as Eucalyptus (Resquin et al., 2019;
Hakamada et al., 2020). It indicates that during the experimental period we did not
reach a limiting planting density, which would cause a reduction in individual growth
due to competition with neighbors for light, water, and nutrients (Huber et al., 2020).
Competition between plants in monospecific stands depends highly on species
requirements and environmental resources availability, which explains why high-
density stands require a more accurate management to provide the expected biomass
yield (Leite et al., 2011). The effects of planting density will be of mainly importance
after canopy closure in the next years, when we expect to have more accurate
responses on yerba mate management in this new silvicultural system.

As for total biomass, young leaves had more biomass productivity in higher
planting density (25,000 plants ha™') (Figure 9). Also, this planting density had
significant differences among N doses while planting densities of 9,090 and 13,333
plants ha' did not have any significant difference for this factor. For harvests in
January, the highest productivity was obtained with 200 % of the recommended N dose
in 25,000 plant ha™' — 365 kg ha' in 2020 and 201 kg ha™' in 2021; although in January
2021 there was no significant difference from other N doses. In May 2020 the highest
young leaves productivity was obtained with 50 % N dose, but it did not differ from 200
% and 300 % N dose. In May 2021 there was no difference between N doses,

indicating that N availability was not a limiting factor for plants growth.
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FIGURE 9. YOUNG LEAVES FRESH BIOMASS (kg ha') OF YERBA MATE SUBMITTED TO
DIFFERENT COMBINATIONS OF PLANTING DENSITY AND N DOSES, EVALUATED IN FOUR
SUBSEQUENT HARVESTS. MEANS FOLLOWED BY THE SAME CAPITAL LETTERS DO NOT

DIFFER BETWEEN DENSITIES IN THE SAME N DOSE AND HARVEST, AND MEANS FOLLOWED
BY THE SAME SMALL LETTERS DO NOT DIFFER BETWEEN N DOSES IN THE SAME PLANTING
DENSITY AND HARVEST BY THE TUKEY TEST AT 5 % PROBABILITY.
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The production of mature leaves increased in the last harvests, indicating that plants
are growing and accumulating more biomass in all treatments (Figure 10). Following
the same trend of total biomass productivity, the highest biomass productivity of mature
leaves was obtained in 25,000 plant ha™' planting density — 1,046 kg ha™! with 200 %
N dose in May 2021 (Figure 10). For this fraction of biomass productivity, we observed
higher production in stands with 200 % or 300 % of the recommended N dose — 475
kg ha! with 200 % N dose in January 2020; 356 and 255 kg ha! with 200 % and 300
% N dose in May 2020; 765 and 564 kg ha™" with 200 % and 300 % N dose in January
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2021; 1,046 and 1,009 kg ha" with 200 % and 300 % N dose in May 2021 — although

it did not differ from other treatments in the harvest of January 2020.

FIGURE 10. MATURE LEAVES FRESH BIOMASS (kg ha-') OF YERBA MATE SUBMITTED TO
DIFFERENT COMBINATIONS OF PLANTING DENSITY AND N DOSES, EVALUATED IN FOUR
SUBSEQUENT HARVESTS. MEANS FOLLOWED BY THE SAME CAPITAL LETTERS DO NOT
DIFFER BETWEEN DENSITIES IN THE SAME N DOSE AND HARVEST, AND MEANS FOLLOWED
BY THE SAME SMALL LETTERS DO NOT DIFFER BETWEEN N DOSES IN THE SAME PLANTING
DENSITY AND HARVEST BY THE TUKEY TEST AT 5 % PROBABILITY.

9090 plants ha ' 13333 plants ha ' 25000 plants ha '
1500
1000 1 "
2 2 2 2 ]
Jo] © e T
4 < o <
500 &E & =2 s B8 g 4 =2 & £ §+ g = st a4 |8
- = : b o LO+ O+ @ ) ﬁ+ = L n.q+ r) o
St 8 8 =t e =t 8 3 3 g = ot % g
O ¥ & 3 3 =& s ¢ & 8 & I i
1500 1
2
IE 1000 A =
o © 2 2 <
X, 5001 o] @ © < © © 2 -] a = [N
% g I 2 & 32 el = S no& 2om |°
4 0 a4 G4 et 34 ~¢ ot i 1) ot 8* ;+ 2* :r+ 8 &
£ )t I = B - 3 & £ 8 ¢ B[R &
o s — — © — - - - - =
o
> 1500
@
- ©
- <
3 1000 = N+ 2 o
2 : 1 s . 2 s 3 TR LI -
S s09 . 2 s 8 g N . g3 & 38
© < 8 e Lo* w 2 =+ I~ [ b r_+ by © ©
= ef o 8 gl 3 LB SR ) B g B g ”
o 5 & &' ® & N O° & & W 5 L
1500 4 f‘,“ s
o & 0
10001 2 -n'* ‘°-+
< = «©
= s = 2 g &8 2 3* 3 2 g |5
5001 = & % B o N ) R 2 =l 0 S
<< w0 L 5 2 = 3 s < % © - > =
$+ co.]l o = - P g 2 @ & 2 0
o1 gl § & & 8 f—a—— =
0 50 100 200 300 0 50 100 200 300 0 50 100 200 300

N doses (% recommended dose)

SOURCE: The author.

In traditional production systems of yerba mate, the first harvest occurs only
24-36 months after plantation and subsequent harvests occur each 18-24 months
(Wendling & Santin, 2015); while in our experimental system, the first harvest occurred
8 months after planting and rotation period reduced to 4-8 months. Santin et al. (2015)
obtained an average yield of 1.7 ton ha™! in the first harvest of a yerba mate plantation,
36 months after planting; considering the sum of total biomass obtained in all harvests
performed in our experiment until May 2021 (32 months after planting), we obtained
higher yields in all treatments. In addition to yield, it is important to highlight that

reducing periods between harvest increases the possibility to have a high-quality raw
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material, considering that bio compounds concentration is higher in young leaves than
in mature ones (Blum-Silva et al., 2015; Yin et al., 2015).

Since we did not achieve a plateau or a decrease in biomass production at any
N dose used in this study, we assume that even the highest dose applied did not cause
toxicity. Differences in productivity at 25,000 plants ha™' are related to an increasing
nutrients demand since the consumption of resources per area is higher; this relation
was also observed in planting density studies with other species, such as Eucalyptus
dunnii and Cunninghamia laceolata (Bentancor et al., 2019; Duan et al., 2019). Still,
the absence of differences in biomass productivity at 9,090 and 13,333 plants ha™' may
be due to the high availability of N in the soil, which was not totally consumed by plants
during the experimental period even in treatments without N fertilization. Soil high
fertility also explains why we did not observe any symptoms of chlorosis in yerba mate
leaves, which would indicate a high remobilization due to a limitation in N absorption.

The findings from this study have important implications to increase growth
and yield of yerba mate biomass production. High-density stands increase leaves
production per area and have potential implications in increasing resources use
efficiency and a sustainable intensification of this agricultural system. The classification
of leaves in young and mature during harvests create new possibilities to the
establishment of yerba mate in industrial markets other than the traditional beverages;
therefore, making it necessary to reduce periods between harvests and increase the

quality of raw material.

3.4 CONCLUSIONS

Higher yerba mate biomass production per hectare was obtained with
increasing planting densities, although no differences were found in yield per plant.
25,000 plants ha™' planting density increased responses to nitrogen application and
200 % or 300 % of the recommended nitrogen dose increased biomass production in

the first three years after planting.
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4 CHAPTER Illl - NEW METHOD TO PRODUCE YERBA MATE: DOES PLANTING
DENSITY AND NITROGEN DOSES INFLUENCE ON PHENOLIC
COMPOUNDS AND METHYLXANTHINES CONTENTS?

Yerba mate is a tree species native to South America; its leaves and thin
branches are increasingly consumed by different forms of infusion (in hot or cold water)
and other products, because of its beneficial effects to human health. Recently, its
biochemical composition has attracted the attention of pharmaceutical and cosmetic
industries, increasing the need to establish plantations for these purposes. This study
aimed to evaluate how planting density and nitrogen (N) doses influence yerba mate
leaves biochemical compounds. We evaluated the antioxidant activity and total
phenolic compounds contents, methylxanthines (caffeine and theobromine), and
caffeoylquinic acids in yerba mate subjected to high planting densities (9,090, 13,333,
and 25,000 plants ha'') and N doses (0 %, 50 %, 100 %, 200 %, and 300 % of the
recommended N dose) over five harvests performed during the first two years after
planting. Planting density and N doses influenced on biochemical compounds, mainly
on caffeine and theobromine contents while planting density did not influence on
methylxanthines and caffeoylquinic acids contents, indicating that environmental
factors may influence on yerba mate secondary metabolites.

Keywords — Antioxidant activity, caffeine, caffeoylquinic acids, /llex
paraguariensis, nutrient management, secondary metabolism, silviculture,

theobromine

4.1 INTRODUCTION

Yerba mate (llex paraguariensis A. St-Hill) is a native tree species from South
America, occurring in South Brazil, Argentine, and Paraguay (Carvalho, 2003); its
leaves are widely consumed as hot or cold beverages in South America, with an
average annual consumption around 3-10 kg per person (Gan et al., 2018). The
species is exploited in natural areas or planted in agroforestry systems and
monospecific stands with low-density planting spacings (2,222-2,800 plants ha™)
harvested each 18-24 months (Wendling and Santin, 2015), and producers are still

resistant to applying differentiated silvicultural traits aimed at improving productivity
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and quality of obtained products. Despite its economic and social importance, yerba
mate plantations still lack on management regarding the production of high-value raw
material for other industries than the traditional beverages (Vieira et al., 2021;
Wendling et al., 2018).

Recently, yerba mate biochemical characteristics have attracted the attention
of pharmaceutical and food industries due to its caffeine, theobromine, and phenolic
compounds contents (de Lima et al., 2019; Negrin et al., 2019). Caffeine is a well-
known methylxanthine stimulant of the central nervous system and occurs naturally in
plants used to make beverages as coffee and tea (Gan et al., 2018; Lima and Farah,
2019). Recent studies have identified high caffeine genotypes in yerba mate
plantations, indicating its high potential to be used as a source of this secondary
metabolite (Cardozo Junior et al., 2010; Duarte et al., 2020; Vieira et al., 2021). Apart
of its stimulant properties, other health benefits related to methylxanthines and
phenolic compounds have been reported for yerba mate, such as antioxidant and
diuretic activity, hypocholesterolemic and hepatoprotective activity, protector of DNA
oxidation, and protector of the cardiovascular system (Alkhatib and Atcheson, 2017;
Bracesco, 2019; Pozebon et al., 2015; Riachi and Maria, 2017; Santos et al., 2015);
however, the production of yerba mate still lacks information on how to increase leaves
production with high contents of these compounds.

Although methylxanthines and phenolic compounds benefits human health,
their primary purpose is to support plant ecological functions. The biosynthesis of
secondary metabolites is highly susceptible to and regulated by environmental
conditions as temperature, luminosity, water and nutrients availability, and pest or
disease attacks (Borges et al., 2017; Li et al., 2020); Also, secondary metabolites
influence on plant growth and development, guaranteeing its survival through stressful
environments. Several silvicultural practices can alter environmental conditions and
consequently influence on secondary metabolism, leading to changes on its
biosynthesis. Among silvicultural traits, increasing planting density and nitrogen (N)
fertilization are indicated to increase stand productivity and leaves yield; also, these
practices can influence on secondary metabolites contents. N is on the pathway basis
for secondary metabolites biosynthesis as a key component of amino-acids and, as
nitrogen-based alkaloids, methylxanthines contents have been related to N availability
(Tzortzakis et al., 2020).
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Given the importance of nitrogen in the biosynthesis of secondary metabolites,
as well as the impacts that planting density may have on resources availability, this
study was based on the hypothesis that a) yerba mate plants submitted to increasing
N doses have different contents of methylxanthines and phenolic compounds; b)
planting density influences on methylxanthines and phenolic compounds contents on
yerba mate plants. Therefore, we evaluated how planting density and N doses

influence on methylxanthines and phenolic compounds contents on yerba mate plants.

4.2 MATERIAL AND METHODS

4.2.1 Experiment establishment and treatments

In September 2018 we established the experiment in General Carneiro — PR,
Brazil (26°25’39” S, 51°18’566” W, 983 m). Region’s climate is Cfb type (humid
subtropical), with mild temperatures in summer and the occurrence of frosts in winter,
without a defined dry season (Alvares et al., 2013). Maximum temperature averages
do not exceed 22 °C during summer and 18 °C during winter, while minimum reach -3
°C in winter. Soil chemical and physical analysis are exposed in Table 3 from Chapter
Il.

Three high planting densities were evaluated: 9,090, 13,333, and 25,000
plants ha™, all of them above the planting density commonly applied in commercial
yerba mate plantations — 2,222 plants ha'. Spacing between rows was fixed in 1.00 m
and between plants in the row varied accordingly to planting density treatment — 1.10
m, 0.75 m, and 0.40 m for 9,090, 13,333, and 25,000 plants ha ', respectively.

At experiment establishment, we applied fertilization according to soil analysis
—44.0 kg N ha', 153.9 kg P ha', and 42.5 kg K ha™', which represented the annual
recommended dose of phosphorus (P) and half the dose of nitrogen (N) and potassium
(K) as recommended by Wendling and Santin (2015) for yerba mate. After plantation,
fertilization was applied every January and September, considering the different N
doses for each treatment: 0 %, 50 %, 100 %, 200 %, and 300 % of the recommended
N dose (Table 4, Chapter Il). In each fertilization we applied the half annual dose of N
and K to reduce nutrient losses, and every September we applied total annual P dose.
Fertilization was not applied in May to avoid plants growth during winter, when new

branches could be deeply affected by frosts.
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4 .2.2 Plant material

Eight-months-old seedlings produced from seeds harvested in the region were
used. Four months after planting (January 2019), seedlings were pruned, removing the
apical meristem to induce the formation of lateral shoots. Harvests occurred every
January and May from 2019 until 2021. In every harvest, we kept 20-30 % leaves in
the plant to maintain physiological activity. We harvested young and mature leaves,
free of injuries and stored them in Styrofoam boxes until processing, within 24 hours
after harvest to avoid leaves oxidation. Leaves samples were microwave-dried for 5
minutes following the methodology described by Tomasi et al. (2021), grounded, and

stored at -4 °C until biochemical analysis.

4.2.3 Aqueous extracts preparation

Samples were used to prepare an aqueous extract with 0.50 g £ 0.01 g of
leaves that were added to 50 mL of boiling water (98 °C) and vortexed for 30 seconds.
The solutions were subjected to ultrasound at 30 °C for 30 minutes and then filtered
through a qualitative paper and made up to 100 mL. For Liquid Cromatography (UFLC)
analysis, extracts were filtered through a 0.22 pym nylon filter. Samples moistening
contents were determined to calculate the actual weight of samples and consequent
extract concentration. For this, 0.50 g of grounded samples were weighted, dried in a
forced-air oven at 100 °C for 24 hours and weighted again; both weights were used to

determine the real weight of each sample.

4.2.4 Content of total phenolic compounds

Total phenolic compounds were quantified by Folin-Ciocalteau
spectrophotometric method (Singleton and Rossi, 1965) with minor modifications.
Briefly, in a 10 mL volumetric flask, we added 0.1 mL of the extract, 6.0 mL of distilled
water, and 0.5 mL of Folin—Ciocalteau reagent, followed by 1 min of vortex mixing. We
added 2 mL of 15 % aqueous Na2COs in water (w/v) solution, vortex mixing for 30 s,
and the final volume was adjusted with distilled water. After 2 h of reaction in a dark
room at 23 °C, the samples absorbances were measured at 760 nm in a Shimadzu-

1800 UV/VIS (Shimadzu Corp., Japan) spectrophotometer. As a reference, an
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analytical curve was performed with gallic acid within the range of 0.25-13 mg L.
Results were expressed in mg gallic acid equivalent per gram of sample (mg GAE g™')

on a dry basis.

4.2.5 Antioxidant activity (ABTS and DPPH radicals)

Antioxidant activity of extracts by free radical DPPH (2,2-diphenyl-1-
picrylhydrazyl) (Brand-Williams et al., 1995) was determined with minor modifications.
Initially, 0.1 mL of sample was added to 3.9 mL of DPPH methanolic solution (0.06
mmol L™"). This reaction occurred in a dark environment at 23 °C for 30 min, and the
absorbance was measured at 515 nm. Antioxidant activity by free radical ABTS [2,2'-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)] (Re et al., 1999) was determined by
reacting 10 mL of ABTS (7 mmol L") with 176 uL of potassium persulfate (140 mmol
L=") in a dark room at 23 °C for 16 h. An aliquot of 1 mL of ABTS solution was added
in 100 mL of sodium acetate buffer (48.5 mmol L") pH 4.5, with adjustment of
absorbance to 0.7 £ 0.05. Then, 3 mL of ABTS buffered solution was added to 30 pL
of the extract. After 2 h the absorbance was measured at 734 nm.

All antioxidant activities assays were performed in a spectrophotometer UV—
VIS Shimadzu-1800 UV/VIS (Shimadzu Corp., Japan). Results were compared with a
standard curve (Trolox 0—1000 ymol L~' for DPPH and 0—-2500 pumol L~ for ABTS) and
expressed in pmol Trolox equivalent per gram of sample (TEAC umol g~') on a dry

basis.

4.2.6 Caffeine, theobromine, and caffeoylquinic acids

The analysis were carried out using an ultra-fast liquid chromatography
(UFLC) (Shimadzu, Japan) controlled by LC solution software and equipped with an
automatic injector and UV detector (SPD-20A). Compounds separation was performed
using a Shim-Pack CLC-ODS (M) C18 column (250 x 4.6 mm i.d., 5 ym particle size),
protected by a Shim-Pack CLC G-ODS precolumn (100 x 4.0 mm id) both Shimadzu
(Kyoto, Japan). Separation of compounds present in aqueous extract (20 uL injection)
was conducted at 30 °C with a flow rate of 0.5 mL min~'. The mobile phases consisted
of a gradient elution of water with acetic acid (99.9:0.1, v/v) (solvent A) and acetonitrile

(solvent B). Compound detection was performed at a fixed wavelength of 280 nm. The
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gradient elution program was: 0—15 min (3—3 % B), 15-20 min (3—20 % B), 20—40min
(20-20 % B), 40—45min (20-30 % B), 45-55 min (30— 100 % B), 55-75 (100-100 %
B), 75-80 (100-3 % B) and 80-95 (3-3 % B).

The identification and quantification of 1,3,7-trimethylxanthine (caffeine) and
3,7-dimethylxanthine (theobromine) was performed with an analytical curve of caffeine
and theobromine standards at the range of 0-1.0 and 0-0.5 mg mL™" respectively.
Identification of the caffeoylquinic acids (3-CQA, 4-CQA, 5-CQA) and semi-
quantification was performed with an analytical curve at the range of 0—10 mg mL™" of
3-CQA Sigma®. Results were expressed as mg of compound per g sample (mg g™")

on a dry basis.

4.2.7 Statistical and data analysis

The experiment was established in a completely randomized blocks design in
a double factorial arrangement, with 3 planting densities and 5 N doses evaluated over
five harvests. In each block, treatments repetitions were composed of 30 plants. During
harvests, leaves from 10 plants of each repetition were collected and pooled to one
composite sample. The analysis of total phenolic compounds and antioxidant activity
were performed in triplicate, while the UFLC analysis was performed in duplicate.

Due to the number of observations, we performed the statistical analysis in two
distinct groups: phenolic compounds and antioxidant activity; and caffeine,
theobromine, and caffeoylquinic acids. For both groups we performed a Principal
Component Analysis (PCA), building linear combinations with the original variables,
reducing their dimensions and the number of variables to be evaluated and interpreted
through the principal components created. For this, we performed a Pearson
correlation between variables, a scree plot to define the components with major
importance to explain our data, and a biplot graphic. For the analysis and figures we
used the R software version 3.6.3 (R Core Team, 2020).
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4.3 RESULTS AND DISCUSSION

4.3.1 Total phenolic compounds and antioxidant activity

The phenolic compounds and antioxidant activity data present high amplitude,
variance, and standard deviation (Table 6); however, it is important to consider that the
measurement unit of these compounds is very small (mg g') and, therefore, the
variation in dataset does not necessarily represent a significant difference at a
biochemical level. Despite the expressive differences in values, we obtained for
phenolic compounds means of 116.96 and 91.90 mg GAE g~' for young and mature
leaves; for antioxidant activity means of 1982.67 and 1650.25 TEAC umol g~ for ABTS
radical, 818.00 and 650.01 TEAC pmol g~' for DPPH radical, in young and mature

leaves, respectively.

TABLE 6. DESCRIPTIVE STATISTICS OF TOTAL PHENOLIC COMPOUNDS AND ANTIOXIDANT
ACTIVITY BY ABTS AND DPPH RADICALS FROM YERBA MATE YOUNG AND MATURE LEAVES
SUBMITTED TO DIFFERENT PLANTING DENSITIES AND N DOSES, EVALUATED OVER FIVE
SUBSEQUENT HARVEST PERIODS. Y = YOUNG LEAVES; M = MATURE LEAVES.

cfmhsgglr:(és ABTS DPPH
Y M Y M Y M
Mean 116.96 9190 198267 165026 81800  650.02
Maximum 277.60 20202 446828  7.667.27 211291  2,042.91
Minimum 4250 3351 146.79 394.46 34.68 55.92
Range 23510 16851 432149 727281 207823  1,986.99
Median 11349 9178 191110 156829 79742  663.97
Variance 84213  307.23 336,139.10 24258320 6421360 56,826.95
Standard deviation 2902 1753  579.78 49253 25340 23838
Sta”darr?q:;rnor of the 0.97 0.58 19.32 16.42 8.45 7.95
Coefficient of variation  ,, a4 4997 29.24 29.84 30.98 36.67

(%)

SOURCE: The author.

Both young and mature leaves of yerba mate presented total phenolic
compounds content within the range expected for the species, comparable to those
obtained by Blum-Silva et al. (2015), with 1-6 months-old leaves, and by Duarte et al.
(2020) in green and toasted yerba mate leaves from adult plants. We observed that
young leaves present higher averages of total phenolic compounds, which is expected
since the biosynthesis of secondary metabolites occurs mainly in young leaves (Blum-

Silva et al., 2015). The higher variation of total phenolic compounds in young leaves is



56

explained by different environmental conditions throughout the year, since these
leaves are more susceptible to climate and resources availability changes (du Jardin,
2015); it was also observed by Schubert (2006) evaluating yerba mate leaves
harvested in different periods of the year.

The highest value obtained from the Pearson correlation analysis was 0.54,
corresponding to the correlation between DPPH in mature leaves and harvest periods
(Figure 11). For phenolic compounds and antioxidant activity correlations, N doses and
planting density were always near zero. As expected, antioxidant radicals ABTS and
DPPH presented a high correlation between young and mature leaves — 0.52 for ABTS
and 0.48 for DPPH.

FIGURE 11. PEARSON CORRELATION FOR TOTAL PHENOLIC COMPOUNDS AND
ANTIOXIDANT ACTIVITY BY ABTS AND DPPH RADICALS FROM YOUNG AND MATURE LEAVES
OF YERBA MATE SUBMITTED TO DIFFERENT PLANTING DENSITY AND N DOSES, EVALUATED

OVER FIVE SUBSEQUENT HARVEST PERIODS.

Harvest o 0 0147 03 04 0.04 '.0.1?
NDose 0 006 0.01 005 004 004 0.02 [log
PlantDens 0.02 0.03 0.01 0.04 005 o002 |[04
PhenolYoung 0.37 0.33  0.19 0.14 | 0.11
DPPHYoung 0.18 0.19 048 -0.02

ABTS.Young 0.2 0.3 ' 04

Phenol Mature 043 0.16 [f06

DPPH.Mature | 0.14

SOURCE: The author.

For Principal Component Analysis, we observed that the first component
corresponds to 24 % of data, while the second one to 22 %; together, these
components explain 46 % of data variation (Table 7). Our results also indicate that
PC3, PC4, and PC5 contributes to 11.48 %, 11.14 %, and 11.04 % of data variation,

respectively; making these components also important to explain our data.
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TABLE 7. IMPORTANCE FOR EACH PRINCIPAL COMPONENT OF TOTAL PHENOLIC
COMPOUNDS AND ANTIOXIDANT ACTIVITY BY ABTS AND DPPH RADICALS IN YERBA MATE
YOUNG AND MATURE LEAVES SUBMITTED TO DIFFERENT PLANTING DENSITY AND N
DOSES, EVALUATED OVER FIVE SUBSEQUENT HARVEST PERIODS.

Standard Proportion of Cumulative

deviation Variance (%) Proportion (%)
PC1 1.4572 23.59 23.59
PC2 1.3955 21.64 45.23
PC3 1.0165 11.48 56.71
PC4 1.0012 11.14 67.85
PC5 0.9969 11.04 78.89
PC6 0.9218 9.44 88.33
PC7 0.6957 5.37 93.71
PC8 0.5630 3.52 97.23
PC9 0.4989 2.76 100.00

SOURCE: The author.

For the principal component 1 (PC1), DPPH in young and mature leaves has
a high contribution and phenolic compounds in mature leaves is also important for its
high influence (Figure 12). Principal component 2 (PC2) has a high influence on
phenolic compounds and ABTS in young and mature leaves. Harvest periods had a
high contribution for both principal components, although it is not close to the other
variables in Figure 12. Planting densities and N doses did not contribute to explain our
data in PCA, indicating that these factors did not influence on our results.

Phenolic compounds are the main secondary metabolites present in yerba
mate; its contents can be related to heritability, but also to stress responses since
secondary metabolites reflect plant answers to variations in environmental conditions,
resources availability, and pest and disease attacks (Borges et al., 2017; Verma and
Shukla, 2015). During the experiment, in summer, we observed attacks of Gyropsylla
spegazziniana, a pest that causes serious damage to young leaves and is commonly
found in yerba mate plantations during this period (Formentini et al., 2016), which may
have increased secondary metabolites synthesis on those leaves. Also, total phenolic
compounds contents directly account to the antioxidant activity and for both variables
we did not obtain high correlations with increasing planting density and N dose. Yerba
mate seems to have high intraspecific genetic variability, as observed by Streit et al.
(2007) evaluating yerba mate populations from different regions; therefore, part of the
variation observed in our results may be related to genetic diversity, masking the effect

of our treatments.
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FIGURE 12. PRINCIPAL COMPONENT ANALYSIS FOR TOTAL PHENOLIC COMPOUNDS AND
ANTIOXIDANT ACTIVITY BY ABTS AND DPPH RADICALS OF YERBA MATE YOUNG AND
MATURE LEAVES SUBMITTED TO DIFFERENT PLANTING DENSITY AND N DOSES,
EVALUATED OVER FIVE SUBSEQUENT HARVEST PERIODS.
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4.3.2 Caffeine, theobromine, and caffeoylquinic acids

All UFLC data presented low mean standard error, even when we observed
high coefficient of variation and standard deviation (Table 8). 5-CQA in young and
mature leaves presented the highest mean values among caffeoylquinic acids — 92.80
and 83.28 mg g™, respectively; also, this compound presented higher amplitudes and
standard deviations — 119.08 and 36.99 for young leaves, 117.76 and 32.92 for mature
leaves. Caffeine values varied from 0.15 to 4.73 mg g~ in young leaves and from 0.23
to 2.65 mg g~' in mature leaves, with a higher mean content of this compound in young
leaves — 1.32 mg g~'. Theobromine had higher contents than caffeine, with mean 4.93

mg g~' in young leaves and 5.18 mg g~' in mature leaves.
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TABLE 8. DESCRIPTIVE STATISTICS OF CAFFEINE, THEOBROMINE, 3-CAFFEOYLQUINIC ACID
(3-CQA), 4-CAFFEOYLQUINIC ACID (4-CQA), AND 5-CAFFEQYLQUINIC ACID (5-CQA) FROM
YERBA MATE YOUNG AND MATURE LEAVES SUBMITTED TO DIFFERENT PLANTING
DENSITIES AND N DOSES, EVALUATED OVER FIVE SUBSEQUENT HARVEST PERIODS. Y =
YOUNG LEAVES; M = MATURE LEAVES; SD = STANDARD DEVIATION; SEM = STANDARD
ERROR OF THE MEAN; CV = COEFFICIENT OF VARIATION; MED = MEDIAN; VAR = VARIANCE.

Caffeine Theobromine 3- CQA 4-CQA 5-CQA
Y M Y M Y M Y M Y M

Mean 132 095 4.93 5.18 37.01 3251 2245 2821 92.80 83.28
Max 473 265 3029 30.11 6842 59.21 5984 60.26 163.80 157.35
Min 0.15 023 0.56 0.11 18.07 17.98 1241 17.89 44.72 39.58
Med 112 0.78 3.94 3.67 31.58 27.03 20.58 2540 72.30 67.17

Range 457 242 29.72 30.00 50.35 4122 4742 4236 119.08 117.76
Var 0.56 032 2342 3510 15587 123.63 52.38 80.72 1368.61 1083.78
SD 0.75 056 4.84 5.92 1248 1111 7.23 8.98 36.99 32.92
SEM 0.05 0.03 0.32 0.39 0.83 0.74 0.48 0.59 2.46 219

(Cg/:/) 56.81 59.55 98.09 114.28 33.72 3419 3223 31.84 39.86 39.52

SOURCE: The author.

Phenolic compounds contents and antioxidant activity, caffeine, theobromine,
and caffeoylquinic acids were influenced by harvest periods (Figure 13). Specially for
caffeoylquinic acids, there was a high correlation with harvest periods for both young
and mature leaves, i.e. 0.63 and 0.68 for 3-caffeoylquinic acid (3-CQA); 0,51 and 0,56
for 4-caffeoylquinic acid (4-CQA); and 0.74 and 0.73 for 5-caffeoylquinic acid (5-CQA).
Planting density did not have a high influence in results, as observed for total phenolic
compounds and antioxidant activity. Caffeine in young leaves had a high correlation
(above 0.5) with all the other variables, except for theobromine in mature leaves.
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FIGURE 13. CORRELATION OF BIOCHEMICAL COMPOUNDS QUANTIFIED IN UFLC FROM
YOUNG AND MATURE LEAVES OF YERBA MATE SUBMITTED TO DIFFERENT PLANTING
DENSITIES AND N DOSES, EVALUATED OVER FIVE SUBSEQUENT HARVEST PERIODS.
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As well as for phenolic compounds, harvest periods presented correlation with
all compounds evaluated through UFLC analysis, in both young and mature leaves.
Similar results for total phenolic compounds and caffeoylquinic acids were expected
because caffeoylquinic acids are the largest portion of yerba mate total phenolic
compounds (Mateos et al., 2018); in our study, 5-CQA was the most abundant,
followed by 3-CQA and 4-CQA. As mentioned before, phenolic compounds
biosynthesis is strongly related to environmental changes, what explains the high
correlation of caffeoylquinic acids with harvests performed in different periods.

For the Principal Component Analysis (PCA), two principal components
explain approximately 69 % of data variation, with PC1 explaining 53 % and PC2

explaining15 % of data variation (Table 9).
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TABLE 9. IMPORTANCE OF EACH PRINCIPAL COMPONENTS OF BIOCHEMICAL COMPOUNDS
QUANTIFIED IN UFLC IN YOUNG AND MATURE LEAVES OF YERBA MATE SUBMITTED TO
DIFFERENT PLANTING DENSITIES AND N DOSES, EVALUATED OVER FIVE SUBSEQUENT

HARVEST PERIODS. SD: STANDARD DEVIATION; PV: PROPORTION OF VARIANCE; CP:
CUMULATIVE PROPORTION

Standard Proportion of Cumulative

Deviation Variance (%) Proportion (%)
PC1 2.6880 53.120 53.120
PC2 1.4312 15.760 68.880
PC3 1.0212 8.023 76.904
PC4 0.9306 6.662 83.566
PC5 0.7958 4873 88.439
PC6 0.7201 3.989 92.428
PC7 0.5342 2.195 94.624
PC8 0.4966 1.988 96.521
PC9 0.3886 1.162 97.683
PC10 0.3573 0.982 98.666
PC11 0.3081 0.730 99.400
PC12 0.2130 0.349 99.745
PC13 0.1821 0.255 100.000

SOURCE: The author.

The biplot graphic indicates that planting density has a very low contribution
for the data analyzed in this study — less than 2.5 (Figure 14). N doses, however, have
a high contribution in PC2 results (5.0-7.5), and theobromine (7.5-10.0) and
caffeoylquinic acids (10.0) highly contributes to explain responses of PC1. Harvest
periods are also explained by PC1, but with low data variation. This data analysis
indicates that planting density was not relevant for our results and N doses, even with
5.0 and 7.5 contribution, was not closely related to the compounds, except for
theobromine. It confirms the results presented in Figure 12, which demonstrated that

these variables did not significantly correlate with the biochemical compounds.
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FIGURE 14. PRINCIPAL COMPONENT ANALYSIS OF BIOCHEMICAL COMPOUNDS QUANTIFIED
IN UFLC FROM YOUNG AND MATURE LEAVES OF YERBA MATE SUBMITTED TO DIFFERENT
PLANTING DENSITIES AND N DOSES, EVALUATED OVER FIVE SUBSEQUENT HARVEST
PERIODS.
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Caffeine and theobromine were the only biochemical compounds that
presented correlation with N dose for both young and mature leaves, although it was
not a strong correlation, while planting density did not correlate with any biochemical
compounds evaluated in this study. It was expected that caffeine and theobromine
presented a high correlation with N doses, since N is an important component of these
molecules, as observed by Tomasi (2020) in yerba mate cultivated in a semi-
hydroponic system; however, the soil analysis of our field trial indicated a high organic
matter content, which may have reduced treatments effects, considering that even in
the 0 % N dose plants were not necessarily subjected to N deficit. Other possibility for
the low correlations is that N was preferably allocated to plant growth and other
metabolites required in higher amounts by plants; a low correlation of caffeine to
increasing N doses was also observed for Coffea arabica plants (Gonthier et al., 2011).

Plants cultivated in high-density plantations, as in this study, are subjected to
stresses related to competition for light, water, and nutrients, and secondary

metabolites biosynthesis would be a response of plants to these environmental
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conditions (Begon and Townsend, 2020); however, the low influence of planting
density in our results may be related to the age and size of plants. After two years of
plantation, plants did not reach the neighbors above and belowground spaces, and
competition is not occurring yet. In studies with Camellia sinensis cultivated in high-
density stands, clones with higher productivity showed influences of planting density
early than less productive ones, and other environmental factors such as water
availability showed more significant influence on their growth and development (Kigalu,
2007a, 2007b). Future studies with adult yerba mate plants will confirm the
morphophysiological and biochemical effects of competition due to planting density.
Secondary metabolites of yerba mate are of high interest for food and
pharmaceutical industries and the benefits of these compounds to human health are
extensively described, focusing mainly on phenolic compounds and methylxanthines
(Bassani et al., 2014; Bojit et al., 2013; Cardozo Junior and Morand, 2016; Gullon et
al., 2018; Riachi and Maria, 2017; Ribeiro et al., 2019). In our study, we observed that
several factors influence on the biosynthesis of secondary metabolites in yerba mate
cultivated in high-density plantations. Productivity results (Chapter Il) indicate that a
higher leaves vyield is expected in high-density stands, increasing raw material
availability to biochemical compounds extraction; therefore, we indicate that future
studies must focus on developing silvicultural practices that will boost these

metabolites’ contents in plants, increasing its value for differentiated industries.

4.4 CONCLUSIONS

Nitrogen doses influence on yerba mate phenolic compounds and
methylxanthines contents in field conditions, although there is not a clear response of
plants to increasing fertilization. Planting density does not influence on these
biochemical compounds’ contents in the first three years after planting. Harvest periods
influenced on biochemical compounds, indicating that environmental factors can have

an important role in this aspect of yerba mate composition.
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5 FINAL CONSIDERATIONS

Our review indicated an increasing trend in studies about high-density forestry
stands, without any study including yerba mate and few studies on species cultivated
in similar conditions, e.g., Coffea arabica and Camellia sinensis. The lack of
information about differentiated cultivation systems for yerba mate influence on the
quality and variety of species raw materials, also limiting its use by high-value
industries, as the pharmaceutical and food industries.

In the study described in Chapters Il and lll, we observed that there is a high
potential of yerba mate to be cultivated in high-density stands, with the adequate
nutritional management and two harvests per year. The sum of biomass obtained in all
harvests performed in our experiment was higher than that commonly obtained in the
first harvest of a plantation with traditional planting density. We obtained higher
productivity of young and mature leaves in the first years after planting, in a rotation
period smaller than the used in traditional cultivation systems (18-24 months). Future
studies will indicate how competition between individuals will influence on productivity
and biochemical characteristics of yerba mate in high-density stands.

We indicate the need for future studies to evaluate other nutrients availability
in high-density stands and the need to change nutritional management for this
silvicultural system aiming at increasing leaves productivity and reducing rotation
period. The interest of high-value industries in genotypes with specific characteristics
also indicates the need to evaluate how clonal cultivars will be affected by high-density

systems.
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