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1. Resumo geral

As atividades humanas tém modificado globalmente o ciclo dos nutrientes essenciais para
as plantas, podendo afetar a fisiologia de espécies nativas. Na américa do Sul
especificamente no Cerrado brasileiro grandes areas tém-se transformado em areas
agricolas ao longo do tempo e devido as condigdes oligotroficas do bioma, ¢ amplamente
utilizado a suplementagdo fertilizantes industriais para fornecer condicdes ideais o
crescimento e desenvolvimento de plantas cultivadas. De uma forma geral, entre os
nutrientes essenciais minerais, o nitrogénio ¢ o mais requisitado em quantidade, assim a
quantidade desse elemento tem aumentado ao longo dos anos nos ecossistemas naturais
em 4areas proximas a monoculturas que fazem suplementacdo de fertilizantes
nitrogenados. Em decorréncia do escoamento superficial, lixiviagdo e volatilizagdo parte
do nitrogénio pode ter concentragdes mais elevadas principalmente nas bordas dos
remanescentes de ecossistemas naturais. O que pode influenciar ndo apenas a dindmica
do nitrogénio no solo e nas plantas, mas também a disponibilidade de carbono. Is6topos
estaveis nio radioativos de '°N e '3C tem sido usado em trabalhos ecoldgicos para
determinar a origem e o transporte do N e C em ambientes naturais. No primeiro capitulo,
foi verificado a presenga de "N no solo no interior e nas bordas de oito fragmentos de
Cerrado, juntamente ao '°N nas folhas de Bauhinia holophylla durante dois anos. Também
foi analisado as relagdes entre '’N e !°C entre a borda e interior dos fragmentos. Os
fragmentos de Cerrado intermedidrios apresentaram maiores valores de '°N nas folhas
das plantas encontradas nas bordas. Em um dos fragmentos que o '*N foi maior na borda,
também foi analisada a fisiologia de B. holophyllla, e foram encontrados valores mais
altos de area foliar especifica (SLA) e conteudo relativo de 4gua (CRA), nas bordas. Por
outro lado, os resultados de fotossintese sugerem que no interior do fragmento as plantas
tem uma maior capacidade de dissipagdo de energia luminosa em excesso € mantém um
aparato fotossintético mais preservado, o que pode ser interpretado como um indicativo
de estresse nas bordas. No segundo capitulo, foi realizada uma suplementacdo de N, P e
N+P em 25 parcelas de 100m? permanentes e foi analisado os efeitos fisiologicos em B.
holophyllla. A espécie mostrou aumento na SLA e CRA no tratamento com
suplementagdo de N+P, enquanto o rendimento quantico potencial (Fv/Fm) foi maior no
tratamento com suplementacao de P isoladamente. Por outro lado, a suplementacao de P
apresentou menores capacidades de dissipagdo de energia luminosa em excesso € menor

protecdo contra o excesso de luz. O terceiro capitulo, abordou as respostas fisiologicas
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em funcao da suplementacao de N, P ou N+P em Handroanthus impetiginosus (Mart. ex
DC.) cultivado em casa de vegetagdo. A suplementagdo de N ou P, promoveu um aumento
na area foliar e crescimento, enquanto a combina¢ao de N+P aumentou a eficiéncia foliar
para captacao de luz. Contudo, suplementacao combinada de alto N+P (2,44 gde N e 2,50
g de P), as plantas ndo apresentaram alteragdo no tamanho total e na fluorescéncia da
clorofila, por outro lado, diminuiram a eficiéncia fotossintética e a condutincia
estomatica, sugerindo toxicidade. Esses resultados indicam que altas disponibilidade de

N+P pode comprometer a saude fisioldgica de H. impetinosus.

Palavras chave: Alteragdes antropogénicas, isotopos de nitrogénio, metabolismo

fotossintético, savana tropical.
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General Summary

Human activities have globally modified the cycle of essential nutrients for plants,
potentially affecting the physiology of native species. In South America, specifically in
the Brazilian Cerrado, large areas have been transformed into agricultural lands over time.
Due to the oligotrophic conditions of the biome, the use of industrial fertilizers is widely
adopted to provide ideal conditions for the growth and development of cultivated plants.
In general, among the essential mineral nutrients, nitrogen is the most required in quantity
by plants. Consequently, the concentration of this element has increased over the years in
natural ecosystems near monocultures that use nitrogen fertilizers. Due to surface runoff,
leaching, and volatilization, part of the nitrogen may reach higher concentrations,
especially at the edges of remaining natural ecosystems. This can influence not only the
dynamics of nitrogen in the soil and plants but also the availability of carbon. Non-
radioactive stable isotopes of ’N and '*C have been used in ecological studies to
determine the origin and transport of N and C in natural environments. In the first chapter,
the presence of '°N in the soil and leaves of a Cerrado plant species was examined at the
interior and edges of eight Cerrado fragments was verified, along with 15N in the leaves
of Bauhinia holophylla over two years. The relationships between '°N and !*C the edges
and interior of the fragments were also analyzed. Intermediate Cerrado fragments showed
higher values of '°N in the leaves at the edges. In one of the fragments where "N was
higher at the edge, the physiology of B. holophylla was analyzed, revealing higher values
of specific leaf area (SLA) and relative water content (RWC) at the edges. On the other
hand, the results of photosynthesis suggest that, inside the fragment, plants have a greater
capacity to dissipate excess light energy and maintain a more preserved photosynthetic
apparatus, which may indicate stress at the edges. In the second chapter, N, P, and N+P
supplementation was applied to 25 permanent plots of 100m? each, and the physiological
effects of B. holophylla were analyzed. The specie showed an increase in SLA and RWC
in the treatment with N+P supplementation, while the potential quantum yield (Fv/Fm)
was higher in the treatment with P supplementation alone. On the other hand, P
supplementation showed lower capacity to dissipate excess light energy and less
protection against excess light. The third chapter addressed the physiological responses
to supplementation with N, P, or N+P in Handroanthus impetiginosus (Mart. ex DC.)
grown in a greenhouse. Supplementation with N or P promoted an increase in leaf area

and growth, while the combination of N+P increased leaf efficiency for light capture.
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However, in the combined supplementation of high N+P (2.44 g of N and 2.50 g of P),
the plants did not show changes in total size and of chlorophyll fluorescence and exhibited
decreased photosynthetic efficiency and stomatal conductance. These results indicate that

high availability of N+P may compromise the physiological heath of H. impetiginosus.

Keywords: Anthropogenic changes, nitrogen isotopes, photosynthetic metabolism,

tropical savanna.
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2. Introducio geral

Pesquisas pioneiras realizadas no século X VI por John Woodward, mostraram que
as plantas cresciam de forma diferenciada quando submetidas a diferentes substancias
dissolvidas na dgua. Woodward previu que, quando fossem descobertas quais substancias
e em quais quantidades sdo necessarias para o crescimento e desenvolvimento das plantas,
o uso do solo para o cultivo se tornaria dispensavel (Stanhill, 1986). Posteriormente, no
século XIX, Justus Von Leibig comecou a especular sobre a existéncia de elementos
quimicos essenciais para o desenvolvimento ideal das plantas. Leibig formulou a “Lei do
Minimo”, que afirma que as plantas necessitam de uma quantidade minima de
determinados elementos quimicos e que ¢ desnecessaria a adi¢ao excessiva de nutrientes,
porque hd uma quantidade maxima que as plantas conseguem absorver e utilizar. Além
disso, 0 aumento excessivo de um nutriente poderia desfavorecer a disponibilidade e uso
de outros elementos (van der Ploeg et al., 1999).

Entre os anos de 1770 e 1810, outros pesquisadores descobriram ¢ demonstraram
a essencialidade dos elementos nitrogénio (N) fosforo (P), enxofre (S), potassio (K),
calcio (Ca), magnésio (Mg), ferro (Fe), manganés (Mn), cobre (Cu), zinco (Zn),
molibdénio (Mo), boro (B) e cloro (Cl) (Faquin, 2005). J4 em 1939, Arnold e Stout,
propuseram que os elementos minerais essenciais sdo componentes intrinsecos na
estrutura ou metabolismo de uma planta cuja auséncia causa anormalidades graves no
crescimento, desenvolvimento e reprodu¢do. Uma planta deve ser incapaz de completar
seu ciclo de vida na auséncia do elemento mineral e a fun¢do do elemento nao deve ser
substituivel por outo elemento mineral. Os critérios de essencialidade de nutrientes
propostos por Arnold de Stout foram revisados por Epstein (1999), e foram definidos 14
elementos essenciais para as plantas. Atualmente, estes critérios tém sido revistos e
existem propostas que incluirem outros elementos benéficos para o desenvolvimento
vegetal, como por exemplo o aluminio para algumas plantas (Brown et al., 2022).

Os minerais essenciais foram classificados conforme suas concentragdes no tecido
vegetal como macro e micronutrientes (Epstein, 1999). Posteriormente, uma nova
classificacdo foi proposta de acordo com o papel bioquimico e sua funcdo fisiologica,
sendo divididos em grupos tais como o daqueles que constituem substancias organicas,
0s que contribuem para o armazenamento de energia e integridade estrutural, os

elementos que se mantém em formas idnicas e aqueles que assistem reagdes redox
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(Mengel and Kirkby 2001). Dentro dessas classificagdes, o0 N € um macro nutriente mais
requisitado pela maioria das plantas (Conant et al., 2013; Galloway et al., 2004). Faz parte
do grupo dos compostos de carbono, envolvido na produ¢do de aminoacidos, proteinas,
nucleotideos e parte das bases nitrogenadas (Taiz et al., 2017).

O N apresenta diversos estados de oxidacdo ao longo de seu ciclo nos
ecossistemas. Aproximadamente 78% da atmosfera ¢ composta por nitrogénio molecular
(N2), mas essa forma nao ¢ diretamente assimildvel pelas plantas. Para que o nitrogénio
se torne disponivel, a tripla ligacdo presente na molécula de N precisa ser quebrada,
gerando formas mais reativas, como o aménio (NH4") e o nitrato (NO3’), que sdo
assimilaveis pelos vegetais e incorporados em seus tecidos (Berdanier and Grace, 2013).
Esse processo de conversao pode ocorrer por meio de mecanismos naturais ou industriais
(Humphreys et al., 2021; James, 2016). Nos processos naturais, a quebra da tripla ligacao
do N2 pode ser realizada por descargas elétricas (raios), por bactérias de vida livre no solo
ou por associagdes simbidticas com raizes de leguminosas (James, 2016). Ja no processo
antropogeénico, a fixacdo do nitrogénio ocorre por meio do método Haber-Bosch, no qual
as moléculas de N> sdo submetidas a altas temperaturas e pressdes para a produgdo de
amonia (NH3) (Humphreys et al., 2021).

Como produtos do processo de Haber-Bosch, sdo produzidos fertilizantes
amplamente utilizados em monoculturas com o intuito de aumentar a produtividade de
plantas cultivadas (Boschiero et al., 2020; Galloway et al., 2004). No entanto, nas
monoculturas, a aplicagdo desses fertilizantes muitas vezes excede as necessidades ideais
das plantas cultivadas, porque o N pode ser perdido para o ambiente por meio de
diferéntes vias. Uma das vias de perda de N nos ecossistemas ¢ a volatilizagdo, na qual
o N pode ser convertido em NH3 e liberado para a atmosfera. Outra via de perda ¢ a
infiltracdo no lengol freatico, onde o N na forma de NOs3™ pode ser lixiviado para camadas
mais profundas do solo. Por fim, o escoamento superficial durante eventos de chuva, o N
pode ser carregado pela dgua da superficie (Good and Beatty, 2011). Podendo alcancar as
plantas que se estabeleceram nas bordas das monoculturas (Pocewicz et al., 2007), e
consequentemente pode mudar atributos funcionais fisiologicos especificos ao longo do
tempo e influenciar na diversidade de espécies locais (Lannes et al., 2020). Uma das
formas do nitrogénio que ¢ utilizado em trabalhos de ecologia para rastrear o caminho do
elemento nos ecossistemas ¢ o '°N, encontrado em altas concentragdes nos fertilizantes

industrializados nitrogenados (Hastings et al., 2013; Kusano et al., 2011; Liu et al., 2021)
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e também pode ser encontrado altos valores de '°N nas bordas de remanescentes florestais
que tiveram um histérico ou atual suplementagdo de fertilizantes nitrogenados (Pocewicz
et al., 2007).

O P também ¢ um macronutriente essencial para os organismos Vivos,
participando da composi¢do de moléculas fundamentais como DNA, RNA, nucleotideos,
coenzimas e fosfolipidios. Tem um papel central em rea¢des que envolvem ATP, além de
sinalizador e ativador de enzimas de fosforilacdo (Taiz et al., 2017). Naturalmente o
fosforo € liberado em pequenas quantidades no solo a partir do intemperismo de rochas
fosfatadas, sendo assimilado pelas plantas na forma de ions de fosfato (PO4>). A maior
parte do PO+ est4 incrustada em rochas, onde forma complexos com 6xidos de calcio,
ferro, magnésio ou aluminio. O desgaste natural de rochas solubiliza esse fosfato muito
lentamente. Muitas plantas e microrganismos associados exsudam acidos organico que
aceleram esse processo (Epistein and Bloom., 2005). De uma forma geral, o P ¢ um fator
limitante de produtividade para os organismos e ecossistemas (Vance et al., 2003).
Entretanto, em florestas tropicais as plantas podem se adaptar a baixa disponibilidade de
P alterando sua alocagdo foliar para atender as demandas da fotossintese (Vance et al.,
2003). Por exemplo, espécies tipicas de florestas tropicais no leste Asiatico demonstraram
a capacidade de manter a taxa fotossintética mesmo sob limitacdes de fosforo (Mo et al.,
2019). Por outro lado, a suplementagao em altas quantidades pode chegar a niveis toxicos
para algumas espécies (Moeneclaey et al., 2022; Lambers, 2022) e também levar a
reducdo na diversidade de espécies de uma area ao longo do tempo (Zemunik et al., 2015).

Na América do Sul, especialmente na savana Brasileira, a qual chamamos de
Cerrado, os ciclos do nitrogénio e fosforo também vém sofrendo alteracdes (Filoso et al.,
2006; Gomes et al., 2019; Nobrega et al., 2017), devido a progressiva conversao de areas
naturais em monoculturas de soja, algodao, cana de agucar, sorgo e milho, entre outras
(Silva, 2018). Concomitantemente, para manter a alta produtividade destas cultivares
agricolas, comumente ¢ utilizada a suplementacdo de altas dosagens de N e P, podendo
ser aplicados mais de uma vez durante a mesma colheita (Simao et al., 2020). O excesso
destes nutrientes acaba chegando nas espécies nativas proximas a monoculturas por
lixiviagdo, volatilizagdo e chuvas (Pocewicz et al., 2007). Assim, podem ser incorporados
nas folhas ao longo do tempo e, influenciando na sele¢cdo de atributos funcionais

fisiologicos e no desenvolvimento das espécies nativas (Glisewell, 2004).
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Com base no exposto, no primeiro capitulo dessa tese buscamos investigar se
fragmentos menores de Cerrado apresentam uma quantidade semelhante de '°N no solo e
nas folhas (sendo influenciados por inteiro) e se as areas com maior extensao apresentam
maior quantidade de '°N nas bordas, devido a maior distancia da aplicacio de nitrogénio
nas monoculturas em relacao ao interior das areas maiores (sendo mais influenciados nas
bordas. Um dos 8 fragmentos utilizados neste estudo foi utilizado como modelo para
avaliar se a fisiologia de uma espécie nativa também apresentaria diferengas em atributos
funcionais foliares relacionados a produtividade e fotossintese entre as bordas e o interior
do fragmento. No segundo capitulo, procuramos entender em campo o efeito destes
nutrientes sobre plantas nativas. Para tal, propusemos um estudo em area experimental de
Cerrado suplementado por fertilizantes industriais nitrogenados e fosfatados nas
proporcdes 45-00-00 e 00-44-00, respectivamente da marca EQCOAT equilibrio
fertilizantes durante a estacdo chuvosa (janeiro e fevereiro de 2022 e 2023), em uma
dosagem que considera o aumento de nitrogénio para previstas por Galloway et al. (2004)
e de aumento para P por Crous et al. (2015) para o ano de 2050. Posteriormente, foram
avaliados o efeito desta suplementacdo, isolada e combinada, sobre a fisiologia de
Bauhinia holophylla (Bong.) Steud. ap6s 15 dias da suplementagdo. Por fim, em um
terceiro capitulo avaliamos o efeito da suplementacao por N e P, isolados ou combinados,
sobre a fisiologia de Handroanthus ipetiginosus (Mart. ex DC.). Desta forma, esperamos
nesta tese confirmar se os fertilizantes nitrogenados atingem os fragmentos
remanescentes de Cerrado, afetando nao somente a borda como também seu interior, e se
podem influenciar em atributos funcionais especificos ligados a produtividade de plantas

nativas.
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3. Capitulo 1
Variagdo no Enriquecimento de >N em Fragmentos do Cerrado: Relagio entre Efeitos
de Borda e a Fisiologia de Bauhinia holophylla (Bongard) Stuedel.

Resumo

O uso de areas agricolas em larga escala alterou os ecossistemas naturais, afetando a
disponibilidade de nutrientes necessarios para o desenvolvimento de planta nativas do
Cerrado. Dentre os nutrientes minerais essenciais, o nitrogénio ¢ o mais requisitado em
quantidade para as plantas e, devido as caracteristicas oligotrdficas do solo do Cerrado, ¢
comum a suplementacdo de fertilizantes industriais nitrogenados. No entanto, grande
parte do nitrogénio ¢ perdida no ambiente por volatilizagao e lixiviagdo, podendo atingir
areas adjacentes onde ocorre a suplementagao e, consequentemente, pode ser incorporada
nas folhas de plantas nativas. No entanto, plantas do Cerrado historicamente crescem em
condi¢cdes de baixa disponibilidade de nitrogénio e podem nao responder tdo rapidamente
quanto as espécies invasoras; além disso, alteracdes na relacdo C/N resultantes da
suplementagdo, podem desencadear efeitos deletérios nas plantas nativas, e pode
desequilibrar a disponibilidade de outros elementos essenciais. Isdtopos estaveis e nao
radioativos tais como °N e *C podem ser usados em estudos ecolégicos para determinar
a origem do nitrogénio e do carbono em ambientes naturais, sendo que altas
concentragdes de N podem ser detectadas em fertilizantes nitrogenados e relacionadas
ao '3C, reverberando nas respostas fisiologicas de plantas nativas. Esse estudo verificou
a presen¢a de '°’N em fragmentos do interior e nas bordas de Cerrado ao longo de dois
anos para determinar os efeitos de borda no metabolismo de Bauhinia holophylla
(Bongard) Studel. Em 2022, apenas o menor fragmento, de 16 ha, apresentou valores mais
altos de N no solo nas bordas; no entanto, em 2023, os fragmentos que apresentaram
valores mais altos de '°N nas bordas foram os de 127 ha e 2200 ha. Somente fragmentos
de 127 ha e 409 ha apresentaram valores relativamente altos de '°N nas folhas, indicando
que o tamanho dos fragmentos nio pareceu afetar a disponibilidade de N entre os
fragmentos do interior e das bordas. As bordas apresentaram uma relagdo negativa entre
o "N nas folhas e o '°N no solo, o que pode indicar estresse ambiental causado pelo efeito
de borda. Além disso, em B. holophylla, foram encontrados valores mais altos de '°N nas
folhas dos individuos na borda, assim como valores mais altos de area foliar especifica
(SLA) e conteudo relativo de dgua (CRA). Também, no interior do fragmento, as plantas

apresentaram uma maior diminui¢do na razao do declinio da fluorescéncia (Rfd) e maior
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quenching nao-fotoquimico (NPQ) em comparagdao com as plantas na borda. Este
resultado sugere que as plantas no interior t€m uma capacidade maior de dissipar o

excesso de energia luminosa e, assim mantém um aparato fotossintético mais preservado.
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Abstract

The use of large-scale agricultural land has altered natural ecosystems, affecting the
availability of nutrients for the development of native plants in the Cerrado. Among the
essential mineral nutrients, nitrogen is the most necessary for plants, and due to the
oligotrophic characteristics of the Cerrado soil, it is common to supplement industrial
nitrogen chemical fertilizers. However, much of the nitrogen is lost in the environment
by volatilization and leaching, is able to reach adjacent areas where supplementation
occurs, and consequently can be incorporated into the leaves of native plants. However,
Cerrado plants historically grow under conditions of low nitrogen availability and may
not respond as quickly as invasive species, or even, changes in the C/N balance resulting
from supplementation can trigger deleterious effects on native plants, unbalancing the
amount of other nutrients. Stable isotopes of '’N and '*C can be used in ecological studies
to determine the origin of nitrogen and carbon in natural environments, and high
concentrations of §'°N can be detected in nitrogen fertilizers and can be related to 13C
and consequently reverberate in the physiological responses of native plants. This study
verified the presence of §'°N in the interior and edge of Cerrado fragments over two years
to determine the effects of the edge on Bauhinia holophylla (Bongard) Steudel
metabolism. In 2022, only the smallest fragment, 16 ha, presented higher values of '°N in
the soil at the edges; however, in 2023, the fragments that presented higher values of °N
at the edges were those with 127 ha and 2200 ha. Only fragments of 127 ha and 409 ha
had relatively high values of N in the leaves, so the size of the fragments did not seem
to affect the availability of I°N between the interior and edges. The edges show a negative
relationship between the '°N in the leaves as a function of the '°N in the soil, which may
indicate environmental stress caused by the edge effect. In B. holophylla, higher values
of 1N were found in the leaves of the individuals at the edge, as were higher values of
specific leaf area (SLA) and relative water content (CRA). In addition, in the interior of
the Cerrado fragment, the plants presented a greater fluorescence decline ratio in steady-
state (Rfd) and greater steady-state quenching non-photochemical (NPQ) for the plants in
the interior of fragment. This result suggests that plants in the interior have a greater
ability to dissipate excess light energy and, thus, a more preserved photosynthetic

apparatus, which can be interpreted as indicative of stress at the edge.
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3.1 Introduction

The Brazilian neotropical savanna, known as the Cerrado, is considered the second-
largest biome in South America and the most biodiverse globally (Nobrega et al. 2017).
Despite the importance of the Cerrado as a refuge for a wide variety of endemic species
(Mendonga 2008), it is one of the most threatened biomes in Brazil due to the expansion
of the agricultural frontier, which involves the conversion of native areas into lands for
agriculture and livestock (Strassgurg et al. 2017). According to MapBiomas (2024), the
Cerrado lost approximately 53% of its native vegetation between 1985 and 2022, leaving
only 47% of its original area. This process of devastation is intensified by the
fragmentation of native areas into smaller, disconnected portions, potentially leading to
environmental homogenization (Gamez-Virués et al. 2015). These intensifications of
edge effects and disturbances in ecosystem processes over time cause changes in the input
of essential mineral nutrients and can reverberate in the functional leaf traits, composition
and dynamics of populations and communities. (Honnay et al. 2002; Harper et al. 2024).
These environmental changes can affect the responses of leaf functional traits related to
productivity, where responses to environmental conditions imposed at the edges of
fragments differ from those in the interior (Dillon et al. 2018). The edge effect alters the
microclimate at the edges of forest fragments, subjecting plants to severe biotic and
abiotic factors, such as higher incidence of direct light, winds, and greater temperature
variation, potentially altering environmental equilibrium and influencing the availability
of nutrients such as carbon (Magnago et al. 2015), and nitrogen (Smith et al. 2018). This
phenomenon is more intense in small, isolated fragments, once smaller areas have a
proportionally greater edge effect, which can even affect them in a generalized manner
(Ewers and Didham 2006).

Around the fragments, the implementation and maintenance of monocultures in
Cerrado areas usually include the supplementation of chemical fertilizers, mainly
nitrogen, phosphorus, and potassium, to meet the essential requirements for the
development of agricultural plants (Simao et al. 2020; Ferreira et al. 2022). However,
nitrogen fertilizers can leach and reach forest areas (Jordan et al. 1993), potentially
concentrating mainly at the edges (Honnay et al. 2002) and gradually decreasing with
increasing distance from the edge (Rivera-Cubero et al. 2023). The nitrogen input has

also been recorded in areas elevated relative to the application site (Pocewicz et al. 2007).
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Nitrogen is structurally essential for plant growth and development because it is a
component of DNA, enzymes, and the electron transport chain of photosynthesis (Vega
et al. 2019). However, high concentrations can be toxic and reduce photosynthetic rates
(Berghetti et al. 2021). Nitrogen can naturally be found in the soil in various chemical
forms according to its solubility, mobility, and availability to plants (Bouwman et al.
2009). The isotope °N is used as a tool to indicate the nitrogen dynamics in terrestrial
environments. This isotopic chemical form occurs naturally in the atmosphere, water, and
soil, and indicate different nitrogen sources in the environment, such as biological
nitrogen fixation or atmospheric deposition (Craine et al. 2015).

On the other hand, higher concentrations can be detected in industrial nitrogen
chemical fertilizers (Hastings et al. 2013; Liu et al. 2021). Consequently, physiological
processes affecting plant growth and development are altered, favoring the productivity
of certain specific groups of native plants as well as invasive ones such as Melinis
minutiflora P. Beauv., and Urochloa decumbens Stapf (Lannes et al. 2020). These changes
alter the composition and structure of plant communities (Zemunik et al. 2015), leading
to a reduction in diversity over time and an indirect negative effect on the ecosystem
(Jacobson et al. 2011).

In addition to '°N, carbon dynamics are addressed in edge effect studies, indicating
changes in ecosystem productivity (Tolbert 1997). The carbon isotopes used in ecological
studies are '3C and !2C, whose values provide information about metabolic flows in
plants, help to understand how carbon is absorbed, and are used in photosynthesis and
respiration processes (Wingate et al. 2010). Changes in '*C isotopic composition indicate
that plants respond to variations in environmental conditions, such as climate change and
anthropogenic impacts that influence the input and balance of C/N (Amundson et al.
2003; Yan et al. 2020). Furthermore, '*C is also related to the availability of '°N and
organic matter in soil (Yan et al. 2020). Data on '*C and '°N can provide insights into root
nodulation, mycorrhizal associations, and how plants utilize these nutrients (Sprent et al.
1996).

Although there is evidence that edge effects can result in increased nutrient
availability for native plants, influencing their physiology and community diversity over
time (Kozovits et al. 2007; Jacobson et al. 2011), few studies have addressed this topic.
Research on the dynamics and origins of nutrients available to plants as well as their

physiological responses to increased nutrients are relevant topics for projecting the future
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of biodiversity and the conservation of Cerrado remnants. In this context, considering the
agricultural expansion in this biome, the use of nitrogen fertilizers, and the possible
changes in plant physiology, we formulated the following hypotheses: 1) Preservation
areas adjacent to monocultures exhibit §'°N enrichment in the soil at the edges compared
to the soil in the interior of the fragments; 2) Larger fragments should show a greater
difference between §'°N enrichment in the edge soil and the interior soil, indicating that
smaller preservation areas are more affected overall; 3) Plants at the edges of the
fragments show greater 8!°N enrichment in their leaf tissues compared to individuals
found in the interior of the preservation areas; and 4) Plants growing at the edges of the
fragments should exhibit physiological variations in their leaves that can be related to
increased foliar nitrogen.

3.2 Material and Methods

3.2.1 Sample areas

Eight preservation areas of varying sizes adjacent to agricultural monocultures were
selected (Fig. 1). The climate is classified as tropical (AW) for all fragments according to
the Kdppen climate classification, with a dry season from May to September (Alvares et
al. 2013). The sizes of the fragments and the usual monocultures in each area are
described in Table 1, which highlights that soybean monocultures traditionally receive
less nitrogen supplementation than other monocultures, as biological nitrogen fixation
can provide all the necessary N for the efficient growth and development of soybeans
(Hungria et al. 2006). On the other hand, fertilization can depend on factors such as soil
fertility. For example, maize monocultures in the Cerrado can require the supplementation
of 100 kg N per hectare, 30 kg ha'' N applied at planting and 70 kg ha™! N applied as a
side-dressing (Coser et al. 2016) and sugarcane can require the application of 50 kg ha’!

to 100 kg ha™! N (Boschiero et al. 2020).

Fazenda Santa Barbara (SB): This is a private property with a fragment of Cerrado
sensu stricto and Cerradao (approximately 16 ha), located in the municipality of Orizona,
Goids, at coordinates 16°59'00.0"S, 48°16'00.0"W. This area is subjected to a rotational
production of maize, soybean, and sorghum during the rainy season, and extensive cattle
farming during the dry season. The average annual temperature ranges between 19°C and
25°C, and the average annual precipitation is 1,400 mm, which is concentrated between

October and March (INMET 2024).
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Fazenda Sao José (SJ): The preservation area is approximately 20 ha, predominantly
covered by semideciduous forest, with its surroundings consisting of eucalyptus
cultivation and agro-pastoral activities. Located in the urban area in Uberlandia, Minas
Gerais (18°51'35.0"S, 48°13'53.0"W), (Vargas and Aratjo 2014).

Fazenda Experimental Gloria (GL): This is an area within the urban perimeter that has
a Cerrado remnant (30 ha) with a seasonal semideciduous forest (Lopes et al. 2011),
located at coordinates 18°58'15.7"S, 48°1229.6"W. The fragment is surrounded by areas
designated for agriculture and the planting of maize and eucalyptus.

Reserva Ecolégica do Panga (REP): This is a private natural heritage site (RPPN) of
409 ha, located at coordinates 19°11'40.0"S, 48°19'06.0"W. The site features mesophytic
forest, Cerraddao, Cerrado sensu stricto, Campo Cerrado, Campo Sujo, and Veredas
(Gongalves et al. 2021). To the west of the reserve, there is an extensive sugarcane
plantation.

Clube Caca e Pesca Itoroté (CP): This area has a fragment (127 ha) with Cerrado
phytophysiognomies, ranging from Cerrado sensu stricto to gallery forest (Silva et al.
2022), located at coordinates 18°59'00.0"S, 48°18'00.0"W, adjacent to soybean
monoculture.

Reserva Particular do Patrimonio Natural Unidade de Conservacdo de Galheiros
(GA): The vegetation cover is dominated by Cerrado sensu stricto formation, along with
areas of Campo Limpo, Campo Cerrado, Cerraddo, seasonal semideciduous forest, and
evergreen gallery forest (Landa et al. 2010). Located at coordinates 19°13'21.14"S,
47°08'58.03"W. The RPPN have 2,694 ha area, surrounded by soybean monoculture
Parque Estadual do Pau-Furado (PF): This is a state conservation unit for full
protection. The park contains a 2,200ha fragment of the Cerrado biome, located at
coordinates 18°46'00.0"S, 48°10'19.4"W, with some occurrences of Atlantic Forest,
featuring seasonal deciduous forest, seasonal semideciduous forest, riparian forest,
gallery forests, Cerrado sensu stricto, and Cerradao (IEF 2011). The surroundings of the
park are predominantly soybean monocultures.

Parque Estadual da Serra de Caldas Novas (PE): This area spans 12,500 ha and
contains a vegetation mosaic that varies along a topographic gradient, located at
coordinates 17°44'40.8"S, 48°39'00.0"W. It features forest formations such as Cerradao
and gallery forest, as well as grassland formations such as rupestrian Cerrado and the

typical Cerrado found on the plateau of the mountain range (Lima et al. 2010). In the
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areas surrounding the park, the rotational planting of soybeans, sorghum, and maize is the

most common.

3.2.2 Isotopic Signature of Nitrogen and Carbon

Soil samples to determine the presence of >N were collected during the rainy
season (January and February), when most monocultures had already received
agricultural inputs. The analyses were carried out for two consecutive years (2022 and
2023). To determine the possible presence of industrial nitrogen in the soil, samples were
taken at a depth of 10 cm from both sites of the fragments and dried at 45°C until a
constant weight was reached. The incorporation of '’N by the plants was assessed in two
leaves from each individual collected from both sites of each of the eight Cerrado
fragments. Approximately 50 pg of each sample was weighed in tin capsules and taken
to a mass spectrometer for element discrimination. The isotopic ratio was calculated using
the formula §'°N = [(Rsample-Rstandard)/(Rstandard)] x 1000, where R represents the
ratio between '°N and '*N, and the standard refers to the nitrogen isotope values in the
atmosphere. The unit used was parts per thousand (%o) (Craine et al. 2015). The carbon
isotopic ratio R (!3C/'2C) in the soil was determined following the methodology of
Ehleringe and Osmond (1989). Two soil samples were collected from both the interior
and the edge of all forest fragments and dried at 50°C for three days. The samples were
analyzed using a continuous flow isotope ratio mass spectrometer (CF-IRMS) at the
Stable Isotopes Center, UNESP (Botucatu, Brazil). The CF-IRMS equipment comprises
an elemental analyzer-EA (Flash 2000 — Thermo Scientific, Germany) coupled to an
isotope ratio mass spectrometer (IRMS) (Delta V Advantage — Thermo Scientific
Germany) through a gas interface (ConFlo IV — Thermo Scientific, Germany). Samples
weighing between 0.10 and 0.12 mg were placed in tin capsules and inserted into the EA
for conversion into CO, by combustion. The R (!3C/'?C) ratio of the CO» was determined
via IRMS, and the results were converted to 8'°C (%o), representing the relative

differences in isotopic ratios, based on the international VPDB standard.

3.2.3 Species and Site as a Model for Leaf Physiology Study

Bauhinia holophylla (Bongard) Steudel (Fabaceae) was used as a model for the
study in the Reserva Ecoldgica do Panga (REP). This species has a wide geographical
distribution, including in Brazil, Bolivia, and Paraguay. Minas Gerais is well represented

and can be found both at the edges and in the interior of the REP, allowing comparisons
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between these two sites. Additionally, physiological analyses of the interior and edge of
the REP revealed differences in '°N enrichment during the year of sampling. Ten
individuals were marked at both sites (edge and in the interior of the fragment). To date,

there have been no reports of this species exhibiting root nodules.

3.2.4 Specific Leaf Area and Relative Water Content

In both the interior and the edge of the fragment, a fully expanded leaf of B.
holophylla was collected and leaves from the third node that did not show visible injuries
were selected (n=10 for each location). The total leaf area was measured using the
software ImageJ®, and the leaves were weighed (fresh weight) using an analytical
balance (Shimadzu, AUY, Japan). The material was dried in an oven (Novatecnica,
NT513, Brazil) at 60°C for three days and weighed again (dry weight). The specific leaf
area was calculated using the ratio between the total area and the dry weight of each leaf
(Cornelissen et al. 2003). The relative water content (RWC) was determined in the
morning using two 0.4 cm? samples of leaves collected from ten B. holophylla individuals
in the interior and edge of the Cerrado fragment. The RWC was calculated using the
following equation: RWC = [(FW-DW)/(TW-DW)] x 100, where FW is the fresh weight,
TW is the turgid weight after 24 hours of distilled water immersion, and DW is the dry
weight after the samples were dried at 60°C until it reached a constant weight (Bars and

Watherly, 1962).
3.2.5 Photosynthetic Parameters

The chloroplast pigment contents were quantified using two leaf fragments of 0.4
cm? of ten individuals of the interior and the edges in the fragment. The samples were
immersed in 80% (v/v) acetone for 48 hours, macerated, and centrifuged at 1,000 rpm for
5 min. The absorbance of the supernatant was measured at 470, 646, and 663 nm in a
spectrophotometer (Bioespectro, SP-2020). The contents of chlorophyll a and b and
carotenoids were determined according to Lichtenthaler and Wellburn (1983).

Six individuals from the edge and interior of the fragment were selected to evaluate
the efficiency of the photochemical phase of photosynthesis between 8:00 and 10:00 am.
One leaf from each individual was dark-adapted for 30 min and analyzed using a Handy
FluorCam imaging fluorometer (PSI, version 2.0 Italy). The Kautsky effect was evaluated
from the images obtained following the quenching protocol (Fluorcam7® software).
Twenty fields of view of 50 mm were considered, extracting data from the maximum

quantum yield of PSII after light adaptation (Fv/Fm), the ratio of fluorescence decline
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(Rfd), and the nonphotochemical quenching during light adaptation (NPQ) (Genty et al.
1989).

3.3  Statistical analysis

To evaluate the effect of monocultures on the availability of §!°N in the soil and
leaves of the interior and edge of the Cerrado fragments, considering their sizes, a two-
way analysis of covariance (ANCOVA) was performed, assuming the assumptions of
normality, they were transformed to a logarithmic scale. The analyses were conducted
using R software version 4.3.1 (2022), and graphs were generated using GraphPad Prism
8.0.2 software.

To evaluate the effect of '°N in the soil on >N in the leaves, simple linear
regressions were performed considering the response variable (3!°N in the leaves) as a
function of the predictor variable (8!°N in the soil). The effect of §!°C and §'°N in the soil
was evaluated using simple regressions, assuming the normality of the residual
distribution and homogeneity of variances. The data were analyzed, and graphs were
generated using the R version 4.3.1 (2022).

For the analysis and comparison of physiological parameters, generalized linear
models (GLM) were generated, to test the overdispersion of the data. The Poisson
distribution was assumed due to the nonnormality of the data. The predictors considered
were the edge and interior of the Cerrado fragment of the REP, and the response variables
were chloroplast pigment content, relative water content, specific leaf area, FvFm,
QYmax, Rfd, and NPQ. To perform the test, the dispersion variation for each analysis
was checked, and graphs (violin plots) showing the data distribution through a density
curve were generated using the software GraphPad Prism 8.0.2.

To determine the existence of clustering patterns in the physiological responses
observed between the edge and interior of the Panga Ecological Station, MG, Brazil, a
multivariate analysis was conducted using principal component analysis (PCA). The PCA
function from the FactoMineR package was applied (Le et al. 2008). The data were
standardized beforehand using a correlation matrix to highlight the relationships between
variables (Gotelli and Ellison 2004). For visualization of the results, graphs were
generated using the ggplot2 (Wickham 2016) and FactorExtra packages with the
fviz_pca biplot function (Kassambra and Mundt 2020). The analyses and plots were
generated using R version 4.3.1 (2022).
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3.4 Results

3.4.1 Isotopic signature analysis of nitrogen

In the first sampling year (2022), the §'°N fraction in the soil showed an
interaction between the size of the fragments and the position where the samples were
collected (interiors and edges) (p=0.01, F=6.14, df=4.55). Only the preservation area of
Fazenda Santa Béarbara (the smallest area) had higher §'°N values at the edge (average of
5.1%o at the edge and 2.1%o in the interior) (Fig. 2 A). In 2023, the fragments that showed
significant differences were Caga e Pesca and Parque Pau-Furado, with higher §'°N
values at the edges (Fig. 2B). In 2023, when the concentrations of >N in B. holophylla
leaves were compared with the fragment size of individuals found at the edges of Clube
Caga e Pesca Itororé and Panga Ecological Station greater §'°N values (p<0.001) were
detected (Fig. 2C). The §'°N values in the leaves had a positive relationship with the §'°N
values in the soil when collected from the interior of the fragment, and a negative
relationship when collected from the edges of the fragments (Fig. 3A and B, respectively).
When the §'°N and §'3C values in the soil were compared, no relationships were found in
the interiors of the fragments. However, a strong relationship between §'°N and §'°C was

observed at the edges, considering all the forest fragments studied (Fig. 3C and D).

3.4.2 Aspects of leaf physiology of Bauhinia holophylla
The leaves of B. holophylla at the edge of the fragments showed greater specific

leaf area (p<0.001, T=-4,824) and greater relative water content (p<0.001, T= -3.338)
than those from the interior (Fig. 4 A and B. On the other hand, the chlorophyll a to b
ratios and the total chlorophyll and carotenoid contents did not significantly differ
(p=0.282, T=-1.108; p = 0.98, T=-0.021; p=0.664, T=0.441, respectively) (Fig. 4c-f). The
leaves of individuals in the interior of the fragments had higher values for the Rfd and
NPQ (F=11.08, p<0.01 and F=5.126, p=0.047, respectively) (Fig. 5). The QYmax and the
Fv/Fm did not significantly differ (F=1.255, p=0.206 and F=1.19, p=0.206) between
individuals from the interior and the edge.

When all the physiological parameters of the leaves of B. holophylla were used in
a PCA, we observed a separation of 26.9% along axis 1 (Fig.6). The parameters that most
influenced individuals at the edge were Fv/Fm, QYmax, 85N in the leaves, and CRA,
while individuals from the interior were strongly influenced by Rfd.

3.5 Discussion
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3.5.1 Variation in the SN composition of soil and leaves of Bauhinia sp. grown in
the interior and at the edge of Cerrado fragments

In general, although an enrichment of §'°N at the edges of some fragments
compared to the interior soil has been observed, the size of the studied fragments does
not seem to influence this relationship. This is evidenced by the fact that both smaller and
larger fragments may show variable differences in soil 8'°N values. However, some
studies have shown that agricultural nitrogen inputs are responsible for the enrichment of
soil 8'°N and the high concentration of nitrogen at the edges of forests adjacent to
agricultural areas (Bateman and Kelly 2007; Hastings et al. 2013; Pocewicz et al. 2007;
Liu et al. 2021). This enrichment may result from recent supplementation or reflect
historical fertilization of the area (Pocewicz et al. 2007). On the other hand, other studies
have shown that the variation in the N in different ecosystems can also be due to factors
such as the presence of nitrogen-fixing legumes, associations with mycorrhizal fungi,
variability in the "N in soil organic matter with depth, fire events, seasonality of nitrogen
immobilization and mineralization processes (Bustamante et al. 2004), climate,
topography (Amundson et al. 2003), and even precipitation (Goulden et al. 2019).
Additionally, the leaching and absorption of nitrogen compounds contribute to the
detection of °N in the soil, so all these factors together explain the observed variation
between the soil at the edges and the interior of the Cerrado fragments over the two years
of the experiment. Moreover, the different amounts and frequencies of nitrogen
fertilization, associated with other chemical elements, depend on the type of monoculture
under cultivation, which can also affect the input of '°N into the soil and, consequently,
its absorption and concentration in plant leaves (Sainju et al. 2020; Liu et al. 2024).

In the study areas with forest fragments smaller than 100 ha and the largest tree
fragments, the plants collected did not show differences in >N values in the leaves
between the edges and interior. These results suggest that factors other than the size of
the Cerrado fragments must influence the isotopic signature of '°N in the leaves of these
locations. On the other hand, the fragments with 127 and 409 ha demonstrated enrichment
of N in the leaves at the edge due to the application of industrial fertilizers on the N
values in the leaves. As shown by Poecewicz (2007), plants in forest areas adjacent to
monocultures can have leaves with approximately 57% more enriched §'°N at the edges
than in their interior. Additionally, a historical analysis of the fragments should be

performed. Some of the fragments, such as PE, GA, PF, and CP, had agricultural areas
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predominantly cultivated soybeans, a monoculture in which nitrogen supplementation is
usually not used or is used at low concentrations (Zuffo et al. 2022).

From a general perspective of §'°N composition, the studied areas showed §'°N
variation in leaves between -0.99%o0 and +3.2%o. This range is in line with what is
expected for Cerrado areas, as the biome exhibits wide variation in leaf 8'°N, with values
ranging from -5%o to +7.9%o (Bustamante et al. 2004). From a continental perspective,
the concentration of '°N in soil and leaves found in this study shows a variation similar
to the patterns found in ecosystems in South America and high-altitude locations of the
Northern Hemisphere (Sena-Souza et al. 2020).

In the interior of fragments, a positive relationship was observed between §!°N in
leaves and 8'°N in the soil, indicating the direct uptake of §'°N by plants from the soil
(Nel et al. 2018; Goulden et al. 2019). Additionally, the interior of the fragments generally
shows more consistent soil conditions, such as higher fertility, stable organic matter
content, and well-structured soil, which favor nutrient cycling and plant growth (Craine
etal. 2015). These conditions contrast with the edges of fragments, where soil degradation
and nutrient leaching are more common due to external disturbances (Pereira et al. 2021).
On the other hand, the edges showed a negative relationship between the values of §'°N
in the leaves and 8'°N in the soil, suggesting the absorption of §!°N by leaves that are
present in the soil at some time, and a possible stress related to soil alteration. For
example, the decrease in nitrogen and carbon available at the edge could be due to greater
utilization and incorporation by perennial grasslands (Aguiar et al. 2023).

A strong correlation between §'°C and 8'°N was observed at the edges of the
fragments. Variations in the C/N ratio resulting from the edge effect (lower C/N at the
edges of a fragment) have already been observed in previous studies, regardless of land
use around the fragment or even in pastures that have never been fertilized (Devlaeminck
etal. 2005; Pocewicz et al. 2007), with this relationship being more evident in agricultural
areas (Pocewicz et al. 2007). There is evidence that the carbon stock at the edges of forest
fragments may be lower than that at more preserved locations (Li et al. 2009; Aynekulu
etal. 2021), and it is expected that sites with lower carbon concentrations will have higher
15N values (Mendonga et al. 2010). The values of §!°C and §'N may be correlated due to
metabolic processes and nutrient cycling by plants (Yan et al. 2020). However, we did not

find studies showing this relationship in tropical savannas.
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3.5.2 Foliar metabolism of B. holophylla found in a Cerrado fragment where the
edges are enriched with 55N

Bauhinia holophylla showed higher §'°N values in the foliar tissues of individuals
growing at the edge of the fragment, as observed for other plant species (Pocewicz et al.
2007). In addition to 8'°N enrichment in the leaves, higher values of specific leaf area
(SLA) and relative water content (RWC) were also observed in edge individuals.
Generally, higher SLA values indicate a greater ability of the plant to capture light per
unit of leaf area, resulting in faster growth and greater productivity (Cornelissen et al.
2003; Riva et al. 2016). In turn, RWC is an indicator of the plant’s water status and can
reflect a greater ability of the plant to retain water in its leaves, which is advantageous for
the plant under water stress conditions (Bars and Watherly, 1962).

There were no significant differences in the chloroplast pigment content between
the leaves of B. holophylla collected from the interior and the edge of the fragment or in
the ratios of chlorophyll a to b, total chlorophyll content, or carotenoids. Similarly, no
changes were detected in the maximum quantum yield (QYmax) or potential quantum
yield (Fv/Fm) of the plants from the interior and edge of the Cerrado fragment. Indeed, a
relationship between chlorophyll production and photosynthetic performance is expected
(Tatarko and Knops 2018). These results suggest that despite the edge effect and '°N
enrichment, the plants found at the edges and in the interior of the fragment do not show
differences in photosynthetic efficiency (Genty et al. 1989). On the other hand, when
comparing the ratio of fluorescence decline (Rfd) and nonphotochemical quenching
(NPQ) during light adaptation, the plants from the interior of the Cerrado fragment
showed higher values. This result suggests that the plants in the interior have a greater
capacity to dissipate excess light energy (higher NPQ values) and, therefore, have a more
preserved photosynthetic apparatus (higher Rfd values), as a decrease in the Rfd ratio can
be interpreted as an indicator of stress (Lichtenthaler et al. 2005). Considering that the
data were collected during the rainy season in the Brazilian savannas these results may
confer an advantage to the plants in the interior of the fragment, potentially placing the
edge plants in more vulnerable conditions during dry periods. From a general perspective
of the results, the PCA showed clusters that separated the individuals from the interior
and the edge of the Cerrado fragment based on physiological functional leaf traits and
photochemical responses, even though not all evaluated parameters are differentiated

separately.
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3.6 Conclusion

This study demonstrates that the edge effect in Cerrado sensu stricto fragments
significantly influences the nitrogen dynamics and physiological responses of Bauhinia
holophylla. The observed enrichment of 6'°N in leaves at the edges, compared to the
interior, suggests that agricultural inputs and edge-related disturbances play a critical role
in shaping nitrogen availability and assimilation. However, the size of the fragments did
not consistently influence 6'°N patterns, indicating that other factors, such as historical
land use, soil conditions, and local environmental variability, are equally important in
determining nitrogen dynamics. The positive correlation between 3'°N in leaves and soil
in the interior highlights the stability of nutrient cycling in these areas, while the negative
correlation at the edges reflects the impact of external disturbances, such as nutrient
leaching and soil degradation.

Physiologically, B. holophylla exhibited distinct responses to edge and interior

conditions. Higher specific leaf area (SLA) and relative water content (RWC) at the edges
suggest adaptations for light capture and water retention, which may confer advantages
in more open and stressful environments. However, the lack of significant differences in
chlorophyll content and quantum yield (Fv/Fm) between edge and interior plants
indicates that photosynthetic efficiency is maintained despite edge effects. The higher
non-photochemical quenching (NPQ) and fluorescence decline ratio (Rfd) in the interior
suggest that plants in these areas are better to dissipate excess light energy, potentially
providing a physiological advantage during periods of environmental stress. These
findings underscore the complexity of edge effects in Cerrado fragments and their
implications for plant physiology and ecosystem functioning. The results highlight the
need for conservation strategies that consider the interplay between fragment size,
historical land use, and local environmental conditions to mitigate the impacts of edge
effects on nutrient cycling and plant adaptation.
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3.8 Figures and table

3.8.1 Table 1: Cerrado fragments, size, and type of culture of the adjacent areas to

the Cerrado fragments used as sampling areas.

Bibliographic
Cerrado fragments Area (ha) Type of culture
reference
Agricultural
turnover (corn, Google earth and
Fazenda Santa
16 soybean, sorghum) personal
Barbara (FSB) . _
and extensive observation
livestock
Planting of Vargas-Araujo
Fazenda Sao José
20 Eucalyptus and (2014) Personal
(FSJ) : :
livestock observation
‘ Lopes et al. (2011)
Fazenda Planting of corn,
_ Google earth and
Experimental 30 Eucalyptus and
: . personal
Gloria (FEG) livestock '
observation
Silva et al. (2022)
Clube Caga e Pesca 127 Soybean Google earth and
Itoror6 (CCP) monoculture personal
observation
Cardoso et al.
(2010)
Estacdo Ecolégica
Sugarcane
do Panga 409
monoculture
(PANGA) Google earth and
personal
observation
IEF (2011)
Parque Estadual do Soybean
2200 Personal
Pau Furado, MG monoculture _
observation
Soybean Landa et al. (2010)
RPPN Galheiros 2694
monoculture Google earth and
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personal

observation
Parque Estadual da ) Lima et al. (2010)
Rotary planting of
Serra de Caldas Google earth and
12500 soybeans, sorghum
Novas (PESCaN), personal
and corn
GO observation

48.0°W

0 250 500 750 1.000 km
[ —]

[] Brazil

[ Cerrado

e <100ha

@ >120ha and <500ha
A

I\ / >2000ha

0 25 50 75 100 km

Fig. 1. Location and size of eight Cerrado remnants used for analysis of the isotopic
signature of 15N soil and leaves of B. holophylla. The maps were generated using QGIS
(v. 3.30.1, DATUM SIGAS 2000). Legends: (SB) Fazenda Santa Barbara, (SJ) Fazenda
Sao José, (GL) Fazenda Experimental do Gloria, (CP) Clube Caca e Pesca Itorord, (REP)
Estagdo Ecologica do Panga, (PF) Parque Estadual dos Pau Furado, (GA) RPPN
Galheiros, (PE) Parque Estadual da Serra de Caldas Novas.
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Fig. 2. Relationship between the presence of "N (%o) in the soil and leaves of B.
holophylla considering the size of Cerrado fragments. Soil samples were collected in
January 2022 (A) and 2023 (B), while leaf samples (C) were collected in 2023 during the
rainy season. Legends: in blue (inside the fragments), in orange (the edge of the
fragments). (SB) Fazenda Santa Barbara, (SJ) Fazenda Sao José, (GL) Fazenda
Experimental do Gloria, (CP) Clube Caga e Pesca Itoror6, (REP) Estacdo Ecolédgica do
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Estadual da Serra de Caldas Novas * Means significant difference p<0.05.
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of 8!°N in the soil of the edge (A) and the interior (B) of eight Cerrado fragments (see

Fig. 1). Relation between the values of §'°N and §'3C in the soils of the interior (C) and

of the edges (D) in the fragments of Cerrado.
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Fig. 4. Comparison of physiological parameters among individuals of B. holophylla found

at the edge and inside the Panga Ecological Station, MG, Brazil. (A) Specific leaf area
(SLA); (B) Relative water content (RWC); (C) Total carotenoids; (D) total chlorophyll
(a+b), (E); chlorophyll a and b ratio (a/b); (F) total chlorophyll and carotenoids ratio

(Chl/carot). Different letters indicate significant differences considering p<0.05.
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Fig. 5. Fluorescence of chlorophyll a in leaves of B. holophylla. (A) Model of the 20
visualization fields used to measure the fluorescence parameters of chlorophyll. For the
analysis, the measurements were obtained in leaves of B. holophylla a fragment of
Cerrado in the Panga Ecological Station, MG, Brazil. Legend: in blue (inside the
fragments), and in orange (the edge of the fragments). (B) (Rfd) Reason of fluorescence
decline in PSII; (C) (NPQ) non-photochemical quenching during light adaptation; (D)
(QYmax) maximum quantum yield of PSII; and (E) (Fv/Fm) potential quantum yield of
PSII after dark adaptation.

50



carot

2 -
=L . .
= Localization
N Edge
o
= E’ Interior
(m)]

,2 -

Dim1 (26.9%)

Fig. 6. Principal component analysis (PCA- Bitplot) of physiological parameters and
values of 8'°N in the leaves and soil of the interior and edge of the Cerrado fragment of
the Panga Ecological Station, MG, Brazil. Legend: in blue (inside the fragments), and in
orange (the edge of the fragments). (Rfd) Reason of fluorescence decline in PSII; (NPQ)
non-photochemical quenching during light adaptation; (QYmax) maximum quantum

yield of PSII; (Fv/Fm) potential quantum yield of PSII after light adaptation.
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4. Capitulo 2
Como a suplementacio de nitrogénio e fésforo pode influenciar na fisiologia de

Bauhinia holophylla (Bong.)?
Resumo

A entrada dos nutrientes minerais essenciais nitrogénio (N) e fosforo (P) no ambiente tem
sido alterada principalmente por acdes antropicas relacionadas a conversao de vastas
areas do Cerrado em monoculturas. O N e P industrializados s3o aplicados em grandes
quantidades para garantir a alta produtividade das culturas agricolas. Consequentemente,
esses nutrientes podem ser lixiviados ou volatilizados, alcancando remanescentes do
Cerrado e influenciando as respostas fisiologicas de plantas nativas. Pesquisas preveem
que as entradas de N e P tém aumentado ao longo do tempo nos ecossistemas e, com base
nesses estudos, foi suplementado em uma area experimental de Cerrado fertilizantes
nitrogenados e fosfatados. O objetivo desta pesquisa foi entender como o aumento desses
nutrientes influencia respostas fisiologicas relacionadas ao rendimento foliar de Bauhinia
holophylla (Bongard) Steaudel em campo. Foram avaliadas cinco parcelas de (100m?)
para cada tratamento, considerando a suplementacdo de N, P e N+P combinados e
parcelas controle. A espécie apresentou valores relativamente altos de éarea foliar
especifica e contetido relativo de 4gua no tratamento com N+P, mas ndo diferiu
significativamente entre os tratamentos em termos de area foliar, clorofila total (a+b),
clorofila (a/b) e clorofila total e carotenoides. A rendimento quéntico potencial do PSII
(Fv/Fm) fol maior no tratamento com fosforo em comparagdo com o grupo controle,
sugerindo maior eficiéncia fotossintética com a adi¢do de fosforo. Por outro lado, o
quenching ndo fotoquimico durante a adaptag¢do a luz (NPQ) e a razdo do declinio da
fluorescéncia (Rg) foram menores no tratamento com fésforo do que no grupo controle,
indicando que, nessas condi¢des, B. holophylla apresenta menor capacidade de dissipagao
de energia ndo utilizada na fotossintese, menor prote¢do contra excesso de luz e menor
vitalidade. No entanto, o rendimento quantico maximo do PSII (QYmax) ndo diferiu entre
os tratamentos, indicando que a espécie ndo alterou o potencial maximo de captura de
energia do PSII. Além disso, a andlise do indice de distancia de plasticidade relativa
(RDPI) mostrou que B. holophylla possui alta capacidade de ajuste fenotipico em resposta

as variagdes na disponibilidade de N e P em campo.

Palavras chave: fisiologia foliar, fotossintese, Cerrado, plasticidade fisiologica.
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How nitrogen and phosphorus supplementation can influence the physiology of

Bauhinia holophylla (Bong.)?

Abstract

The entry of the essential mineral nutrients nitrogen (N) and phosphorus (P) into the
environment has been altered mainly by anthropic actions related to the conversion of
vast areas of the Cerrado into monocultures. Industrialized N and P are applied in large
amounts to ensure the high productivity of agricultural cultivars. Consequently, these
nutrients can be leached or volatilized, arriving in Cerrado remnants and influencing the
physiology of native plants. Research has predicted that N and P have increased over time,
and on the basis of these studies, we supplemented an experimental area of Cerrado with
industrial nitrogen and phosphate fertilizers. We sought to understand how the increase
in these nutrients influences physiological responses related to the leaf yield of Bauhinia
holophylla (Bongard) Steudel in the field. Five plots (100 m?) of each treatment were
evaluated, considering N and P supplementation and N+P combined, in addition to the
control plots. The species presented relatively high values of specific leaf area and relative
water content in the N+P treatment but did not significantly differ between the treatments
in terms of leaf area, total chlorophyll (a+b), chlorophyll a and b, or total chlorophyll and
carotenoids. The maximum quantum yield of PSII (Fv/Fm) was greater in the P
supplementation treatment group than in the control group, suggesting greater
photosynthetic efficiency with phosphorus addition. On the other hand, the
nonphotochemical quenching during light adaptation (NPQ) and the fluorescence decline
ratio (Rf) were lower in the treatment with phosphorus than in the control, suggesting
that under these conditions, B. holophylla has a lower energy dissipation capacity. that is
not used in photosynthesis, lower protection against excess light and lower vitality.
However, the quantum yield of PSII (QYmax) did not differ among the treatments,
indicating that the species did not affect the maximum potential of energy capture by PSII.
In addition, analysis of relative distances plasticity index (RDPI) revealed that B.
holophylla has a high capacity for phenotypic adjustment in response to variations in the
availability of N and P in field.

Keywords: leaf physiology, photosynthesis, Cerrado, physiological plasticity.
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4.1 Introduction

Nitrogen (N) and phosphorus (P) are essential mineral nutrients for plant growth and
are considered to limit plant productivity when their concentrationssoil availability are
less than necessary (Elser et al., 2007; Vitousek et al., 2010). The N is involved in the
synthesis of amino acids, proteins, chlorophylls, nucleic acids, lipids and other
metabolites (Kusano et al., 2011). In turn, P plays crucial roles in the production of ATP,
in the electron transport chain, and in several other physiological functions (Carstensen
et al., 2018). Despite the importance of these nutrients for the efficient development of
plants, excessive concentrations of N and P can cause toxicity and decrease their
photosynthetic capacity (Kayoumu et al., 2023). Therefore, the availability of N and P
and the stoichiometric relationship between these elements in an environment can alter
the selection and filtering of leaf functional attributes linked to productivity, such as the
specific leaf area, concentration of chloroplast pigments and other photosynthetic
parameters (Bubier et al., 2011).

For plants to use N, it is necessary to fix it in ecosystems in a process that can occur
through abiotic, biological or anthropogenic mechanisms. Naturally, approximately 3 to
4% of the of atmospheric is performed by electrical discharges (lighting). However,
biological nitrogen fixation (whether through free-living fixatives or symbiotic
relationships) plays an essential role in this process. This fixation is catalyzed by the
enzyme nitrogenase, which reduces atmospheric nitrogen (N2) into ammonia (NHs). In
the presence of water, ammonia is rapidly converted into ammonium ions (NH4")
(Crawford et al., 1998; Thamdrup, 2012). It is important to note that nitrate (NOs") is not
a direct product of nitrogenase activity. Instead, nitrate is formed through the oxidation
of ammonium (NH4") in the soil. Plants can absorb both ammonium (NH4") and nitrate
(NOs"), but only after these forms are available in the soil. Once absorbed, nitrate is
assimilated into organic compounds within the plant (Crawford et al., 1998).

One form of anthropogenic nitrogen fixation is the Haber—Bosch process, which
consists of the synthesis of NH3 from hydrogen (Hz) and N3, increasing the number of
molecules to high temperatures and pressures (Humphreys et al., 2021). The NH3
produced in the Haber—Bosch process is present in nitrogen fertilizers widely used in
monocultures to ensure the high productivity of agricultural cultivars (James, 2016). On
the other hand, NH3 is a gas and it can easily disperse in air. The volatility of ammonia

allows it to move quickly into the atmosphere, where it can be deposited on soil and water
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surfaces in natural ecosystems (Behera et al., 2013; Lan et al., 2024), including Cerrado
remnants (see chapter 1).

The intensification of monocultures to meet the growing global food protein and
caloric demand, especially in response to population growth, has contributed to the
increase in soil nutrient levels, especially nitrogen, over time (Tilman et al., 2011). The
intensive use of nitrogen fertilizers can result in excessive increases in nutrients, causing
acidity and soil saturation, or can overload nutrients in rivers, lakes and oceans, creating
“dead zones” (Good and Beatty, 2011; Lai et al., 2018; Sutton et al., 2014). In addition to
anthropogenic supplementation, large-scale cultivation of legumes with the ability to fix
atmospheric nitrogen may increase soil nitrogen availability. However, N from biological
fixation in legume monocultures, combined with the application of nitrogen fertilizers,
may contribute to excessive nitrogen accumulation (Schmidt et al., 2021). At the end of
the 20th century, human nitrogen fixation exceeded natural nitrogen fixation, and in 2004,
global N deposition varied between 1 and 10 kg N ha ! per year. It is estimated that this
fixation may increase the amount of N deposited in natural areas fivefold by 2050,
reaching 50 kg N ha ! per year (Galloway et al., 2004).

The P is also an essential macronutrient for plants and is available in natural
environments, mainly through the weathering of phosphate rocks, which release
phosphate particles and ions into the soil solution. This element has lower mobility in the
soil than does N, and when phosphate fertilizers are supplemented in natural
environments, they tend to increase the concentration of P at the soil surface but may also
facilitate its loss through the surface runoff process (Messiga et al., 2013). In the
atmosphere, phosphorus has a natural origin, such as mineral dust, aerosol particles, and
ash from volcanoes and forest fires. On the other hand, anthropogenic sources can be
released from the burning of fossil fuels and agricultural activities, including phosphorus
supplementation and deforestation. This P can be transported over large distances in dust
particles (Diao et al., 2023), as shown by the flow between Africa and the Amazon, which
consequently can increase the productivity of native plants (Yu et al., 2015). Similarly, a
relatively high concentration of this element is expected in Cerrado fragments close to
monocultures that supplement this nutrient.

Plant physiology and, consequently, productivity are altered in plants subjected to
different concentrations of nutrients. In the case of P, changes in the production of

photosynthesis-related enzymes and pigments are expected, as observed with its
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application in monocultures of Zea mays (Verlinden et al., 2022). Excess P can have
several negative effects on plant physiology, such as decreased resistance to pathogens
(Campos-Soriano et al., 2020), increased biomass with dilution of P in plant tissues, the
accumulation of inorganic P in vacuoles altering nutrient allocation patterns and an
increase in the proportion of metabolically inactive tissues, which may impact the
efficiency of the use of other nutrients and plant health (Moeneclaey et al., 2022). On the
other hand, insufficient P content can lead to reduced photosynthetic rates, carbon fixation
and plant growth. This effect is attributed to the deficiency of P in the electron transport
chain and the reduction in ATP synthase activity in the chloroplast (Khan et al., 2023).
However, each species may respond differently in terms of photosynthesis and leaf
functional attributes to different levels of P availability and N+P combinations (Mo et al.,
2019).

Despite the evidence of changes in functional leaf traits, the most studies involving
P supplementation in the natural environment focus on changing the diversity and
abundance of species in response to the limitation of this element (Zemunik et al., 2015).
However, few studies have investigated how the physiology of plants native to the
Cerrado is affected by P supplementation and its combination with N, being important to
emphasize that the type of soil can filter functional characteristics that are linked to the
acquisition of nutrientsMost aspects of the geochemical cycle and its implications for
biodiversity are discussed (Kozovits et al., 2007; Jacobson et al. 2011; Bustamante et al.
2012). Considering the high species diversity of the Cerrado and that different species
may respond differently to increases in N and P, studies on this topic are still scarce, and
there is no robustness in how these nutrients influence the leaf physiology of shrub
species. in the Cerrado, including changes in productivity and photosynthetic processes.
As a study model, we used Bauhinia holophylla (Bongard) Steudel (Fabaceae), a species
with a wide distribution in the sample area. We sought to understand how B. holophylla
responds to N, P and N+P combined supplementation, evaluating mainly leaf functional
attributes linked to photosynthesis.

Few studies have investigated how the physiology of plants native to the Cerrado is
affected by phosphorus (P) supplementation and its interaction with nitrogen (N). This
gap is particularly relevant given that the type of soil can act as a filter for functional traits
related to nutrient acquisition, such as root morphology, phosphatase activity, and

mycorrhizal associations (Abrahdo et al., 2019). Understanding these interactions is
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crucial for predicting how Cerrado species respond to nutrient availability in different soil
contexts, especially in light of increasing anthropogenic nutrient inputs. Furthermore,
most aspects of the geochemical cycle and its implications for biodiversity, including
nutrient dynamics and their effects on plant communities, have been extensively
discussed in the literature (Kozovits et al., 2007; Jacobson et al., 2011; Bustamante et al.,
2012).

The high species diversity of the Cerrado and the potential for varied responses to
increases in nitrogen (N) and phosphorus (P) highlight the need for more comprehensive
studies on this topic. Currently, research on how these nutrients influence the leaf
physiology of shrub species, including changes in productivity and photosynthetic
processes, remains scarce and lacks robustness. This knowledge gap limits our
understanding of how nutrient enrichment affects Cerrado ecosystems, particularly in the
context of increasing anthropogenic inputs. To address this, we used Bauhinia holophylla
(Bongard) Steudel (Fabaceae), a widely distributed species in the study area, as a model.
Our aim was to evaluate how B. holophylla responds to N, P, and combined N+P
supplementation, with a focus on leaf functional attributes linked to photosynthesis. We
hypothesized that the supplementation of P and N should increase leaf functional
attributes such as specific leaf area, relative water content and also influence
photosynthetic parameters.

4.2  Materials and methods

4.2.1 Study area and sample design

The study was conducted in the Panga Ecological Reserve, MG, Brazil (Fig. 1). The
reserve has typical Cerrado phytophysiognomies, ranging from sparse cerrado, typical
cerrado, dense cerrado, dense cerrado woodland, evergreen forest, gallery forest and
vereda palm swamp (Gongalves et al., 2021). The present study was conducted in an area
of dense cerrado woodland. The local climate is tropical (Aw) according to the K&ppen
classification with two well-defined seasons: a rainy season in the summer, which occurs
from November to April, and a dry winter season, which occurs from May to October.
(Alvares et al., 2013). Twenty fixed plots of 100 m? (10 x 10 m) were established
completely randomized for application by free throw of fertilizers containing N and P, at
proportions of 45-00—-00 and 00—44—00, respectively, of the brand EQCOAT equilibria
fertilizers during the rainy season (January and February 2022 and 2023).
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Supplementation in the experimental area has occurred annually since 2007, and the N
dosages were defined according to the predictions proposed by Galloway et al. (2004) for
the year 2050. The P plots were implemented in 2017, and the P dosages were
proportional to those proposed by Crous et al. (2015). After 15 days of supplementation,
individuals randomly distributed into the five plots of each treatment, avoiding the edge
of each plot (up to 1 m from the edge), were sampled: the control group (no nutrient
application), supplementation with 1.111 kg of N per plot, supplementation with 1.136 kg
of P per plot, and N + P combined supplementation of 1.111 kg of N and 1.136 kg of P
per plot.

4.2.2 Specific leaf area and relative water content

A mature leaf of ten individuals from each treatment (control, N, P and N+P) was
collected, cooled and taken to the laboratory. The total leaf area was measured via
Image]® software. The leaves were weighed using a precision scale (Shimadzu, AUY,
Japan) to obtain the dry weight, placed in an oven (Novatecnica, NT513, Brazil) at 60°C
for three days and weighed again. The specific leaf area (SLA) was calculated as the
difference between the total area and the dry weight of each leaf (Witkowski and Lamont,
1991). To evaluate the water status of the leaves, the relative water content (RWC) was
determined in the morning from two fragments per 0.4 cm? area of leaf (n = 10 individuals
per treatment). The RWC was calculated via the following equation: RWC = [(FM-
DM)/(TM-DM)] *100, where FM is the fresh mass, TM is the turgid mass after hydration
for 24 hours, and DM corresponds to the dry mass after drying the material in an oven at

60°C until it reaches a constant weight (Bars and Watherly, 1962).

4.2.3 Evaluation of photosynthetic performance

The investment in photosynthetic pigments was evaluated in ten leaves of ten
individuals in two leaf fragments of approximately 0.4 cm? in area. The samples were
immersed in 10 ml of dimethyl sulfoxide (PA) for 72 h, and the extracts were taken at

wavelengths of 480, 649 and 665 nm in a spectrophotometer (Biospec, Brazil). The

58



contents of chlorophyll @ and b and carotenoids were calculated according to the formulas
proposed by Wellburn (1994).

To evaluate the photochemical efficiency, one leaf from every six individuals in each
treatment (control, N, P and N+P) was dark-adapted for 30 min. Chlorophyll a
fluorescence was assessed between 8:00 am and 10:00 am using a Handy FluorCam
imaging fluorometer (version 2.0, Photon Systems Instruments/PSI, Czech Republic).
The Kautsky effect was determined from the images obtained according to the quenching
protocol (Fluorcam7® software). Twenty 50-mm fields of view were considered,
extracting data from the maximum quantum yield of PSII after light adaptation (QYmax)
(Oxborough, 2004), potential quantum yield of PSII (F./Fm) (Genty et al., 1989),
nonphotochemical quenching during light adaptation (NPQ) (Horton & Ruban, 1992),
and the fluorescence decay ratio (Rf) as an empirical parameter to assess plant vitality

(Lichtenthaler and Miehé¢, 1997).

4.2.4 Relative distances plasticity index (RDPI)

The RDPI was used to quantify the variation in physiological parameters between
treatments (Valladares et al., 2006) of six individuals of B. holophylla under four different
nutrient treatments (control, N, P and N+P). The RDPI is a measure that varies between
0 (no variation) and 1 (maximum variation) and was calculated on the basis of a matrix
Xij, where 1 (rows) are the individuals analyzed, and j (columns) refers to the treatments
for each parameter. The IDR values were calculated considering IDR = X (dij — 1''/(xij
+xj']"))/n, where j—j' represents the number of treatments and i—1' represents the number
of treatments. individuals, with the total number of distances being the x characteristic to
be analyzed. The parameters used to obtain the RPI were QY max, Fv/Fm, NPQ, R4, SLA,
RWC, total chlorophyll (a+b), chlorophyll a/b, and total chlorophyll/carotenoids.

4.3  Statistical analysis

Generalized linear models (GLMs) were used considering the treatments (control, N,
P and N+P) as predictive variables and the following parameters as response variables:
QYmax, Fv/Fm, NPQ, Rw, SLA, CRA, total chlorophyll (a+b), the ratio between
chlorophyll @ and b (a/b) and the ratio between total chlorophyll and carotenoids
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(chl/carof) and multiple comparisons of IDR. The overdispersion of the data was
subsequently checked, and when necessary, the quasi-Poisson family of distributions was

used. The data and graphs were analyzed and generated via GrapPrism 8.0.2 software

(country).

4.4 Results

4.4.1 Physiological parameters associated with productivity

The leaf area of B. holophylla was similar among the treatments N, P and N+P
supplementation (Fig. 2). On the other hand, the specific leaf area in the N+P treatment
was greater than that in the control (p<0.01) (Fig. 2B). In terms of the relative water
content, the N+P treatment resulted in greater values than did the control (p<0.01) and
the P supplementation treatment (p=0.04) (Fig. 2C). On the other hand, the parameters
that compare the investment in chloroplast pigments, such as total chlorophyll (a + b), the
ratio between chlorophyll a and b (a/b), and the ratio between total chlorophyll and
carotenoids (chl/carot), were not different between the treatments.

The analysis of the parameters linked to chlorophyll a fluorescence in PSII revealed
that the PSII maximum quantum yield values after light adaptation (QYmax) were greater
in the treatment with P supplementation (p<0.05) (Fig. 3A). Nonphotochemical
quenching during light adaptation (NPQ) was lower in the P treatment than in the control
and supplementation with N only (p = 0.03) (Fig. 3B). The potential quantum yield of
PSII (Fv/Fm) did not differ among the treatments (Fig. 3C), whereas the fluorescence
decay ratio (Rf1) was lower in the treatment with P supplementation than in the control
(p<0.01).

4.4.2 Relative distances plasticity index (RDPI)

The RDPI results are presented in Table 1. A comparison of the chlorophyll a
fluorescence data revealed that the greatest distances were observed between the control
and P supplementation groups, and for N and P (for Fv/Fm, NPQ and Ryy) and between P
and N+P supplementation groups (QY max and Fy/Fn). With respect to the parameters that
compare leaf structure, the highest RDPI values for SLA were between the control and
N+P supplementation groups, whereas for RWC, the greatest distances were observed
between P and N+P supplementation groups. Finally, considering the content of

chloroplast pigments, the highest RDPI values for Chl a/b were between the control and
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the different supplementations (control and N; control and P; control and N+P) compared
to the distances obtained for P and N+P. In contrast, the greatest relative distance for the
Chl/carot ratio was found when the distance between W and N+P was compared with the
distances between the control and the different supplementations (control and N; control

and P; control and N+P) and between N supplementation and P.

4.5 Discussion

The results obtained for B. holophylla show that this species responds differently
from a physiological point of view to N, P and N+P supplementation. These results show
possible changes over time in response to predictions that indicate an increase in these
nutrients in the environment due to anthropic actions (Bobbink et al., 2010; Dentener et
al., 2006; Galloway et al., 2004; Giisewell, 2004); Zemunik et al., 2015). In general, the
results of the present study indicate that P or N+P supplementation have the greatest
effects on the functional attributes of B. holophylla. These results corroborate studies that
show the importance of an adequate N/P balance for the regulation of plant physiological
processes. The availability of P influences the ability of a plant to use N; promote growth
and leaf development; regulate stomatal opening and closing; act in the formation of
chloroplasts; increase the production of carbohydrates; and act in the regulation of several
enzymes (Khan et al. al., 2023; Lambers, 2022; Malhotra et al., 2018). However, high P
concentrations can be toxic to native plants (Lambers, 2022). In addition, considering the
changes in ecosystems, the addition of combined fertilizers has a relatively small impact
on natural environments. When nutrients are supplied separately, there is a greater loss of
N with the addition of N and greater loss of P with the addition of P than with the
combined N+P supplementation. This fact indicates that if N supplementation is
performed separately, there may be N losses through leaching and gas emissions, causing
other environmental impacts (Jacobson et al., 2011).

The results of the chlorophyll a fluorescence parameter, indicate that P
supplementation has a positive effect on the photochemical efficiency of plants,
particularly on the increase in the quantum yield after light adaptation (QYmax), the
reduction in energy dissipation in the form of heat (nonphotochemical quenching - NPQ)
and the rate of decrease in fluorescence (Rfg). The improvement in PSII efficiency
indicates a greater photosynthetic capacity of these plants (Terada et al., 2020); therefore,
the results suggest that P supplementation improves PSII efficiency after light adaptation,
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which reverberates to a better capacity. Naturally, higher photochemical efficiency may
lead to a reduction in NPQ, since this parameter indicates a lower dissipation of excess
light energy by plants (Jin et al., 2023; Lichtenthaler et al., 2005). NPQ helps in the
regulation of photosynthesis and protection against damage caused by excessive light,
contributing to photosynthetic efficiency (Zhang et al., 2021). In contrast to what was
expected, the values of the fluorescence decay ratio (Rsg) were lower in the treatment with
P supplementation. The Ry is an empirical parameter used to evaluate plant vitality and
indicates the efficiency of the use of available light energy (Lichtenthaler & Mieh¢ 1997;
Lichtenthaler et al., 2005). High values of R4 indicate high photosynthetic efficiency and
plant health, whereas low values may suggest limitations in the ability to use light energy
or greater energy dissipation in nonphotochemical forms. Stressed plants exhibit a slower
reduction in plastoquinones (Fp), which is reflected in the reduction in the Ry values
(Lichtenthaler & Miehé 1997). For example, plants that are subjected to stress, such as
drought, may have low values of this parameter (Jin et al., 2023). Therefore, the results
suggest that despite the improvement in PSII efficiency shown by the QY max values in the
treatment with P, B. holophylla has an indication of stress. In general, NPQ and R were
the photosynthetic parameters that presented the greatest variation (higher values of
RDPI), indicating the sensitivity of the photochemical parameters to variations in P
supplementation.

In more infertile soils, greater species diversity and functional diversity are expected
to survive under these conditions (Lambers et al., 2011; Zemunik et al., 2015). The
Cerrado soil 1s considered dystrophic (Klink and Machado, 2005) with low natural N
(Coser et al., 2016) and P availability. Deficiencies in the availability of organic P can be
greater than 60% under natural conditions, and industrial P; supplementation only
increases the levels of inorganic P (Neufeldt et al., 2000). This factor is important for
cultivated plants because of the need for faster P uptake for rapid growth (George et al.,
2018). On the other hand, the conversion of the Cerrado into monocultures further
decreases the chemical fertility of the soil, requiring the application of greater amounts
of industrial fertilizers to maintain monocultures over time (Dias et al., 2019).

In experiments in the Cerrado, the addition of separate or combined N and P
fertilizers showed that the physiological response of herbs and shrubs varies among
species. For example, the addition of N may favored the production of the native grass

Echinoleana inflexa, whereas the exotic grass Melinis minutiflora was favored by the
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addition of P, either alone or in combination with N. These results suggest that the increase
in nutrients may affect competitiveness between native and exotic species, resulting in
negative impacts on the diversity of native species over time (Bustamante et al., 2012).
In this context, as the studied species is a legume and with the dosages provided, it does
not respond to an increase in photosynthetic pigments; it may be that other species of
herbaceous and shrub plants respond faster to the increase in nitrogen and phosphorus
predicted in the future and consequently affect the abundance of species in the study area.
In addition, the study area is undergoing a process of forestry densification, which may
modify the structure of the community, reducing the number of Cerrado areas (Goncalves

et al., 2021).

4.6 Conclusion

This study demonstrates that Bauhinia holophylla exhibits distinct physiological
responses to nitrogen (N), phosphorus (P), and their combined supplementation (N+P),
reflecting the species' plasticity in environments with varying nutrient availability. The
combined N+P supplementation promoted higher specific leaf area (SLA) and relative
water content (RWC), indicating an adaptive capacity for rapid growth and water
retention under conditions of increased nutrient availability. However, the absence of
differences in the maximum quantum yield of PSII (QYmax) among the treatments
suggests that the maximum potential for energy capture by PSII is not affected by N and
P supplementation at the provided concentrations. The analysis of the Relative Distance
Plasticity Index (RDPI) revealed that B. holophylla has a high capacity for phenotypic
adjustment in response to variations in N and P availability. This plasticity may be crucial
for the species' survival in a scenario of environmental changes, such as increased nutrient
availability due to anthropogenic activities. However, the reduction in the fluorescence
decline ratio (Rfd) and non-photochemical quenching (NPQ) under P supplementation
suggests possible signs of stress, despite the improvement in photochemical efficiency.
These results highlight the importance of considering the effects of nutrient
supplementation on the physiology of native Cerrado plants, especially in a context of
increased nutrient availability in the environment due to intensive agriculture. The ability
of B. holophylla to adjust phenotypically may confer competitive advantages in altered

environments, but it also underscores the need for future studies to understand how these
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responses affect the dynamics of plant communities and the long-term biodiversity of the

Cerrado.
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Tables and figures

Table 1. Results of the relative distances plasticity index (RDPI) comparing various

physiological parameters of Bauhinia holophylla leaves found in 20 plots of 100 m?

established in a Cerrado area (dense cerrado woodland), with 5 plots assigned to each of

the control treatments, N supplementation, P supplementation and N+P combined

supplementation.

Controle e N Controle e P Controle e N+P

NeP Ne N+P

P e N+P

SLA 0.106+0.08b 0.109+0.08ab 0.142+0.08 a
RWC 0.157+0.12b 0.186+0.14b 0.255+0.14 ab

0.053+0.04c 0.082+0.04 bc
0.173+0.15b 0.192+0.11b

Chl a+b 0.101 £0.08 abc 0.054+0.03 bc 0.078 + 0.05 abc 0.091 + 0.08 abc 0.11 +£0.10 ab

Chla/h  0.11+007a 0.09+0.06a 0.098+0.06a
Chl/carot  0.048+0.03b 0.063+0.05b 0.078+£0.014b
FJ/F,  0.028+0.01b 0.051+0.03a 0.029+0.02b
QY. 0.063+£043bc 0.125+0.07a 0.095+0.07 ab
NPQ  0.169+0.11b 0330+£0264a 0.203+0.14b
Ry 0.184£0.12b  0.379+0.257a 0.237+0.17 ab

0.073 £0.05 ab 0.063 +0.04 ab
0.05+0.03b 0.091 +0.05 ab
0.044 £0.03 ab 0.021 £0.013 be
0.112+£0.07a 0.084 +0.07 ab
0.295+0.24a 0.164+0.11b
0.335+0.24a 0.231+£0.14ab

0.084 £ 0.05 be
0.347+0.28a
0.07 = 0.05 be
0.042+0.03b
0.13+0.09a
0.049+0.03 a
0.127+0.11a
0.187+0.16 b
0.211+0.01 ab
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Figure 1: Location of the experimental area (Estacdo Ecologica do Panga, MG, Brazil)
and experimental design. Twenty plots of 100 m? were established in a Cerrado area
(dense cerrado woodland), with 5 plots assigned to each treatment (control, N, P and N+P

combined supplementations). Source: Qqgis, DATUM SIGAS 2000 and photo by the

Mavic 2 Pro drone.
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Figure 2: Leaf area, specific leaf area, and relative content of water and chloroplast
pigments in the leaves of Bauhinia holophylla found in 20 plots of 100 m? established in
a Cerrado area (dense cerrado woodland), with 5 plots assigned to each of the treatment
groups: the control, N supplementation, P supplementation and N+P combined
supplementation groups. Legends: (A) AF - total leaf area, (B) SLA - specific leaf area,
(C) RWC - relative water content, (D) Chl a+b - total chlorophyll (a+5), (E) Chl a/b -
chlorophyll @ and b ratio (a/b), (F) Chl / carot - total chlorophyll and carotenoids ratio
(Chl/carot).
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Figure 3: Parameters derived from the chlorophyll a fluorescence analysis of Bauhinia
holophylla leaves found in 20 plots of 100 m? established in a Cerrado area (dense cerrado
woodland), with 5 plots assigned to each of the control, N supplementation, P
supplementation and combined N+P supplementation. Legends: gray (control), blue (N
supplementation), pink (P supplementation) and purple (N+P combined
supplementation). (A) Quantum yield of PSII after light adaptation (QYmax), (B)
nonphotochemical quenching (NPQ), (C) maximum quantum yield of PSII (Fy/Fn) and

(D) ratio of decreased fluorescence (R).
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5. Capitulo 3
Como Handroanthus impetiginosus (Mart. ex DC.) responde a suplementagio por

NeP?

Resumo

Compreender como espécies de plantas nativas respondem a variagdes na disponibilidade
de nutrientes minerais essenciais ¢ contribui para um melhor manejo e conservagao de
ecossistemas como o Cerrado. Esse bioma tem sido intensamente transformado em areas
agricolas que utilizam elevadas quantidades de nitrogénio (N) e fosforo (P) em busca de
uma alta produtividade, o que afeta diretamente nas plantas nativas em areas adjacentes
as monoculturas. No caso de Handroanthus impetiginosus, a resposta fisiologica a
suplementagdo de N e P ainda é pouco explorada, principalmente em relagdo a
suplementagdo combinada desses nutrientes. Neste estudo, foram avaliados os efeitos de
diferentes concentragdes de N e P, isoladamente e em combinagao, sobre os parametros
fisiologicos de H. ipetiginosus, como darea foliar especifica (SLA), pigmentos
fotossintéticos, fluorescéncia da clorofila, assimilagao de CO» e condutancia estomatica.
Os resultados mostram que a suplementacdo isolada de N ou P promoveu maior
crescimento € um aumento na area foliar, enquanto a combina¢do de N+P levou ao
aumento da SLA, sugerindo uma maior eficiéncia no uso da area foliar para captagdo de
luz. No entanto, essa suplementagao combinada em alto teor ndo resultou diferencas no
tamanho das plantas e na fluorescéncia da clorofila e acarretou em uma diminui¢do na
eficiéncia fotossintética e na condutancia estomatica, sugerindo um efeito de toxicidade
na quantidade dos nutrientes fornecidos. Esses resultados mostram que, embora a
suplementagdo de N e P seja benéfica em baixo teor, doses elevadas poderiam

comprometer a saude fisiologica de H. impetinosus.

Palavras-chave: Cerrado, fisiologia de plantas nativas, nutri¢cdo de plantas.
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Abstract

Understanding how native plant species respond to variations in the availability of
essential mineral nutrients contributes to better management and conservation of
ecosystems such as the Cerrado. This biome has been intensely transformed into
agricultural areas that use high amounts of nitrogen (N) and phosphorus (P) in pursuit of
high productivity, which directly affects native plants in areas adjacent to monocultures.
In the case of Handroanthus impetiginosus, the physiological response to N and P
supplementation is still poorly explored, especially regarding the combined
supplementation of these nutrients. In this study, the effects of different concentrations of
N and P, both individually and in combination, were evaluated on the physiological
parameters of H. impetiginosus, such as specific leaf area (SLA), photosynthetic
pigments, chlorophyll fluorescence, CO2 assimilation, and stomatal conductance. The
results show that isolated supplementation of N or P promoted greater growth and an
increase in leaf area, while the combination of N+P led to an increase in SLA, suggesting
greater efficiency in the use of leaf area for light capture. However, this combined
supplementation at high levels did not result in differences in plant size and chlorophyll
fluorescence and led to a decrease in photosynthetic efficiency and stomatal conductance,
suggesting a toxicity effect due to the amount of nutrients supplied. These results indicate
that, although N and P supplementation is beneficial at low levels, high doses could

compromise the physiological health of H. impetiginosus.

Keywords: Cerrado, native plant physiology, plant nutrition.
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5.1 Introducio

Tentativas de compreender como as espécies de plantas nativas respondem
fisiologicamente as variagdes na disponibilidade de nutrientes tém sido o foco de diversos
estudos (Cordeiro et al., 2024; Faria et al., 2015; Mota et al., 2023). Essas alteracoes
influenciam caracteristicas morfologicas, anatdmicas e metabdlicas de plantas
impactando diretamente ecossistemas naturais, uma vez que selecionam espécies ao
longo do tempo e modificam a diversidade de locais especificos (Hetherington and
Woodward, 2003; Tatarko and Knops, 2018; Zemunik et al., 2015). Na principal savana
neotropical da América do Sul, a que chamamos de Cerrado, tem sido observado um
rapido processo de conversio em monoculturas que requerem suplementagdo com
fertilizantes industriais, especialmente de nitrogénio (N) e fosforo (P), para manter a alta
produtividade de plantas cultivadas (Boschiero et al., 2020; Conant et al., 2012; Messiga
et al,, 2013). Esse processo expde principalmente plantas nativas nos fragmentos
remanescentes adjacentes as areas de monoculturas a diferentes entradas de N (ver
capitulo 1) (Pocewicz et al., 2007).

Plantas nativas que recebem diferentes aportes de nutrientes minerais,
especialmente de N e P, podem responder de forma varidvel alterando seus pardmetros
fisiologicos. Muitos destes parametros sdo frequentemente utilizados como indicadores
de crescimento e saude vegetal, como a area foliar especifica e parametros relacionados
a fluorescéncia da clorofila a (Diaz et al., 1998; Jin et al., 2023; Somavilla et al., 2014)
(ver capitulo 2). Apesar das plantas em geral necessitarem de uma alta demanda de N e
P, algumas espécies sdo mais sensiveis, portanto, menos tolerantes a variagdes desses
nutrientes (Kayoumu et al., 2023). Entre as espécies consideradas chave para conservacao
do Cerrado, o género Handroantus apresenta espécies que sdo de interesse comercial,
com finalidades farmacologicas, para a producdo de madeira (Macédo et al., 2022),
paisagismo e arborizagdo urbana (Martins et al., 2018). Além disso, as espécies de ipés
tém a capacidade de se desenvolver em diversas condigdes nutricionais, o que as torna
adequadas para projetos de recuperacdo ambiental (Scarpa et al., 2022).

Handroantus impetiginosus (ipé-roxo) ¢ uma arvore que pode chegar de oito a 30
metros de altura com 60 a 100 cm de didmetro do caule. A espécie pode ser encontrada
na India, Tailandia, Australia e é amplamente distribuida no México, América Central,
Guiana Francesa, Bolivia, Chile, Argentina, Paraguai. No Brasil ¢ bem representativa no

Norte, Nordeste, Centro-Oeste ¢ Sudeste (iNaturalist, 2024). Pode ser utilizada em
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projetos paisagisticos, urbano e rural (Camillo and Salomao, 2018) ¢ no uso medicinal
(Ryan et al., 2021). Portanto, pesquisas relacionadas ao melhor desenvolvimento dessas
espécies tornam-se relevantes. Embora estudos mostrem alteragdes no tamanho das
plantas e nos processos fotossintéticos com adicdo de N, até o momento ndo foram
encontras pesquisas que explorem de forma abrangente a suplementacao isolada com
diferentes concentragdes de N e P, ¢ com a combinagdo desses elementos para H.
impetinosus. Neste contexto, o objetivo deste trabalho foi analisar quais pardmetros
fisiologicos de H. ipetiginosus ligados a produtividade sdo influenciados pela maior
disponibilidade de N, P e pela combinagao destes dois elementos. Neste contexto, espera-
se que a adi¢do de N, P e principalmente destes dois elementos em conjunto aumente o
tamanho das plantas, area foliar especifica, contetido relativo de agua, o teor de clorofilas,

a eficiéncia fotossintética (fotoquimica e assimilagao de CO») e a condutancia estomatica.

5.2 Material e métodos

Foram utilizadas 48 plantulas de Handroanthus impetiginosus (Mart. ex DC.)
fornecidas pela Secretaria Municipal de Cataldo-GO. O experimento foi realizado em
uma casa de vegetagdo, onde as plantas foram transplantadas para potes com tamanho
com capacidade de 1,7 L. As plantas foram aclimatadas durante 60 dias e regadas de dois
em dois dias de forma uniforme em cada pote. Posteriormente, utilizando o nitrogénio em
forma de ureia granulada protegida 46-00-00 (Agroadubo, Brasil) e fosforo encapsulado
00-44-00 (EQCOAT equilibrio fertilizantes, Brasil). As plantas foram submetidas a
suplementagdo de acordo com o indicado com a quantidade fornecida pelo fabricante para
producao de cultivares, e foram adaptadas de uma forma proporcional para os potes. Os
tratamentos forma divididos em (n=7 plantas para cada tratamento): (tratamento 1)
suplementagdo baixa de nitrogénio (cada pote recebeu 1,22 g de N); (tratamento 2)
suplementagdo com alta concentragdo de nitrogénio (cada pote recebeu 2,44 g de N);
(tratamento 3) suplementacdo com baixo fosforo (cada pote recebeu 1,25 g de P);
(tratamento 4) suplementacgao de alto fésforo (cada pote recebeu 2,50 g de P); (tratamento
5) suplementa¢do combinada de N+P com as dosagens baixas (1,22 gde N e 1,25 g de P)
(tratamento 6) suplementa¢do combinada de alto N+P (2,44 g de N e 2,50 g de P), e

controle, onde nao foi realizada nenhum tipo de suplementacao.
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5.2.1 Tamanho das plantas, area foliar e area foliar especifica

O tamanho das plantas foi tomado antes da suplementagdo pelos nutrientes e apos
30 e 60 dias. No final do experimento foi mensurada a area total foliar, e a area foliar
especifica. A 4area foliar total foi obtida utilizando-se o programa Imagel
(http://rsb.info.nih.gov/ij). A area foliar especifica foi obtida considerando-se a razao

entre a area de um disco de 0,4 cm? (A) sua massa seca (MS) (AFE = A/MS). A MS foi

obtida colocando-se os fragmentos em estufa até atingirem peso constante.

5.2.2 Conteudo dos pigmentos cloroplastidicos

Dois fragmentos de 0,4 cm? de cada individuo foram submersos em 10 ml de
dimetilsulfoxido PA por 72h. Os extratos foram realocados em microplacas de ELISA e
lidos em um leitor de placas utilizando o Software SKanlt™ (versdo 6.1.2020, Thermo
Scientific). Foram realizadas as leituras nos comprimentos de onda de 480, 649 e 665 nm.
O conteudo de clorofilas a, b e carotenoides foram calculados de acordo com as formulas

propostas por Wellburn (1994).

5.2.3 Fluorescéncia da clorofila a

A taxas de transporte de elétrons (ETR) foi mensurada em uma folha de seis
individuos em cada tratamento entre 8:00 e 18:00, de 2 em duas horas, utilizando-se um
fluorobmetro modulado (MINI-PAM, Walz). As curvas de luz foram obtidas apos
adaptacdo ao escuro por 30 minutos. O valor do exponencial platé foi utilizado para
calcular os seguintes pontos cardinais: taxa maxima de transporte de elétrons (ETRmax.),
a metade da taxa mdaxima de transporte de elétrons (2 ETRmax), a radiagdo
fotossinteticamente ativa na taxa maxima de transporte de elétrons (PAR ETRmax), a
radiacdo fotossinteticamente ativa na metade da taxa méxima de transporte de elétrons
(PAR Y2 ETRmax) € a radiacao fotossinteticamente ativa de saturacao (PAR sat) (Rascher
et al., 2000).

5.2.4 Assimilacao de CO:2 e condutincia estomatica

Em cada individuo em cada tratamento foram avaliadas as trocas gasosas,
considerando-se a condutancia estomatica, a taxa de transpiracao e a assimilagao de CO».
As medidas foram tomadas em intervalos de duas horas entre 8:00 e 18:00, utilizando-se

o analisador de gases por infravermelho (Infrared Gas Analyzer) (IRGA, LI6400XT LI-
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COR, EUA) (Capelin et al., 2017). As leituras foram tomadas apds estabilizagao do
equipamento considerando-se como referéncia o ar coletado por uma antena movel
posicionada em area aberta (concentragao de CO: de aproximadamente ~400 pmol mol
1. Foi utilizada uma fonte de luz do LI-COR anexado a cdmara de medigdo, com os
valores de densidade de fluxo de fotons fotossintéticos (PPFD) de 1.200, 2.000 e 1.200

1

umol m 2 s ', a camara foliar foi operada com umidade fixa, temperatura de 26°C,

pressido de vapor de 1,11 kPa e fluxo interno de ar de 300 umol s

5.3 Analises dos dados

Inicialmente, foi verificado se os dados apresentam superdispersdo e
independéncias dos erros, utilizando a transformagao quasi-poisson quando necessario.
Para avaliar o efeito da suplementagdo de N, P e N+P sobre os parametros fisioldgicos

obtidos foi gerado um Modelo Linear Generalizado (GLM) através do pacote emmeans

no software R.studio 4.3.1 (Lenth 2024).

5.4 Resultados

5.4.1 Tamanho das plantas, area foliar e area foliar especifica

Ap6s 60 dias de suplementacdo, as plantas nos tratamentos alto N e baixo P foram
maiores em comparacdo com o tamanho inicial (T=4.418, p<0.01 e T=-3.059, p=0.01,
respectivamente) (Fig. 1). Os individuos submetidos as suplementagdes com baixo e alto
N apresentaram maior area foliar em relagdo ao grupo controle (T=3.183, p=0.02 e
t=6.437, p<0.01, respectivamente) (Fig. 2), sendo os maiores valores encontrados para o
alto N. As plantas do tratamento N+P em alta suplementacdo apresentaram maiores

valores de SLA do que o grupo controle (T=-3.25, p=0.04) (Fig. 3A).

5.4.2 Pigmentos fotossintéticos

O conteudo de clorofilas totais (a+b) apresentou maiores valores nos tratamentos
com alta suplementagio de N (77.5 + 13.06 pg cm™) e alta suplementagio de P (70,5 +
6,23 ug cm?) em relacdo ao grupo controle (40.6 + 6.69 ug cm?) (p<0.01 e T=2.74,
p<0.01 T=2.94, respectivamente) (Fig. 3B). A razdo entre o conteido de clorofilas a e b
(a/b) apresentou maiores valores de baixa suplementagdo por N e baixo N+P em relacio

ao grupo controle (T=3.132, p<0.01 e T=2.195, p<0.01, respectivamente) (Fig. 3C). A
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razao entre clorofilas totais e os carotenoides nao apresentou diferencas significativas

entre os tratamentos (Fig. 3D).

5.4.3 Fluorescéncia da clorofila a

Avaliando-se os dados obtidos a partir da curva de luz para o ETR, os valores de
ETRmax, ¢ ¥2 ETRmax foram maiores nos tratamentos com alta suplementagao de P e baixo
N com relagdo ao tratamento com baixa suplementagao de P (p<0.01 e T=4.124, p<0.01
e T=3.98, respectivamente). Os maiores valores para 0 PAR (PAR ETRmax, PAR 2
ETRmax € PARsa) foram encontrados para os tratamentos com alta suplementagdo de P
(p<0.01 e T=4.336), baixa suplementagdo de N (p<0.01 e T=4.419) e baixa
suplementagao de N+P (p<0.01 e T=3.255) com relacao a baixa suplementagao de fosforo

PAR ETRmax, ao PAR 2 ETRmax e ao PARsat, respectivamente (Tabela 1).

5.4.4 Assimilacdo de CO:2 e condutincia estomatica

A assimilacao de CO; foi maior nas plantas submetidas ao tratamento com baixa
suplementacdo de N+P combinados (7.66 + 0.521 umol CO, m? s') e com baixa
suplementacdo por P (7.12 £ 0.475 pmol CO, m™s™") com relacdo ao tratamento com alta
suplementagio de N+P combinados (4.03 + 0.521 umol CO>m™?s™) (p<0.01 e T=-4.937;
p<0.01 e T=-4.394 e p=0.01 e T=3.687) (Fig. 4A). A condutancia estomatica apresentou
maiores valores na suplementacdo de baixo N (0.93 + 0.01 mol?s™), baixo P (0.094 +
0.009 mol?s1) e baixo N+P (0.971 £ 0.01 mol?s™") em relagdo a suplementagio de alto
N+P (p>0.01 e T=-4.043, p<0.01 e T=-4.241, p<0.01 e T=-4.025, respectivamente) (Fig.
4 B).

5.5 Discussiao

Os resultados desse estudo indicam que a suplementagdo de N e P, tanto dos
nutrientes isolados quanto combinados, gera melhorias em atributos fisiologicos de uma
forma distinta em H. impetiginosus, influenciando no crescimento da planta, na eficiéncia
fotoquimica e na assimilagdo do carbono via fotossintese. Apos 60 dias da suplementacao,
as plantas submetidas aos tratamentos com alto N apresentaram maior tamanho e maior
quantidade de clorofila total. No tratamento baixo N apresentaram maior area foliar total
e maiores valores da relacao entre clorofila a/b. Estes resultados corroboram com estudos

que mostram uma correlacdo positiva entre o aumento da disponibilidade do N com a
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sintese de pigmentos fotossintéticos que maximizam a captacao de luz e promovem o
aumento das taxas fotossintéticas e consequentemente de biomassa (Berghetti et al., 2021;
Bubier et al., 2011; Santos et al., 2020).

As plantas submetidas ao tratamento com suplementagdo de altas concentragdes
de P apresentaram maiores valores de clorofila total (a+b) e o tratamento com baixo
fosforo também apresentou maior tamanho em relagdo ao tempo inicial. Tais resultados
também corroboram com pesquisas que mostraram a importdncia do P para o
crescimento, pois este elemento esta relacionado com a formacao de nucleotideos e acidos
nucleicos (fundamentais para divisdo celular), (Moeneclaey et al., 2022) e a produgdo de
proteinas e fosfolipidios (Raghothama and Karthikeyan, 2005), além de ser crucial para
a maioria das enzimas e no transporte de energia, na produgdo de carboidratos, respiragdo
e na fotossintese (Jin et al., 2015). Porém, a resposta da biomassa ao aumento do P pode
variar entre as diferentes espécies de plantas, dependendo de suas caracteristicas de
crescimento e estratégias de uso de nutrientes. Espécies de crescimento rapido
(aquisitivas) tendem a responder mais positivamente ao aumento de P, enquanto espécies
mais (conservativas (Edwards et al., 2014; Wigley et al., 2016) podem nao responder tdo
rapidamente na biomassa ao aumento deste nutriente (Moeneclaey et al., 2022). Além
disso, a assimilacdo de CO: pode ser mantida em solos com baixa disponibilidade de P
em algumas espécies (Mo et al., 2019) e também a adicao de P pode ser prejudicial para
plantas adaptadas a baixa disponibilidade de P (Lambers et al., 2008). Em nosso estudo
foi observado uma maior eficiéncia fotoquimica para as altas concentragdes de N e P
1solados. A combinagdo sobre baixas concentragdes aumentou a inclinagdo da reta, de
forma que estas plantas alcangam o ETRmax primeiro, mas ndo alterou a eficiéncia
fotossintética. O aumento da eficiéncia fotoquimica nos tratamentos com altas
concentragdes de N e P isoladamente coincide com o maior contetido de clorofilas a e b
(principalmente clorofila @, como pode ser observado pela relagdao clorofila a/b). O
tratamento baixo N+P também apresentou maior diferenca entre clorofila total (a/b).

De uma forma geral, altas concentragdo de N e P sdo associadas a uma reducao
de massa foliar especifica, atributo funcional inversamente proporcional & SLA (Hulshof
et al 2013; Westoby and Wright, 2006). Em um estudo que adicionaram solugdes de
Hoagland em rejeitos de mineradora contendo N e P, mostraram que a alta disponibilidade
de N e P elevou a massa seca ¢ assimilacio de CO taxa de fotossintese em H.

impetiginosus (Scarpa et al., 2022). Em outras espécies do mesmo género, mostraram que
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a suplementagao com N aumenta o tamanho de H. serratifolius (Vahl) S. Grose (Goulart
et al., 2017), o diametro do caule, a concentragdo de nitrogénio nas folhas e a eficiéncia
fotossintética em Handroanthus heptaphyllus (Vell.) Mattos (Berghetti et al., 2021). Em
nosso estudo, as plantas com suplementacdo por altas concentragdes de N+P
apresentaram maior area foliar especifica, o que indicaria maior investimento em area por
massa seca (Rossatto and Kolb, 2013). Entretanto, ndo houve alteragdo na area foliar total,
indicando que as alteragdes nos valores de SLA sdo decorrentes da baixa assimilagdo de
CO: e condutancia estomatica.

Em espécies cultivadas, por exemplo o milho, a combinagdo de N+P favorece a
eficiéncia fotossintética (Tofa et al., 2022), o que pode aumentar seu potencial
competitivo. Em areas de Cerrado, tudo indica que o efeito da adicao de N+P pode alterar
atributos funcionais fisioldgicos das plantas nativas, uma vez ja mostrou alterar a
densidade, dominancia, riqueza ¢ padrdes de diversidade das espécies em comparagao
com a adicdo isolada de N ou P (Jacobson et al., 2011). Esta alteragdo na comunidade
local pode levar a perda de diversidade no Cerrado (Bustamante et al., 2012;Kozovits et
al., 2007). Nessa pesquisa, os resultados evidenciam que, apesar do N e P isolados
mostrarem relacdes positivas nos atributos funcionais, crescimento e fotossintese, a
suplementagdo por altas concentracdes de N e P combinados € prejudicial para H.
impetiginosus por influenciar negativamente sua condutancia estomdtica e taxa
fotossintética. Em outro contexto, apesar de uma suplementac¢ao adequada poder otimizar
o crescimento de mudas de H. impetiginosus (Cunha et al., 2022), estudos recentes
mostram que esta espécie também cresce de forma eficiente com a suplementacdo de
biofertilizantes em conjunto com NPK industrial, demonstrando que a aplicacdo dos

fertilizantes industriais em alta quantidade ¢ desnecessario (Oliveira et al., 2023).

5.6 Conclusao

Os resultados evidenciam que H. ipetiginosus responde positivamente a
suplementagdo isolada de nitrogénio e fosforo, promovendo aumento da area foliar e
eficiéncia na captagdo de luz, especialmente quando o nitrogénio ¢ fornecido em
quantidades mais baixas. No entanto, a suplementacdo combinada de N e P, em
concentragdes elevadas, ndo resultou em maior crescimento das plantas, com uma
redugdo na taxa fotossintética e condutancia estomatica. Esses resultados sugerem que,

apesar dos nutrientes serem essenciais para o crescimento e desenvolvimento das plantas,

83



o excesso de N e P suplementados simultaneamente, pode ter efeitos negativos, em alguns
atributos funcionais foliares. Portando no caso de suplementacdo com o intuito de
aumentar a produtividade de H. impetiginosus para utilizagdo de urbanizacao paisagistica
ou em recuperacao ambiental € necessaria uma dosagem adequada destes nutrientes para
a espécie. Por outro lado, quando altas quantidades de N e P, sdo escoados nas margens
de monoculturas e acabam mudando o aporte desses nutrientes, H. impetiginosus, ¢ uma
das espécies que pode ter efeitos negativos na fotossintese e pode acabar sendo suprimida
por espécies que tem a capacidade adaptativa de utilizar esses nutrientes em altas
quantidades, inclusive espécies invasoras, podendo diminuir a diversidade de espécies ao

longo do tempo.
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5.8 Tabelas e figuras
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5.8.1 Figura 1: Tamanho das plantas Handroanthus impetiginosus submetidos a
suplementagdo de fertilizantes industriais nitrogenados e fosfatados, no momento da
suplementagdo e apds 30 e 60 dias. As plantas foram submetidas aos tratamentos com
baixas concentragdes de N (N-), altas concentragdes de N (N+), baixas concentragdes de
P (P-), altas concentrag¢des de P (P+), suplementagéo sinérgica de N+P com as dosagens
baixas (N+P) e altas (N+P). As letras comparam os diferentes tempos em cada tratamento.
Letras diferentes indicam diferencas significativas p<0.05 entre o tamanho de H.

ipetiginosus em cada tratamento separadamente.
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5.8.2 Figura 2: Area foliar de Handroanthus impetiginosus submetidos a suplementagdo
de fertilizantes industriais nitrogenados e fosfatados. As plantas foram submetidas aos
tratamentos com baixas concentra¢des de N (rosa), altas concentragdes de N (vermelho),
baixas concentragdes de P (amarelo), altas concentragdes de P (roxo), suplementagéo
sinérgica de N+P com as dosagens baixas (azul) e altas (verde). Letras diferentes indicam

diferencas significativas entre os tratamentos.
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5.8.3 Figura 3: Area foliar especifica (SLA) e dados relativos ao contetdo de pigmentos
cloroplastidicos em folhas de Handroanthus impetiginosus Clorofila total a+b (Chl a+b),
razdo entre clorofila total a/b (Chl a/b) e razdo entre clorofila total e carotenoides
(Chl/carot) submetidos a suplementagdo de fertilizantes industriais nitrogenados e
fosfatados. As plantas foram submetidas aos tratamentos com baixas concentragdes de N
(rosa), altas concentra¢des de N (vermelho), baixas concentracdes de P (amarelo), altas
concentragdes de P (roxo), suplementagdo sinérgica de N+P com as dosagens baixas
(azul) e altas (verde). Letras diferentes indicam diferengas significativas p<0,05 entre os

tratamentos.

5.8.4 Tabela 1: Valores médios e erro padrao dos pontos cardinais calculados a partir da
fluorescéncia da clorofila a. Os dados foram obtidos pela curva de luz para a taxa
transportadora de elétrons (ETR pmol m? s!), sendo eles: taxa maxima de transporte de
elétrons (ETRmax); metade da taxa méxima de transporte de elétrons (72 ETRmax.);
radiacdo fotossinteticamente ativa na taxa maxima de transporte de elétrons (PAR
ETRmax); radiagdo fotossinteticamente ativa na metade da taxa méaxima de transporte de
elétrons (PAR 2 ETRmax) € radiagdo fotossinteticamente ativa de saturagdo (PAR sat.). Os
dados foram comparados por GLM, e as médias de cada tratamento foram contrastadas

pelo teste de Tukey (p<0.05). Médias seguidas pelas mesmas letras ndo diferem

significativamente.

Treatment  ETRmax ¥ ETRmax. ~ PAR ETRmax. PAR % ETRma.  PAR s
Control 89 + 6.44% 445+320% 543 +£38.8® 164+117%  488+34.9%
Low N 1153+£7.89°  57.7+3.95 716 + 47.5° 216 + 14.3* 644 +£42.7
HighN  101,8+7.89"  50.9+395®  626+47.5% 189 + 143  564£42.7°
Low P 748+ 644>  37.4+320 445 + 38.8° 134 +£11.7° 400 +34.9°
HighP  1208+9.11°  60.4 +4.56° 736 + 54.8° 222+165  002+£49.3°

Low N+P  99.5+7.89% 498+ 3.95% 644 + 47 5° 194 + 14.3 580 +42.7

High N+P 962+ 7.89®  47.1£3.95% 624 +47.5% 188 + 14.3%  562£427®
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5.8.5 Figura 5: Taxa fotossintética (A) e condutincia estomatica (B) em folhas de
Handroanthus impetiginosus submetidos a suplementacdo de fertilizantes industriais
nitrogenados e fosfatados. As plantas foram submetidas aos tratamentos com baixas
concentragdes de N (rosa), altas concentragdes de N (vermelho), baixas concentragdes de
P (amarelo), altas concentragdes de P (roxo), suplementacdo sinérgica de N+P com as
dosagens baixas (azul) e altas (verde). Letras diferentes indicam diferencas significativas

p<0,05 entre os tratamentos.
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5.9 Conclusao Geral

Os ciclos do nitrogénio (N) e do fosforo (P) tém sido modificados, com aumento
destes nutrientes no ambiente. No Brasil central, atividades humanas associadas a
transformagao de grandes areas de Cerrado em monoculturas t€ém fragmentado as areas
nativas. Neste estudo, mostramos que estas areas recebem residuos de fertilizantes das
monoculturas adjacentes. Valores de & '°N encontrados em analises no solo das bordas e
interior mostraram que o tamanho das reservas ndo impede estes nutrientes alcangarem
todo o fragmento, sugerindo que as plantas em ambas as localidades estao sujeitas ao
aumento destes nutrientes. Tal resultado pode ser explicado pela dependéncia do historico
de aplicagdo de fertilizantes das monoculturas adjacentes a cada fragmento estudado,
além dos fatores bidticos e abioticos. Esses fatores também podem estar relacionados com
a interpretacio da concentragdo de N no solo e nas folhas e sua relagio com '*C.
Considerando os & '°N nas folhas, os fragmentos menores nio apresentaram diferengas
entre borda e interior, enquanto os fragmentos de tamanho intermedidrios apresentaram
maiores valores nas bordas. Porém os trés fragmentos maiores nao apresentaram
diferencas de !'°N nas folhas entre a borda e interior. Esses resultados dos maiores
fragmentos devem ser pelo fato de que essas reservas sao circundadas por monoculturas
de soja, e nesse tipo de monocultura a suplementacao de fertilizantes nitrogenados de
menor ou isenta.

O efeito deste maior incremento de N na borda sobre espécies nativas foi avaliado
em um fragmento utilizado como modelo de estudo, a Reserva Ecoldgica do Panga. As
folhas de Bauhinia holophylla apresentaram maiores valores de '’N nos individuos
crescidos nas bordas quando comparadas com os individuos do centro do fragmento. As
plantas da borda também apresentaram maiores valores de SLA e CRA, resultado similar
aos obtidos no capitulo 2 para esses pardmetros em uma 4area experimental sujeita a
suplementagdo por N+P. Os resultados dos dois primeiros capitulos também nao
apresentaram diferencas para o conteudo de pigmentos cloroplastidicos entre a borda e
interior ou quando as plantas foram submetidas a suplementag@o por estes nutrientes.

As andlises fisiologicas em B. holophylla mostraram que aspectos do seu
metabolismo fotossintético podem ser afetados disponibilidade de N e P. No capitulo 1 as
plantas no interior do fragmento de Cerrado mostraram maiores Rfd e NPQ do que as
plantas na borda. Este resultado sugere que as plantas no interior tém uma maior

capacidade de dissipar o excesso de energia luminosa e, assim, um aparato fotossintético
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mais preservado. Esses resultados indicam que, apesar do efeito de borda no Cerrado
sensu stricto ndo apresentar as mesmas caracteristicas de uma area de floresta densa, as
condi¢des ambientais especificas no interior e na borda dos fragmentos modulam os
valores de °"*N no solo e nas folhas e influencia na fisiologia de B. holophylla. Além
disso, no segundo capitulo o tratamento com fosforo apresentou maior QY max € menor
NPQ e Ry sugerindo que a adicdo de fésforo na quantidade fornecida influencia
negativamente na capacidade de dissipacdo de energia luminosa e prejudica o aparato
fotossintético. Tais resultados mostram possiveis efeitos negativos na fisiologia de
B.holophylla proximos a locais que recebem suplementacao de fertilizantes fosfatados e
nitrogenados.

Por fim, cultivamos uma espécie nativa sobre diferentes concentragdes de P e N,
isolados e combinados. Nao encontramos mudas de B. holophylla e, por isso, utilizamos
Handroanthus impetiginosus como modelo de estudo. As plantas responderam
positivamente a suplementagdo isolada de N e P, promovendo aumento da area foliar e
eficiéncia na captagdo de luz, especialmente quando o nitrogénio é fornecido em
quantidades mais baixas. No entanto, a suplementacdo de baixo P apesentou menor taxa
de transporte de elétrons, e a suplementacdo combinada de N e P, resultou em uma
redugdo na taxa fotossintética e condutancia estomatica. Esses resultados sugerem que,
apesar dos nutrientes serem essenciais para o crescimento ¢ desenvolvimento das plantas,
o excesso de N e P suplementados simultaneamente, pode ter efeitos negativos,
possivelmente toxicos, na fisiologia da espécie.

Apesar de as espécies estudadas terem historias de vida diferente, em ambas
apresentaram respostas negativas na fotossintese na suplementagdo de P, sendo na
capacidade de dissipacdo de excesso de energia para B. holophylla e na taxa de transporte
de elétrons para H. impetiginosus. De uma forma geral, os resultados mostram que sdo
necessarias praticas sustentaveis do uso de fertilizantes nitrogenados e fosfatados como

forma de mitigar os efeitos negativos em espécies nativas do Cerrado.
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Figura 6. Handroanthus impetinosus em casa de vegetacao.
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