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RESUMO

O processo de fragmentacdo de florestas vem promovendo grande degradagdo do bioma Mata
Atlantica. Florestas sdo intensamente convertidas em areas voltadas para uso antropico,
comprometendo 0s ecossistemas e as espécies nativas, alem de permitir um aumento de
espécies pioneiras, invasdo por exoticas, alteracdo dos ciclos biogeoquimicos e da
disponibilidade nutricional. Assim, 0 objetivo principal do presente trabalho foi analisar a
funcionalidade de fragmentos de Mata Atlantica enfocando em atributos relacionados as
estratégias de uso de nitrogénio. Para alcancar tal objetivo, o trabalho foi subdivido em trés
etapas: (1) Estudo de meta-analise almejando destacar quais variaveis de uso de nitrogénio
sdo eficientes para distinguir espécies pioneiras de ndo pioneiras em florestas tropicais e
subtropicais; (2) Analise de atributos funcionais em um gradiente de perturbacdo antropica e
proposta de inclusdo da enzima nitrato redutase nessa abordagem; (3) Teste e validacdo dos
indices funcionais em fragmentos de Mata Atlantica, na regido de Sdo Luis do Paraitinga, S&o
Paulo. Para a meta-analise, foi realizada uma busca na literatura publicada e ndo publicada
enfocando aquelas que continham informacdes de uso de nitrogénio para espécies arboreas
pioneiras (Pi) e ndo pioneiras (NPi) e, em seguida uma andlise estatistica através do pacote
Metafor do programa R. Essa analise demonstrou que a atividade da enzima nitrato redutase
(NRA, em inglés) foi eficiente para distinguir entre grupos sucessionais, destacando sua
relevancia na composicdo do indice. A NRA tem grande potencial para ser incluida em
estudos de atributos funcionais, pois consegue demonstrar com eficiéncia os grupos, sendo o
principal atributo que os distinguem. Para avaliar a eficiéncia dos indices em agrupar as areas
estudadas foram realizadas andlises univariadas e multivariadas. Além da NRA, o contetdo
de glutamina e arginina na seiva do xilema e area foliar especifica foram incorporados aos
indices funcionais, os quais foram ponderados pela area basal relativa da espécie. Os
fragmentos demonstraram estratégias diferenciadas quanto ao uso de nitrogénio, destacando o
estagio sucessional distinto entre areas. Os indices funcionais eficientes para separar
estratégias aquisitivas, especialmente o indice com NRA. Outros atributos enfocando em
estratégias conservativas, tais com densidade da madeira e carbono total, podem ajudar no

agrupamento de fragmentos em estagio mais avangado na sucesséo.

Palavras-chave: Fragmentos; Nitrogénio; indice; Enzima Nitrato Redutase; Paisagens

degradadas pelo homem; Atributos funcionais.



ABSTRACT

The process of fragmentation of forests has promoted great degradation of the Atlantic Forest
biome. Forests are intensely converted into areas for anthropic use, affecting ecosystems
services and native species, as well as allowing for an increase in pioneer species, invasion by
exotic species, alteration of biogeochemical cycles and nutritional availability. Understanding
the conditions of the fragments and their successional status is a basic condition to the
development of effective conservation and management policies. Thus, the main objective of
the present study is to analyze the functionality of fragments of Atlantic Forest focusing on
traits related to the strategies of nitrogen use. In order to reach this aim, the study was
subdivided into three stages: (1) Meta-analysis study aiming to highlight which nitrogen use
variables are efficient to distinguish pioneer and non-pioneer species in tropical and
subtropical forests; (2) Analysis of functional traits in an anthropic disturbance gradient and
propose the inclusion of nitrate reductase enzyme in this approach; (3) Test and validation of
functional indexes in fragments of Atlantic Forest, in the region of S8o Luis do Paraitinga,
Sdo Paulo. For the meta-analysis, a search of published and unpublished papers was carried
out focusing on those that contained nitrogen use information for pioneer (Pi) and non-
pioneer (NPi) tree species, and then calculated with Metafor package of the R program. This
analysis demonstrated that the activity of the nitrate reductase (NRA) and total nitrogen were
efficient variables to distinguish Pi and NPi, highlighting their relevance in the composition of
the index. The NRA has great potential to be included in studies of functional traits, because it
can efficiently group species, being the main attribute that distinguishes groups. To evaluate
the efficiency of the indices in grouping fragments, univariate and multivariate analyzes were
performed. In addition to the NRA, the content of glutamine and arginine in the xylem sap
and specific leaf area were also collected and incorporated into the functional indexes, which
were weighted by the relative basal area of the species. The fragments showed different
strategies regarding the use of nitrogen, highlighting the successional stages distinct from the
areas. Functional indices are efficient to separate acquisitive strategies, especially the index
with NRA. Other traits focusing on conservative strategies, such as wood density and total

carbon, could explain the functionality of late secondary fragments.

Key words: fragments; nitrogen; index; nitrate reductase activity; Human-modified

landscapes.
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INTRODUCAO GERAL

Ecosistemas tropicais e os efeitos antropicos

As florestas tropicais sdo extremamente importantes para a manutencdo das
relacbes ecoldgicas e funcionais do planeta, uma vez que contribuem com um terco da
produtividade e evapotranspiracdo, além de hospedar mais da metade da biodiversidade
terrestre (Malhi et al. 2014). Contudo, nas Gltimas décadas essas florestas tém sofrido intensas
alteracdes promovidas pelas atividades antropicas. Segundo Collinge (1996) e Joly et al.
(2014) a perda de habitat e o isolamento, associados & conversdo de terras para atividades
humanas e a superexploracdo dos recursos, constituem as mais sérias ameacas a diversidade
biolégica do Planeta. Estudos recentes indicam que uma consequéncia inevitavel das
perturbacBes ambientais, juntamente com as alteracbes na ciclagem de nutrientes e da
distribuicdo das espécies € o surgimento de ‘“novos ecossistemas”, que diferem em
composicdo e/ou funcionamento dos ecossistemas originais (Hobbs et al. 2009), levando a
mudancas significativas e perda da capacidade de prover 0s Servigos ecossistémicos
necessarios para a manutencao das civilizacdes humanas (Steffen et al. 2007).

Anualmente, cerca de um terco das florestas tropicais sofrem desmatamento e se
encontram em fase de sucessdo secundéria (Aide & Grau 2004; Aide et al. 2013). As florestas
secundarias representam um tipo de vegetacdo frequente e dominante em paisagens
modificadas pelo homem (em inglés — human-modified landscapes - HMLs; Chazdon et al.
2009a; Gardner et al. 2009).

Até recentemente, as estratégias de conservacdo eram direcionadas para a
manutencdo das florestas tropicais maduras e intactas, principalmente através da criacdo de
areas protegidas (Melo et al. 2013a). Entretanto, as areas de preservacdo ainda ndo se
estendem a todas as florestas tropicais maduras (somente 9.8% do bioma tropical no globo
permanece dentro dessas areas protegidas - Schmitt et al. 2009) e elas continuam sofrendo
forte influencia das atividades humanas no seu entorno (Wittemyer et al. 2008). Diante disso,
a ciéncia da conservacao tem buscado entender ndo somente as florestas intactas em unidades
de conservacdo, mas também essas novas paisagens modificadas pelo homem (Liu et al.
2007). Para esses ecossistemas, um conjunto de questionamentos também deve ser
considerado, incluindo a persisténcia da biota e a definicdo de estratégias de manejo mais

adequadas e efetivas para essas novas condi¢des (Melo et al. 2013; Farah et al. 2017).
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No Brasil, o desmatamento atingiu média de 2,6 milhdes de hectares por ano no
periodo de 2000 a 2010, principalmente devido ao aumento de &reas disponiveis para
agricultura, pastagem e urbanizacdo (FAO 2011). A Mata Atlantica cobria aproximadamente
15% do territorio brasileiro (cerca de 1.296.446 km?) e abrangia 17 estados: Alagoas, Bahia,
Ceard, Espirito Santo, Goiés, Minas Gerais, Mato Grosso do Sul, Paraiba, Pernambuco, Piaui,
Parang, Rio de Janeiro, Rio Grande do Norte, Rio Grande do Sul, Santa Catarina, Sdo Paulo e
Sergipe (MMA 2010), contudo sofre fortemente com os desmatamento e perda da
biodiversidade, sendo incluida entre os 25 hotspots mundiais, com prioridade de conservacéao
(Myers et al. 2000). Dados da Fundagdo SOS Mata Atlantica destacaram que no periodo de
2012 a 2013 houve um aumento de 9% do desmatamento em relacdo ao periodo anterior
(2011-2012) nos 17 Estados da Mata Atlantica (Fundacdo SOS Mata Atlantica 2013).

O estado de Sdo Paulo esté localizado em uma regido de transi¢do entre a Mata
Atléantica e o Cerrado (Durigan & Ratter 2006). Originalmente, a Mata Atlantica ocupava
aproximadamente 80% do territorio do estado (Joly et al. 1999), entretanto atualmente restam
apenas 12% dessa cobertura florestal e menos de 5% delas representam efetivamente florestas
nativas preservadas (Joly et al. 2014), sendo a maioria dos fragmentos menores que 50 ha
(Ribeiro et al. 2009). Fundagdo SOS Mata Atlantica e INPE (2008) concluiram que houve
uma reducdo de 91% do desflorestamento da Mata Atlantica em SP entre 2000 e 2005, em
comparacao com o periodo entre 1995 e 2000. Assim como o levantamento de 2012 a 2013,
que continuou indicando uma reduc¢édo da porcentagem de desmatamento total no Estado.

A Mata Atlantica no Vale do Paraiba em Séo Paulo, apds séculos de degradacéo,
mostra sinais de recuperacdo. A cobertura vegetal mais que dobrou nos ultimos 50 anos,
sendo equivalente a 30% do territério paulista do Vale do Paraiba. A reconstituicdo gradual e
espontanea de parte da floresta apos longos periodos de reducdo da vegetacdo nativa parece
ser resultado de uma convergéncia de fatores sociais, econdmicos e ambientais, caracterizada
como “transi¢do florestal” (Farinaci et al. 2013; Silva et al. 2017). Segundo Farinaci et al.
(2013), o termo transicéo florestal se refere a uma alteragéo das caracteristicas do uso da terra
de um periodo quando a cobertura florestal estava em uma fase de reducdo continua para uma
fase de expansdo. De acordo com os autores, para compreender as razdes dessa expansao €
essencial entender o cenario econdémico, uma vez que a urbanizacdo e industrializagdo afetam
0 éxodo rural e, as florestas abandonadas, passam a sofrem sucessao secundaria.

Os fragmentos florestais remanescentes apresentam-se em mosaicos vegetacionais

com dimensdes e situacdes de conservacdo variadas. Alteracdes relacionadas as condicGes
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climéticas, edéficas, nutricionais, grau de desmatamento ou influéncia das areas de entorno
(Joly et al. 2014; Ribeiro et al. 2009; Bazzaz & Pickett 1980) afetam na composicéo e
sucessdo dos fragmentos. Laurence e Bierregaard (1997) apontaram que 0s processos de
fragmentacdo e de perda de biodiversidade estdo intimamente ligados e podem comprometer
processos ecoldgicos chave, desde dispersao de sementes até condi¢es demogréficas. Fatores
ligados a fragmentagdo, tais como o grau de isolamento, forma, area e estrutura dos
fragmentos atuam no nimero de espécies e tamanho das populacdes, uma vez que interferem
nas interacOes bioticas (Laurance et al. 2000).

Nos Ultimos anos hd um crescente nimero de estudos que visam monitorar 0s
processos de regeneracdo e sucessdo ao longo do tempo, combinando cronosequéncia e
dindmica (Chazdon et al. 2007; Lebrija-Trejos et al. 2010b; Norden et al. 2015). Esses estudos
confirmam que os fragmentos abandonados podem ter condicBes diferenciadas, mesmo que
apresentem tipos de abandonamentos, desmatamento, idade, tipo de solo e clima semelhantes
(Chazdon et al. 2007). Dessa forma, a sucessdo ndo pode ser considerada um processo
previsivel e unidirecional e sim composto por vias multiplas de sucessdo, resultando em
diversos tipos de florestas maduras, contendo espécies e funcionamentos diferentes da
original (Chazdon et al. 2007, 2008; Arroyo-Rodriguez et al. 2017). Entretanto, Guariguata e
Ostertag (2001) indicam que apesar da imprevisibilidade da composi¢cdo das espécies devido
aos fatores especificos do local, ha uma seqiiéncia de eventos e processos que ocorrem
durante a sucessdo secundaria que podem ser modelados e provavelmente serdo validos em
uma base global.

A hipotese da Composicdo Floristica Inicial (IFC, em inglés) proposta por Egler
(1954) e exposta por van Breugel et al. (2007) propde que areas em sucessao secundaria apds
uso agricola tendem a ser dominadas durante a fase final da sucessdo por espécies que
estavam presentes no inicio da sucessdo. Ou seja, durante a fase inicial da sucessdo € possivel
encontrar tanto espécies pioneiras quanto nao pioneiras, contudo as pioneiras sdo mais
abundantes nessa fase (GOmez-Pompa & Vazquez-Yanes 1981; Tabarelli et al. 1999). Dando
continuidade a sucessao, apos o fechamento do dossel, o recrutamento de individuos das
espécies pioneiras torna-se limitado, ha alta taxa de mortalidade desse grupo sucessional e 0
recrutamento de espécies tolerantes a sombra continua (Swaine & Whitmore 1988).

Van Breugel et al. (2007) definiu espécies pioneiras como aquelas com alta
demanda por luz para se estabelecer e persistir, tanto na fase adulta quanto durante a

germinacdo e sobrevivéncia das plantulas, dominando em &reas de clareiras e em vegetacao
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em sucessao inicial. Em oposicdo, as espécies classificadas como tardias ou tolerantes a
sombra sdo capazes de se estabelecer e persistir abaixo do dossel das florestas maduras. Além
disso, espécies pioneiras apresentam vida curta e as espécies tolerantes a sombra, vida longa.

Espécies pioneiras se beneficiam da fragmentacédo do habitat e sob efeito de borda
(Mesquita et al. 1999; Tabarelli et al. 1999). As condig¢des climaticas e nutricionais advindas
desse processo proporcionam uma tendéncia a queda de individuos mais antigos, alta
competicdo com cip6s e dominancia de espécies adaptadas a solos pobres (Murcia 1995;
Laurance et al. 2000). Tabarelli et al. (2004) apontaram que ap6s 0 desmatamento a area
aberta vizinha e o remanescente florestal influenciam-se mutuamente e, geralmente, ha perda
de biodiversidade, alta mortalidade de individuos devido & dessecacdo e alta irradiagdo,
especialmente na area de borda. Entretanto, essa nova condicdo também culmina em
incremento da taxa de recrutamento e regeneracdo, com modificacdo na composicdo das
espécies. Baseados nessa nova condicao de abundancia e adaptacdo de espécies pioneiras nos
fragmentos, Tabarelli et al. (2012) propuseram o conceito de dominio por pioneiras (pioneer
dominated) e permutacdo de espécies tardias por pioneiras. Este processo foi denominado
como “secundarizac¢ao” por Joly et al. (2014).

Os impactos humanos na Terra sdo tdo intensos que diversos pesquisadores,
embasados em registros geoldgicos e ambientais, sugerem que estamos em uma nova época
geoldgica, o Antropoceno, caracterizado pelas acGes humanas na composicdo e
funcionamento da Terra (Steffen et al. 2007, Malhi et al. 2014). Nesse sentido, diante da
intensa alteracdo dos ecossistemas, torna-se fundamental estudar profundamente os
fragmentos florestais remanescentes para 0 seu reconhecimento, quantificacdo e
gerenciamento, inclusive sendo necessario um novo conjunto de ferramentas que possibilitem

obter resultados coerentes com as demandas ecoldgicas atuais (Hobbs et al. 2009).

Anélise da condicéo dos ecossistemas através de suas espécies e atributos das plantas

A ciéncia que busca entender a biodiversidade e o funcionamento dos
ecossistemas tem crescido rapidamente em importancia, especialmente apos a publicagdo da
Anélise Ecossistémica do Milénio, que destacou a relacdo entre os efeitos das mudangas
climaticas e das alteracdes dos ecossistemas com bem estar humano (MA 2005). Desde enté&o,
0 numero de estudos enfocando os aspectos funcionais dos ecossistemas tem aumentado,

proporcionando uma melhor compreenséo da ecologia através das interagdes dos organismos
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com o meio ambiente fisico, quimico e bioldgico, inclusive dos padrfes e processos
ecoldgicos que os geram (Diaz & Cabido 2001; Petchey et al. 2004; Nock et al. 2016).

Os atributos das plantas sdo o centro da ecologia funcional. Os atributos
funcionais s&o caracteristicas, usualmente medidas ao nivel de tecido, como folhas, caule ou
raizes e que indicam o balango de carbono, nitrogénio e 4gua da espécie, além de demonstrar
seu desempenho no crescimento e sobrevivéncia (Naeem & Wright 2003) e sua contribuicdo
aos processos ecoldgicos (Petchey & Gaston 2006).

McGill et al. (2006) e Violle et al. (2007) definiram os atributos funcionais de
variadas maneiras. De forma geral, o atributo € uma propriedade do organismo, geralmente
mensurada ao nivel de individuo, usado comparativamente entre espécies (McGill et al. 2006)
e extrapolavel para escalas ecossistémicas (Sapijanskas & Loreau 2010). Além disso, é
definido como um conjunto de tracos que influenciam fortemente o desempenho de um
organismo, através de caracteristicas morfoldgicas (tamanho da semente, massa corporal,
massa foliar por éarea e densidade da madeira), bioquimicas (is6topos), fisioldgicas
(concentracdo de nutrientes, temperatura, potencial fotossintético), estruturais (area basal),
fenoldgicas (longevidade foliar) ou comportamentais (estratégias de alimentacdo, nivel
tréfico) (Cornelissen et al. 2003; Violle et al. 2007; Pérez-Harguindeguy et al. 2013).

Os atributos funcionais podem ser classificados de acordo com seu tipo (continuo,
categorico, ordinal ou binario) e grau de dificuldade para obtencéo (leve — “soft” ou pesado —
“hard”). A maioria dos estudos utilizam atributos com maior facilidade e rapidez para coleta e
amostragem (“soft traits”) e, apesar de serem, muitas vezes menos correlacionados com as
fungdes especificas, sdo considerados bons estimadores. Por outro lado, os “hard-traits” sdao
mais acurados, contudo demandam de mais tempo e trabalho para coleta, fato que dificulta a
obtencdo desses atributos em uma grande quantidade de espécies e regides do mundo (Lavorel
& Garnier 2002; Nock et al. 2016). Nock et al. (2016) destacaram que a escolha de quais e
quantos atributos funcionais devem ser analisados em estudos com essa abordagem nao é
tarefa trivial, afinal diferentes atributos irdo resultar em fungdes variadas no ecossistema.
Esses autores sugerem o uso de multiplos atributos funcionais, contudo o nimero exato
depende dos organismos e das respostas ecossistémicas que se almeja alcancar. Eles ainda
destacam que é recomendavel uma selecéo préevia dos atributos baseado na literatura, alem de
se considerar financiamento e infraestrutura para coleta de campo.

O caso mais classico e dominante em estudos envolvendo estratégias funcionais é

0 Espectro da Economia Foliar (leaf economic spectrum - LES; Wright et al. 2004), o qual
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auxilia na compreensdo de tdpicos diversos, inclusive das respostas da comunidade vegetal
diante das mudancas no uso do solo (Nock et al. 2016). Esse espectro caracteriza um “trade-
off” entre fungdes fisioldgicas vitais de aquisicdo e conservacao de recursos (Messier et al.
2017) e pode ser avaliado em folhas, raizes e ramos (Reich 2014). O extremo mais aquisitivo
(“fast”) ¢é caracterizado por espécies com alta concentra¢dao de nutrientes na folha, altas taxas
fotossintéticas e respiracdo, baixa longevidade foliar e baixo investimento em massa seca por
area foliar. No extremo mais conservativo (“slow”) estdo incluidas espécies com alta
longevidade foliar, altos investimento em construcdo foliar, baixa concentracdo de nutrientes,
taxa fotossintética e respiracdo (Wright et al. 2004; Messier et al. 2017).

Lohbeck et al. (2015) apontaram que ha duas formas para avaliar os efeitos da
biodiversidade nos ecossistemas através da abordagem por atributos funcionais, seja
enfocando na diversidade ou na dominancia. A analise com foco na diversidade - diversidade
funcional (“functional diversity” — FD) - descreve a distribuicdo das espécies no espaco
funcional (Mason et al. 2005) e destaca a redundéncia de estratégias e competicdo entre as
espécies. A redundancia de estratégias € positiva para o ecossistema e indica resiliéncia, um
comportamento altamente associado a manutencdo ou recuperacdo do ecossistema apos
distarbio (Laliberté et al. 2010) e uma forma de evitar a perda de espécies (Bihn et al. 2010).
Baixa redundancia funcional implica que os atributos sdo rapidamente perdidos quando ha
perda de biodiversidade (Pillar et al. 2013).

Por outro lado, a abordagem funcional e baseada na dominéncia é alcancada
através de uma analise ponderada dos efeitos dos atributos da espécie na comunidade como
um todo, especialmente ponderado pela area basal ou abundancia (Community-weighted
means - CWM) (de Vries & Bardgett 2016; Garnier et al. 2004). A direcdo da relagédo entre
CWM e as fungbes do ecossistema pode ser negativa ou positiva, ou seja, atributos que
promovem um aumento na obtencdo de recursos (p.e. alta CWM de nutrientes na folha)
aumentam as funcdes do ecossistema, enquanto que valores opostos indicam conservagéo de
recursos e reducdo das funcbes do ecossistema (Garnier et al. 2004; Reich 2014). Quando
comparado a dominancia funcional e a diversidade funcional, estudos recentes tem
demonstrado que a primeira € mais importante para demonstrar a produtividade da
comunidade (Tobner et al. 2016; Zhang et al. 2017).

A abordagem adotada no presente trabalho foi definida pelo uso da dominéancia,
mais especificamente enfocando nas espécies que representavam 70% de area basal total da

comunidade em estudo. A dominancia € um fendmeno tipico em ecossistemas naturais e com
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alta tendéncia de incremento, diante das pressdes antrépicas (Joly et al. 2014; Santos et al.
2008). Dados indicam que somente 1.4% de espécies determinam a maioria das espécies
arboreas e, geralmente, essas sdo espécies resistentes a disturbios (pioneiras) (Santos et al.
2008; ter Steege et al. 2013).

Nesse contexto de analise funcional dos ecossistemas, tem se destacado o uso de
indicadores e indices ecologicos e funcionais para avaliar a condicdo do ambiente (por
exemplo, como um sistema de alerta precoce) ou para diagnosticar a causa ambiental das
alteracdes (Garnier et al. 2004). Segundo Mueller (1997), indicador € uma ferramenta,
composta por um dado individual ou agregado, que permite a obtencéo de informacdes sobre
uma dada realidade, sendo apresentado de forma simples, mensuravel e l6gica. O indice, por
outro lado, € um valor agregado que pode conter em seus calculos os indicadores como
variaveis. Ele tem comumente um valor numérico e representa um instrumento para tomada
de decisBes, uma vez que assimila em seu célculo bases cientificas e métodos adequados
(Siche et al. 2007). Assim, para o presente trabalho optamos por utilizar o termo indice por ser
mais amplo e constituido por mais componentes.

A informacéo recolhida por indicadores e indices ecologicos (e ecofisioldgicos)
também podem ser usados para prever mudancas futuras no ambiente, para destacar a¢fes de
remediacdo, ou através de monitoramente ao longo do tempo para identificar mudancas ou
tendéncias neles proprios (Niemi & McDonald 2004). Segundo Noss (1999), para que 0
indice seja capaz de englobar todos 0s ecossistemas e interacdes, eles devem considerar trés
componentes da integridade ecoldgica, dentre eles a composicdo, a estrutura e o
funcionamento. Somado a isso, a régua comparativa do indice deve ter como referéncia uma
area “natural” ou ‘“‘sustentavel”, preferencialmente localizada em Unidade de Conservagao,
para que as outras areas tenham uma ldgica explicativa (Andreasen et al. 2001). Estudos
sugerem que indicadores funcionais representam de forma mais eficiente a variacdo nos
ecossistemas, superando a abordagem tradicional e baseada apenas na identidade de espécies
(Petchey et al. 2004; McGill et al. 2006; Cadotte et al. 2011; Nock et al. 2016).

O uso de nitrogénio em arvores ao longo da sucessao florestal

A substituicdo de espécies durante a sucessao secundaria € muitas vezes explicada
em termos de adaptacGes a disponibilidade de luz (Bazzaz & Pickett 1980). A adaptacdo de
espécies ao longo de um gradiente de luz reflete um “trade-off”, sendo que em um dos

extremos do gradiente de disponibilidade de luz, encontram-se as espécies de rapido
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crescimento com uma rapida aquisicdo de recursos, as quais prosperam em estagios de
sucessdo precoce. No outro extremo ha as espécies de crescimento lento que conservam 0s
recursos e dominam sob o ambiente de luz fraca e em estagios de sucessdo tardia (Reich
2014; Wright et al. 2004). Esse "trade-off aquisitivo-conservativo” também é chamado de
“trade-off de crescimento-sobrevivéncia” (Kobe & Coates 1997) a medida que as espécies
aquisitivas investem mais no crescimento, enquanto as espécies conservadoras investem mais
na sobrevivéncia. Os atributos funcionais sdo usados para definir as estratégias que as
espécies adotam ao longo desse continuo.

As estratégias de aquisicdo de nitrogénio (N) em florestas tropicais tém
importantes consequéncias para o funcionamento do ecossistema, respostas das plantas as
mudancas climaticas e manutencdo da biodiversidade (Andersen & Turner 2013). Além disso,
a transformacéo do nitrogénio difere entre sucessdes primarias e secundarias (Robertson &
Vitousek 1981), com disponibilidade de nitrogénio aumentando durante as fases iniciais da
sucessdo secundaria. Contudo, em estudos envolvendo atributos funcionais pouca atencédo é
dada para os nutrientes, incluindo o N, sendo que esse somente é abordado como N total ou
através da fixacdo pelas bactérias (Cornelissen et al. 2003).

Os nutrientes no solo influenciam a produtividade e composi¢cdo das comunidades
tropicais. O N, em especial, € importante para a manutencao das espécies tropicais e regula a
fotossintese, podendo ser considerado um elemento limitante ou colimitante, juntamente com
o fosforo (Andersen & Turner 2013). As espécies podem assimilar o N de diversas formas
disponiveis, incluindo o amdnio, nitrato e N organico (Lipson & Nasholm 2001), fato que
possibilita a coexisténcia de espécies (Ashton et al. 2010). A assimilacdo de nitrogénio requer
a reducdo do nitrato a aménio por uma série de etapas, seguida da reducdo do aménio em
aminoéacidos. A reducdo do nitrato em nitrito ocorre no citoplasma das células tanto das raizes
qguanto das folhas catalisada pela enzima nitrato redutase (NR) (Masclaux-Daubresse et al.
2010).

Comunidades com maior atividade de nitrato redutase (ANR) podem atuar como
dissipadores de nitrato e reduzir a taxa de lixiviagdo de nitratos e acidificacdo do solo
(Rothstein et al. 1996). Apesar das avaliagdes da ANR nos ecossistemas florestais serem raras
(Adams & Attiwill 1982), estudos nos tropicos sugerem que as espécies arboreas de sucesséo
precoce possuem maior ANR do que as que estdo mais avancadas na sucessao (Aidar et al.
2003). Tang et al. (2012) usou ANR para testar os efeitos do enriquecimento de N no

funcionamento e economia nas plantas e sugeriram que a ANR “in vivo” pode variar com a
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intensidade da luz, porque a reducdo de nitrato pode ter que competir com a fixagdo de
carbono para energia sob condi¢des sombreadas (Jiang & Hull 2000). Espécies com alta
capacidade fotossintética, como € o caso das espécies pioneiras, a assimilacdo de nitrato na
folha pode ser dirigida primariamente pelo transporte de elétrons da fotossintese, o que resulta
em baixo custo de carbono para a planta (Pate 1980) e evita a fotoinibicdo (Carelli & Fahl
2006), sendo que a capacidade dos cloroplastos para converter N inorganico em aminoacidos
pode ser considerada uma verdadeira reacdo fotossintética, da mesma forma que a assimilacéo
de CO2 (Lea & Miflin 2003).

A compreenséo acerca do uso de N e sucessédo na Mata Atlantica foi iniciada por
Aidar et al. (2003) (Figura 1), o qual caracterizou um continuo de estratégias do uso de
nitrogénio de acordo com as guildas de regeneracdo das espécies em Floresta Ombrdfila
Densa Submontana. Segundo esses autores, as espécies enquadradas na categoria das
pioneiras (Pi) apresentam preferéncia pela absor¢do e acumulo do ion nitrato (NO3),
asparagina como o principal aminoécido transportado na seiva do Xilema e atividade da
enzima nitrato redutase foliar (ANR) relativamente alta. Enquanto as secundarias tardias (St)
tém baixa ANR e maior preferéncia pelo fon amoénio (NH4"), representado pela alta
quantidade de aminoécidos de remobilizacdo, principalmente a arginina. As secundarias
iniciais (Si) tm comportamento intermediario entre as duas categorias anteriores, sendo o
transporte via xilema realizado majoritariamente por arginina e glutamina e ANR e conteldo

de N total foliar menor que o grupo das pioneiras.
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Figura 1. Diagrama conceitual indicando as diferentes estratégias de uso de nitrogénio pelas
plantas ao longo da sucessao florestal (Aidar et al., 2003). $*°N foliar (%o); contetido de N na

seiva do xilema (umol mL™); atividade da enzima nitrato redutase — ANR (pkat gFW);
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conteido de N foliar (%); conteddo de NOgz™ na seiva do xilema (%); NOs™- nitrato; Asn -
asparagina; Arg- arginina; Gln - glutamina; Outros, outros aminoacidos. Sucessao Inicial — 15
anos de regeneracdo; sucessdo média — 25 anos e sucessdo tardia — +36 anos de regeneracao

apos abandono.

O modelo de uso de nitrogénio foi validado em diversos estudos subsequentes que
englobam todas as fitofisionomias da Mata Atlantica: Floresta de Restinga (Silva dados nao
publicados), Floresta Ombrofila Densa de Terras Baixas (Campos 2009), Floresta Ombrdfila
Densa Submontana e Floresta Estacional Semidecidual (Pereira-Silva 2008), Floresta
Ombréfila Densa Submontana (Silva 2012), Floresta Ombréfila Densa Montana (Marchiori
2012; Ribeiro 2013) e Floresta Ombrdéfila Mista (Morena 2015). O modelo também foi
corroborado para a Floresta Subtropical Umida Montana localizada no Parque Nacional de
Lamington - Queensland - Australia (Ribeiro 2013), no qual se observou grande similaridade
de géneros e familias de espécies que ocorrem na Mata Atlantica, incluindo o género
Araucaria e familias como Lauraceae, Myrtaceae e Winteraceae.

Erisman et al. (2008) discutiram e contextualizaram o incremento da
disponibilidade de N no meio ambiente através da sintese de amonia pelo processo de Haber-
Bosch, para uso como fertilizante quimico. Segundo esses autores, decorrente desse processo
houve grandes mudancas econdmicas, climéticas e nutricionais nesse século. Grande parte da
amonia produzida artificialmente € utilizada na agricultura como fertilizante e, segundo
estudos, cerca de 40% deste é perdido para o meio ambiente para a forma de dinitrogénio
atmosférico ndo reativo (Galloway et al. 2004). Aumento de N reativo na atmosfera influencia
as mudancas climéticas e promove uma maior deposi¢do no solo, poluicdo da agua superficial
e subterranea. Assim, entender os padrGes da ciclagem de N terrestre é essencial para predizer
a produtividade das plantas, composicdo dos ecossistemas florestais, sequestro de carbono,
fluxo de nutrientes para ecossistemas aquaticos e perdas para a atmosfera (Galloway et al.
2004, 2008).

Ao considerar a validade do modelo de uso de nitrogénio para a Mata Atlantica e
a tendéncia de incremento desse nutriente nos ecossistemas, podemos supor que 0 mesmo
pode ser transformado em uma ferramenta para investigar sobre o funcionamento da floresta
tropical em diversos cenarios. Adiciona-se também a importancia de estudos envolvendo
fisiologia do nitrogénio, visto sua fungdo limitante para florestas secundérias e passado

evolutivo comum entre espécies arbdreas (Raven & Andrews 2010), além da escassez de
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estudos aplicados enfocando a sucessdo florestal e aspectos funcionais e fisioldgicos
(Amazonas et al. 2011).

Projeto Teméatico ECOFOR

Esse trabalho ¢ parte integrante do Projeto Temadtico Fapesp “ECOFOR:
Biodiversidade e funcionamento de ecossistemas em &reas alteradas pelo homem nas
Florestas Amazonica e Atlantica (n° do processo: 12/51872-5, inicio em 01 de agosto de 2013
a 31 de dezembro de 2017; Acordo de cooperacdo internacional BIOTA FAPESP/NERC
RCUK), cujo objetivo geral é entender a influéncia do impacto das ac¢fes antropicas e da
fragmentacdo de habitat na diversidade e conservacgao das florestas tropicais, enfocando nos
biomas Mata Atlantica e Amazonia.

O conhecimento sobre a estrutura e funcionamento de Florestas Tropicais
preservadas ¢ amplo, contudo a extrapolacdo dos resultados obtidos nesses ecossistemas para
florestas tropicais alteradas pelo homem (HMTF, em inglés) é pouco eficiente (Farah et al.
2017). Assim, a proposta desse Projeto Tematico foi ampliar o conhecimento sobre essas
florestas, que apesar de estarem em ampla expansdo ainda sdo pouco estudadas (Brancalion et
al. 2013). Dentre as lacunas de conhecimento que o projeto visa discorrer estdo incluidas: i)
Impactos das alteragbes humanas sobre o funcionamento do ecossistema, especialmente
ciclagem de matéria organica, nutrientes e as relagdes entre os processos biofisicos, a
biodiversidade, o solo e o clima; ii) conectar o funcionamento do ecossistema e caracteres
biolégicos, que podem fornecer pistas sobre a estabilidade e a resiliéncia das florestas
degradadas; iii) compreender a capacidade de generalizacdo dos dados, isto €, até que ponto
resultados obtidos em uma dada Floresta Tropical podem ser extrapolados para florestas em
outros continentes; iv) compreender o impacto e as consequéncias das alteracdes humanas a
nivel de paisagem e tempo, multi escalas espaciais e temporais; v) reduzir a distancia e o
tempo entre a ciéncia e a tomada de decisdo politica. A presente tese de Doutorado ajudara a
responder, em especial, trés grandes aspectos do projeto tematico: as lacunas i, ii, iii.

O Projeto ECOFOR visa ampliar os conhecimentos dos efeitos das acdes humanas
sobre a biodiversidade e a funcionalidade dos ecossistemas, bem como a provisao de servicos
ambientais oferecidos por eles. O projeto focou em florestas tropicais alteradas,
principalmente por incéndio e corte seletivo, além de comparagfes com florestas preservadas
e estudos intensivos (conjuntos de parcelas do Programa Biota no Parque Estadual da Serra do

Mar da por¢do nordeste do estado de S&o Paulo, e parcelas na regido de Santarém-Belterra na
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Amazobnia). Incluem-se no Tematico, propostas envolvendo levantamentos da diversidade
floristica e faunistica dos fragmentos, bem como o funcionamento abaixo e acima do solo
fornecendo subsidios para politicas publicas.

No estado de S&o Paulo, o desenho experimental do Projeto envolveu um
transecto ligando a Serra da Mantiqueira com o Vale do Paraiba do sul (Figura 2), sendo
incluidos 16 fragmentos e 32 parcelas (borda e interior). Os fragmentos foram classificados
qguanto ao tamanho (pequenos<50 ha> grandes), conectividade (conectados e isolados) e
classes de altitude 600-900 m e 900-1200 m. O levantamento floristico foi realizado sob a
supervisao do Dr. Marcos Assis e Dr. Luis Bernacci e a andlise de atributos funcionais foi
coordenada pelo Dr. Marcos P.M. Aidar. O projeto tematico é coordenado pelo Dr. Carlos

Joly e Dr. Jos Barlow.
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Figura 2. Area de amostragem do projeto ECOFOR FAPESP/NERC RCUK, destacando a
regido dos fragmentos do presente trabalho (circulo) e as parcelas de floresta madura e

secundaria (estrelas). Fonte: Dr. André Rochelle, Projeto Fapesp 14/07851-9.
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Acredita-se que os resultados irdo contribuir significativamente com o
estabelecimento de hipdteses sobre as consequéncias funcionais de mudangas em
comunidades de plantas apos alteracdes humanas em florestas tropicais. Além de aprofundar o
conhecimento das florestas brasileiras, o projeto também proporcionara uma analise

comparada com o Projeto SAFE, na Malésia (Joly & Barlow 2016).

OBJETIVOS

O presente trabalho tem como objetivo principal utilizar a abordagem de atributos
funcionais associados as estratégias de uso de nitrogénio para melhor compreender o
funcionamento das florestas tropicais em um gradiente de perturbacdo antrépica. Dentre 0s
objetivos especificos destacam-se:

e Avaliar quais varidveis de uso de nitrogénio sdo importantes na distin¢éo entre
as categorias sucessionais pioneiras e ndo pioneiras;

e Entender como as florestas tropicais, subtropicais e temperadas utilizam o
nitrogénio, principalmente enfocando no papel desse nutriente como indicador de estagios
sucessionais;

e Caracterizar as principais formas de uso de nitrogénio das espécies dominantes
em Floresta Ombrofila Densa, tanto em areas ocupadas por florestas maduras quanto em
fragmentos florestais, avaliando caracteristicas de aquisicdo, transporte, armazenamento e
remobilizacdo durante a estacdo chuvosa e relaciona-las com as classes sucessionais e com
outros atributos funcionais;

e Verificar o efeito da enzima nitrato redutase na caracterizacdo das estratégias
funcionais das espécies estudadas;

e Propor indices ecofisiolégicos como ferramenta para classificar estagios

sucessionais de florestas, baseados nas estratégias de uso de nitrogénio.

ORGANIZACAO DOS CAPITULOS

O capitulo introdutério traz uma breve revisao bibliografica, abordando conceitos
e fundamentos histdricos necessarios para a compreensdo dos principais temas tratados ao
longo da tese. Os impactos sofridos pelas florestas tropicais, a sucessao ecoldgica e 0 uso de
atributos funcionais como ferramenta para se avaliar a funcionalidade dos ecossistemas.
Incluiu-se também uma abordagem breve sobre nitrogénio e sua relagdo com sucessdo e

funcionalidade, ja que esse é o tema central do presente trabalho.
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No capitulo 1, buscou-se entender quais variaveis associadas as estratégias das
plantas para assimilacéo e transporte de nitrogénio seriam eficientes para distinguir espécies
pioneiras de ndo pioneiras atraves da técnica de meta-analise (técnica estatistica desenvolvida
para integrar resultados de varios estudos independentes sobre o tema em pauta). Esta
abordagem busca identificar quais as melhores varidveis em relacdo ao uso de N em espécies
arbdreas tropicais que poderiam nos ajudar a responder 0s guestionamentos propostos nos
capitulos 2° e 3° desta tese.

O capitulo 2 busca destacar a atividade da nitrate redutase como um atributo
importante para ser incluida em abordagens funcionais, pois percebemos que a atividade dessa
enzima tem alta relacdo com estratégias aquisitivas e estaria bem relacionada tanto com
aquisicdo de nutrientes como crescimento das espécies na comunidade.

No capitulo 3 apresentamos uma nova ferramenta para estudos relacionados com
atributos funcionais e sucessao florestal. Sugerimos o uso de indices agregados e ponderados
(pela area basal relativa) para agrupar e classificar os fragmentos em estagios de sucessao,
baseado principalmente na presenca e atividade da enzima nitrato redutase nas espécies das
comunidades. Finalmente, apresentamos as consideracdes finais considerando as principais

conclusdes do trabalho e perspectivas para estudos futuros.
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Effective Nitrogen use variables for classifying plant sucessional stages
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ABSTRACT

Tropical forests are relatively rich in nitrogen (N) and it has the potential to act as limitant or
co-limitant in these ecosystems. The climate and land use changes strongly influence the
cycle of this nutrient, promoting a large accumulation in the soil and consequent modification
in the structure and composition of communities. Plants are generally flexible in their ability
to assimilate the chemical forms of N and their efficiency results in different competitive
advantages. In addition, studies indicate that there is a pattern regarding its use, a factor that
allows the categorization of species in successional groups. The aim of this meta-analysis is to
verify if the species can be grouped in successional groups considering the strategy of
assimilation and transport of available N. Data were gathered from published and unpublished
studies involving the N use strategies (foliar nitrate reductase activity - NRA, arginine content
— Arg, nitrate in the xylem sap — NOsX, CN ratio and total N in the leaf) and were analysed
by random-effect models. NRA had low variation between studies and was more effective to
distinguish sucessional groups than the others variables. This reinforced its importance in
functional approaches. The content of arginine was higher in non-pioneer species than pioneer
species indicating a conservative strategy, as it is considered an important nitrogen reserve,

recycling, and used as plant defense. We found significant effect sizes for NRA, Arg and
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NO3X suggesting that, overall, these response variables are useful to distinguish pioneer and

non-pioneer species.

Keywords: Plant physiology; Functional groups; Meta-analysis.

INTRODUCTION

Nitrogen (N) is recognized as a key factor in ecosystem functioning, determining
plant performance and species distribution (Schimann et al. 2008). The amount and form of
soil inorganic N found in communities are important control factors for species distribution
patterns, influencing species coexistence or competition (Koyama & Tokuchi 2003). N is
usually a limiting factor for plant growth (Russo et al. 2013) and could increase the
competition between plants and microorganisms, that depend on this nutrient for growth and
synthesis of essential biomolecules, such as ATP, NADH, NADPH, chlorophyll, proteins and
enzymes (Harper 1994).

Large amount of N is added into the system by dry and wet deposition or fixation,
however, much is lost by leaching, volatilization or denitrification (Vitousek & Sanford
1986). Studies have estimated that 50-70% of the nitrogen provided to the soil is lost (Hodge
et al. 2000). The N cycling in the ecosystem are mainly mediated by microorganisms and,
thus, suffer influence of seasonal changes, as well as by precipitation, moisture, pH, soil,
temperature, vegetation composition and successional stage of the forest (Tanner et al. 1998).

The ability of a plant to capture nitrogen from the soil depends on soil type,
environment and species. Mineralization and nitrification processes are vital for plant
nutrition and N may be available to plants in various forms, including ammonium (NH4*),
nitrate (NOz") and organic molecules that are absorbed differently by roots or leaves
(Paungfoo-Lonhienne et al. 2008; Kraiser et al. 2011). In general, plants found in low pH
soils, as those in mature forests, tend to take up ammonium or amino acids, whereas plants
adapted to acid and more aerobic soils prefer nitrate (Maathuis 2009). The NH4" assimilation
requires less energy than that of NOz", however most species develop toxicity symptoms when
grown on moderate to high levels of NH4"™ (Britto et al. 2001). While nitrate is not toxic, but is
generally in low abundance in the soil, in part, due to its high solubility and predisposition to
leaching, and its rapid acquisition by bacteria and fungi (Roycewicz & Malamy 2012)
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The preference of N form could result in different competitive advantages
(Smirnoff & Stewart 1985) and species coexistence (Russo et al. 2013), however, it is not yet
known why some species become specialist in one specific form of N, or whether if this
strategy changes among ecosystems, soil types or functional plant groups (Russo et al. 2013).
Raven and Andrews (2010) argue that there are relatively few nutrition-related innovations
that arose in the “Tree life style” and concluded that many aspects of the evolution of tree
nutrition that need further investigation. Rennenberg and Schmidt (2010) suggest that
perennial plants have evolved nutritional features to adapt to nutritional limitation, but it is
evident that sustainability and productivity of forests ultimately depend on ecosystem
biogeochemistry and properties of tree species for efficient acquisition, use and cycling of
nutrients. Studies held in Australia (Stewart et al. 1988) and Brazil (Aidar et al. 2003) pointed
that there are patterns regarding the use of nitrogen, a factor that allows the categorization of
species in successional groups. According to them, pioneer species are those that present high
rates of activity of the enzyme nitrate reductase and are predominantly assimilators in the leaf,
whereas late stages species reallocate amino acids and have preference for the ammonium ion
(NH4"), besides the high CN ratio and low NR activity.

The availability of nitrogen for long periods of time tends to encourage soil
nitrification, and consequently cause an acidification and loss of cations. In addition to the
global enrichment of N, changes in the composition due to deforestation has led to strong
changes in community structure, reduction of species richness and loss of biodiversity in
several terrestrial biomes (Robbink et al. 1998; Gough et al. 2000; Xia & Wan 2008). It is
well known that pioneer species benefit from habitat fragmentation and border effect
(Mesquita et al. 1999; Tabarelli et al. 1999; Joly et al. 2014), including in the microclimatic
and nutritional conditions brought by this new environmental condition, leading to fall of
older individuals, high competition with vines and dominance of species adapted to poor soils
(Laurance et al. 2000), but is incipient the knowledge about the plant functionality after
disturbances.

Idol et al. (2003) investigated N mineralization, and nitrification across a
chronosequence (1, 6, 12, 31, and 80-100 years) of upland hardwood forest stands in southern
Indiana, USA. In opposition to the majority of studies, their results showed that harvesting has
no influence on N mineralization. However, the authors presented suggest that mineralization

could increase just after the harvesting and, after 1- 3 year, this process tend to decline. They
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also found that the highest rates of N mineralization, nitrification, and N uptake were in the
mature forest.

Several studies indicate that fossil fuels burning, the release of N by industries,
intense cultivation of species with natural N fixation and the use of fertilizers (Galloway et al.
2004) have already doubled the rate of N entry in terrestrial ecosystems. The consequences of
such deposition are especially known for temperate forests and indicate that the initial
response to this deposition would increase photosynthetic rates and carbon sequestration
(Hogberg 2012).

In this sense, it is essential to understand the ability of N to act as a tool to
characterize successional groups, especially considering the enrichment of N, changes in the
soil use and the possible effect on the composition and functionality of the plant community.
For this, we seek to answer the following questions: (1) Response variables associated with
the assimilation and transport of nitrogen are good predictor of plant sucessional stage (i.e.
pioneer versus non-pioneer species?) and (2) Does this distinction between groups by N use

strategies vary between tropical, subtropical and temperate forest?

MATERIAL AND METHODS

Data compilation

We collected data from published peer-reviewed papers, thesis and unpublished
data that tested the effects of nitrogen use strategies by plants to distinguish plant successional
groups. The studies were only included in the meta-analysis if they had at least one species
(with at least two individuals) from pioneer successional group and one from non-pioneer. If
the information about the successional group of the species was not presented we conducted a
deep search in other peer-reviewed papers to define it. In addition, the experiments should be
done at tropical or subtropical forests, in the field or in the greenhouse.

The variables included in the meta-analysis were: leaf nitrate reductase activity
(NRAy), nitrate in the xylem sap (NOz3’), arginine in the xylem sap (Arg), total nitrogen in the
leaf (N) and carbon: nitrogen ratio (CN). These variables were chosen because they represent
pionner strategies (NRAf, NO3z™ and N) and non-pioneer strategies (Arg and CN) based on the
model proposed by Aidar et al. (2003). The units of the variables and the sample technique of
each study do not interfere in the calculation of the effect size, which is the statistical measure

used in the meta-analysis.
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We conducted the literature review using the Web of Knowledge (Thomson
Reuters, Philadelphia, PA, USA) between November 2014 and October 2016. We used the
following key-words combination: nitrogen metabolism AND regeneration guilds; nitrate
reductase AND forest AND regeneration; nitrogen metabolism AND regeneration guilds
AND forest; nitrate reductase AND secondary species. We got 19,841 articles published from
2000 to 2014. We refined our search by excluding articles containing the following terms:
water, animal, marine, medicine, river, plankton and dinoflagellate. Thus, our search resulted
in 642 articles, which were then refined again by reading the abstract and the methods,
resulting in 12 studies. We excluded species classified as early secondary in the succession in
this meta-analysis.

Calculation of the effect size

The effect size is the unit of measure in a meta-analysis. It reflects the magnitude
of the treatment effect or the strength of a relationship between two variables (Borestein et al.
2009). In this case we used effect size to assess the difference between pioneer and non-
pioneer species in relation to N variables. The effect size was calculated using the
standardized mean difference (Hedges' g). The average value of each response variable,
standard deviation and sample size were used to calculate the effect size between pioneer and
non-pioneer species. These values were extracted from the text, tables or figures, or calculated
from reported values of standard error and number of replicates reported in the primary
studies. Studies lacking variance estimates or number of replicates were not included in the
meta-analysis. Effect size and 95% confidence interval were calculated with metafor package
in the R environment (Viechtbauer, 2010).

To calculate the overall effect size for each response variable, we used random-
effects models because we assumed that there was some unexplained variation in effect sizes
among studies (Borenstein et al. 2010; Harrison 2011). Significance difference between
groups was identified by comparing the heterogeneity within and between groups. The
evaluation of heterogeneity is importance in the meta-analysis, since the absence or presence
of heterogeneity indicates the model more suitable to be used (Mazin & Martinez 2009). The
heterogeneity is generally assessed by the Q test proposed by Cochran (1954) or quantified by
the 12 statistic defined by Higgins & Thompson (2002). The differences between groups are
reported statistically significant at p < 0.05. When the 95% confidence interval did not

encompass zero, the sucessional groups was considered statistically different. We determined
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the direction (positive, negative) of the effects of each univariate N variable (NRAs, N, CN,
NO3X, Arg). The study-level treatments were grouped into negative or positive effect factors
depending on N use model, proposed by Aidar et al. (2003).

We used a funnel plot and asymmetry test to detect bias (Egger et al. 1997). The
funnel plot is a very simple tool and highly influenced by sample size. Each point in the graph
represents a study and the symmetry can be assessed by statistical methods. Sources of
asymmetry can be the publication bias - the tendency for studies with positive results to be
more frequently published than studies with negative/non-significant results. English
language bias — the preferential publication of “negative” findings in journals published in
languages other than English — makes the location and inclusion of such studies less likely.
Methodological quality bias - smaller studies are, on average, conducted and analyzed with

less methodological rigor than larger studies (Eggler et al. 1997).

RESULTS

Twelve studies (46 cases) were used in the meta-analysis, including three Master
thesis, four Doctorate thesis and four peer-reviewed papers. Among them, nine studies were
carried out in Brazil, in the Atlantic Forest domain at different physiognomies — Montane,
Lower Montane, Lowland Ombrophylous Forest and Semideciduous forest (Veloso 1991;
Joly et al. 2012). The other studies were carried out in Subtropical Forests in Australia (three
studies). The details about the forest type, deciduousness and altitude are available in Table 1.

The lack of normal distribution (W = 0.76, p-value < 0.001) of all effect sizes was
influenced by the low sample size of some studies and by the different magnitude of
variables, that is, while NRAs average was 366.6 pkat.g.FW, Arg content was 3.56%. Even
using the influence plot to remove outliers, we still could not recovering the normal
distribution. Thus, we decided conducted one meta-analysis for each response variable
(Figure 1). Considering each variable, we did not get normal distribution for Arginine, CN
ratio and total N (Table 2). We will present the forest plot for Arginine (even it did not follow

normal distribution), nitrate in the xylem sap and nitrate reductase activity.
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Table 1. Studies included in this review. NRAs— foliar nitrate reductase activity, CN — carbon,
nitrogen ratio, ARG — arginine and NOsX — nitrate in the xylem sap. (+) means strategies
more pronounced in pioneer species and (-) strategies of non-pioneer species and (NA)

indicated absent data in the original study.

TYPE OF NUMBER
AUTHOR  YEAR PUBLICATION FOREST COUNTRY DECIDUOUSNESS ALTITUDE OF SPECIES NRAf CN ARG NO3X
Lower Montane
Aidaretal. 2003 Paper Tropical Forest Brazil Evergreen 590 8 + - - +
Lowland Tropical
Campos 2009 Master thesis Forest Brazil Evergreen 76,5 22 + - - +
Montane Tropical
Marchiori 2012 Masterthesis  Forest_secondary Brazil Evergreen 1200 28 + - - +
Semidecidual Tropical
Oliveiraetal. 2017 Paper Forest Brazil Deciduous 600 6 + - - +
Doctorate Lower Montane
Pereira_Silva 2008 thesis Tropical Forest Brazil Evergreen 400 12 + - - +
Doctorate  Semidecidual Tropical
Pereira_Silva 2008 thesis Forest Brazil Deciduous 670 18 + - - +
Doctorate Montane Tropical
Ribeiro 2013 thesis Forest_Mature Brazil Evergreen 900 26 + - - +
Doctorate
Ribeiro 2013 thesis Subtropical Forest Australia Evergreen 700 16 + - - +
Lower Montane
Silva 2012 Master thesis Tropical Forest Brazil Evergreen 123,5 22 + - - +
Subtropical
Stewartetal. 1988 Paper Forest_Mature Australia Evergreen 640 13 + - - +
Subtropical
Stewartetal. 1983 Paper Forest_Secondary Australia Evergreen 900 13 + - - +
Semidecidual Tropical
Stewartetal. 1992 Paper Forest Brazil Deciduous 935 19 + - - +
Campos,Tropical, Evergreen,76.5 —_— -0.79[-1.98, 0.41]
Marchiori, Tropical Evergreen,1200 —_—a—— -0.34 [-1.37, 0.69]
Pereira_Silva, Tropical Deciduous,670 e -0.55[-1.75, 0.64]
Oliveira, Tropical Deciduous,G0 L | -0.90 [-2.28, 0.48]
Pereira_Silva, Tropical Evergreen,400 L ! -0.45[-1.86, 0.96]
Silva, Tropical,Evergreen,123.5 I d -0.73[-2.16, 0.69]
Ribeiro, Tropical Evergreen, 800 ’ 1 -0.47 [-1.88, 0.93]
Ribeiro, Subtropical Evergreen, 700 L 1 -2.21[-345,-0.98]
Aidar, Tropical Evergreen,590 L d -1.85[-3.39,-0.31]
RE Model e -0.88[-1.32,-0.44]
I T T T 1
-4 -3 2 -1 0 1

Observed Outcome
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Figure 1. Overall effect size (diamond) and individual cases’ effect size and 95% confidence

interval (bar) for nitrogen response variables in tropical and subtropical forests. The studies

names include the surname of the first author, the forest type and altitude. (A) Arg — Arginine;

(B) NOs3X — nitrate content in xylem sap; (C) NRAf — Leaf Nitrate reductase activity. The

square size represents the relative weight of each individual study in the meta-analysis

(influenced by the sample size) and the horizontal line represents + 1.96 x standard deviation.

Successional groups were distinguished by the nitrogen variables, NRAs and

NO3zX. However, we did not find difference among forests types, neither the influence of

deciduousness. The overall effect size from random effect sizes method is presented in Table

2, as well as the heterogeneity and the number of cases considered for each variable.
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Table 2. Overall effect size, heterogeneity and asymmetry of each variable included in this

study.
RESIDUALS
NUMBER OF SHAPIRO- OVERALL

VARIABLE CASES WILK TEST EFFECT SIZE HETEROGENEITY ASYMMETRY
Arginine - ARG 9 0.796 (p=0.018)  -0.881 (p<0.001)  8.071 (p=0.426) -0.818 (p=0.413)
CN ratio - CN 7 0.695 (p=0.003) 20.182 (p<0.001)  1.288 (p=0.972) -0.629 (p=0.533)
Total N (leaves) - N 11 0.411 (p<0.001) 1.337 (p<0.001) 26.254 (p=0.003) 3.8602 (p<0.001)
Nitrate in the xylem sap - NO3X 8 0.961 (p=0.817) 1.371 (p<0.001) 19.743 (p=0.006) 1.536 (p=0.124)
Nitrate reductase activity - NRAf 13 0.965 (p=0.827)  3.613 (p<0.001) 106.832 (p<0.001) 4.984 (p<0.001)

The overall effect size for arginine demonstrated that it is possible to distinguish
between pioneer and non-pioneer strategies (Z =-0.88; p < 0.001), however this was not a
pattern for all studies, especially for the studies conducted in the Brazilian Atlantic Forest
(Campos 2009, Marchiori 2012, Pereira-Silva 2008, Silva 2012) (Figure 2A). In addition, the
negative value of overall effect size indicate that arginine tend to be higher in non-pioneer
species. The effect size in meta-analysis is affected by the species number, average and
standard deviation and, the high deviation found in arginine content could explain the no
significant individual case results.

We noticed that the average of the arginine content in non-pioneer species was
four times greater than the content in pioneer. Also, Pereira-Silva (2008) found that in late
secondary species the xylem sap amino acids were predominantly asparagine and arginine.
Silva (2012) found that arginine content was low or null in some species, however always
higher in late secondary species, Campos (2009) corroborated the previous results with high
asparagine and arginine in winter, and asparagine and glutamine in summer in late secondary
species. Finally, Marchiori (2012) found that the content of arginine was different between
early secondary species and late secondary species (F = 3.4 p = 0.03). Additionally, there was
no evidence of heterogeneity among the studies (Q(df = 8) = 8.07, p = 0.43), also evident by
low value of 12 test (5.48%), probably because of the low number of studies included in the
meta-analysis. According to Higgins et al. (2003), when 2 test result is below 20% it
represents a low heterogeneity. However, Arginine did not follow normal distribution and
statistics used depend on this, so we can only suggest a trend in these results.

The overall effect size for the content of nitrate in the xylem sap (NO3zX)
demonstrated that is possible to distinguish pioneer and non-pioneer strategies using this
variable, and it is also represented to be dominant in pioneer species (Z = 1.37, p < 0.001).

The heterogeneity was statistically significant (Q (df = 7) = 19.74, p = 0.0062) and moderate
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(I>= 65.76%). The funnel test demonstrated a symmetric distribution of the studies (test for
funnel plot asymmetry: z = 1.54, p = 0.13) and low bias of publication. We could find
difference between groups even for studies with high variance (Marchiori 2012, Aidar et al.
2003, Campos 2009 and Pereira-Silva 2008). Ribeiro (2013) found a significant difference
between nitrate in the xylem sap of pionners and late secondary species, however the author
did not considered the season and, because of the low content of nitrate in the summer, this
significant statistics could change if is considered only summer. For instance, Silva (2012)
found no statistical difference in nitrate xylem concentration between pionner and late
secondary species in summer (Figure 2B).

The foliar nitrate reductase activity (NRAy) had a positive overall effect size (z =
3.3, p < 0.001). The heterogeneity between studies was significant and very high (Q(df = 11)
= 84.00, p < 0.001; 1= 88.49%) and the asymmetry was significant (z = 6.16, p < 0.001),
indicating a bias. This bias could be due to low sample size and the great quantity of positive
significant studies. The prevalence of funnel plot asymmetry may provide a useful proxy
measure to examine the prevalence of biased analyses in the literature (Eggler et al. 1997).
The NRAs was not distinguish between successional groups only in the study of Stewart et al.
(1992) due to higher NRAs in non-pioneer species and Aidar et al. (2003) due to high standard
deviation within group and the great availability of nitrogen to plants (eutrophic soil) (Figure
1C).

Comparing the variables, we noticed that, for NRAys, the cases had similar weight
to the overall effect and small deviation, represented by the square size and interval lines,
respectively. On the other hand, the content of arginine in the species xylem sap varied a lot
and studies with greater sample size had more influence in overall effect size.

DISCUSSION

In this review, we assessed the variation in nitrogen use strategies across species
to identify which one is more efficient to distinguish pioneer and non-pioneer species.
Finally, we will return to the ecology and discuss the importance of N strategies for the
performance of plants in the field and successional stage. In accordance to nitrogen use model
(Aidar et al. 2003), NRA and NOsX followed the model and were higher in pioneer species.

Arginine is highly related to late secondary strategies, especially due to accumulation of N in
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relation to C. Unfortunately, it was not possible to join all variable in a unique meta-analysis,
but we still obtained a summary of results and reinforced some previous hypotheses.

Under natural conditions, nitrogen availability depends on climate, soil type,
vegetation and microenvironment (Vitousek & Matson 1988; Maggs 1991; Smith et al. 1998;
Silver et al. 2000). In addition, the nitrogen composition may vary over time (Maithani et al.,
1998) and respond to disturbances (Vitousek et al. 1989). Both the amount and the form of
nitrogen affect tree growth by their pattern of nitrogen uptake. Nitrate and ammonium are the
major inorganic forms of nitrogen taken up by plant roots (Marschner 1995). Ammonium can
be readily assimilated into amino acids, but nitrate has first to be reduced to ammonium via
nitrate reductase followed by nitrite reductase (Masclaux-Daubresse et al. 2010).

Davidson et al. (2007) found that nitrogen tends to be lost more easily just after
the deforestation, by volatilization and leaching. However, along the secondary succession
progress, there is an increase in foliar N, as well as in the litterfall and NO3™ in the soil as the
biogeochemical cycle return to the former equilibrium. The study conducted by Rice and
Pancholy (1972) showed a higher concentration of ammonium in the soil of late secondary
pastures and nitrate in initial sites, probably due to floristic composition and their influence in
the nitrification. Britto et al. (2001) highlighted that ammonium toxicity is especially
problematic in areas with intensive agriculture and cultivation of livestock, where high levels
of NHs emission, and subsequent NH4 deposition, are observed.

Studies on changes in nitrogen composition after burning and short cutting have
also reported an increase in soil mineralization and nitrification after soil use (Matson et al.
1987; Attiwill & Adams 1993). According to these authors, after deforestation there is an
increase in temperature and humidity, factors that influence litter decomposition and
culminate in increased N availability in the soil, in nitrate form (Reynolds et al. 2000; Hope et
al. 2003). Stewart et al. (1992) also found great nitrate reductase activity in areas of
disturbance. However, some studies oppose this hypothesis, stating that in some forests the
selective cut does not alter the availability of nutritional resources (Westbrook et al. 2006,
Jerabkova et al. 2006). In this sense, knowing the peculiar characteristics of each forest, such
as climate, vegetation, post-disturbance recovery time and land use history is essential to
understand the consequences of environmental changes in nutrient availability and
community behavior (Pérez et al. 2009). In addition, most studies with tropical forest species
focused on the amount of N and little emphasis have been given on quality or which exactly is

the preferred resource for functional groups (Norisada et al. 2005).
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Species adapted to a specific successional stage are also adapted to an N form
available to them and the enzymatic system for N uptake and incorporation should reflect the
form of nitrogen used. Lensi et al. (1992) have suggested the importance of floristic
composition in nitrification. Nitrate is considered a primary source for the availability of
nitrogen in the soil and is assimilated by plant (Beevers & Hageman 1969). In this way,
species that are exposed to nitrate availability as a resource present high nitrate reductase
activities (NRA). Therefore, in vivo NRA is an important indicator of plant NOs™ use
(Koyama & Tokuchi). The enzymes involved in N uptake reduce nitrate assimilated by plants
in two ways, by converting nitrate to nitrite with the enzyme nitrate reductase and nitrite into
ammonium by nitrite reductase. Then, ammonium is converted into glutamine, which can be
used as building material for other amino acids (Foulks et al. 2009). Ammonium may be toxic
to plants and nitrate is easily transported in the plant and can be reduced both in leaves and
roots (Olsson et al. 2003), while ammonium can be rapidly assimilated into amino acids,
especially glutamine and then storage as arginine (Foulks et al. 2009). Oliveira et al. (2017)
found that NHs" treatment reduced the total chlorophyll contents of T. micrantha, H.
popayanensis and G. kunthiana leaves, showing the toxic effect of NH4* on them.

The regulation of NR (nia) gene expression is very complex and influenced by
nitrate and reduced nitrogen forms (Pistorius et al. 1976), sugars (Cheng et al. 1992), light and
circadian rhythm (Becker et al. 1992). NR genes in plant leaves appear to be repressed by
nitrate-derived nitrogen products (Wilkinson & Crawford 1993). In the leaves, the energy
needed to reduce nitrate and subsequently to proceed the assimilation of ammonium into
glutamate is directly provided by the light reactions of photosynthesis (Wallsdrove et al.
1983). On the other hand, when the assimilation occurs in the roots, the carbohydrate
synthesized in the photosynthesis is translocated to the root where it is used to generate
NAPH and ATP. According to Gutschick (1981), the reduction of nitrate in the leaves is
energetically more economical, since the anaerobic respiration, the main type in the roots,
produces less energy and high carbohydrate consumption, reducing the ATP availability to
nitrate reductase. Thus, the nitrate reduction in leaves is the most used strategy in tree species
under natural conditions and with no light limitation, especially if nitrate is available. This is a
less costly strategy with great competitive advantages (Smirnoff et al. 1984). Stewart et al.
(1988; 1990) found low levels of NRA in the roots and branches of most closed forest species,
but high NRA in pioneer species.
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Nitrification in disturbed areas tend to be high and, therefore, the NRA may be an
indicator for the successional group of a species but also of the succession status of a
community (Aidar et al. 2003). However, we did not record variation between studies with
different past use for all variables investigated. The study of Ribeiro (2013) and Marchiori
(2012) were both conducted in montane Atlantic Forest, at plots with different past uses:
Ribeiro (2013) in old-growth forest and Marchiori (2012) in secondary forest, short-cutted for
more than 40 years ago. Considering these two forests, Arginine was not efficient to
distinguish groups, NO3X in Marchiori (2012) and NRA+ in both studies. Studies in Australia
had their successional groups distinct by Arg (Ribeiro 2013), NO3X (Ribeiro 2013) and NRA¢
(Ribeiro 2013, Stewart et al. 1988). Species located on forest fragments or gaps, the NRA
were generally high, even higher than those found in species growing in intact forests
(Stewart et al. 1992, Stewart & Orebamjo 1983; Stewart et al. 1988, 1990). The low rates of
nitrate reductase in intact forests may reflect the low induction of the enzyme, either by the
reduced availability of nitrate in the soil, limitation by the light energy or by the
predominance of the assimilation by the root.

There is a strong relationship between NRA and nitrate in the xylem (Lodhi et al.
1988). However, we did not find the same response for these two variables along studies.
While NRA was efficient to distinguish between groups in almost all studies, except in Aidar
et al. (2003) due to high variance between groups, nitrate did not contrast pioneer and non-
pioneer species in Silva (2012), Ribeiro (2013), Pereira-Silva (2008). Nitrate is not only a
potential source for organic N biosynthesis, but also plays an important role in osmotic
adjustment with adequate N supply (Song et al. 2006). Song et al. (2006) investigated the
nitrate in nutritional and osmotic roles in tree growing in different salinity and dry conditions
and found higher concentration of NO3™ and a lower concentration of amino acids in osmotic
adjustment under high salinity, influencing the species distribution and success.

Studies involving the assimilation of inorganic nitrogen in conserved Australian
forests (Stewart et al. 1988) and open forest plants (Stewart et al. 1990) have found that
pioneers or colonizing tree species have high ability to assimilate nitrate ions in their leaves,
while non-pioneer species had low nitrate reductase activity and also had a low capacity to
use nitrate even when these ions were widely available (Stewart et al. 1988). Oliveira et al.
(2017) found that seedlings of late successional species were able to grow in the presence of

NOg" as the sole N source and suggested that, besides the successional status approach, results
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of nitrogen use by species might also be related to other aspects, such as resource use
partitioning and niche complementarity.

Arginine is one of the 21 proteinogenic amino acids and has the highest nitrogen
to carbon ratio. It serves as an important nitrogen reserve and recycling, and even several
steps of arginine biosynthesis still remain poorly characterized in plants, it is already known
its role as a precursor for polyamines and nitric oxide (NO) and an essential metabolite for
many cellular and developmental processes (Winter et al. 2015). Arginine may be also used as
“defense” mechanisms against stress (Winter et al. 2015).

Using the key words “Nitrate reductase AND plants”, in the database Science
Direct during the last 10 years (2010-2017), we found 4,906 results. None of these studies
highlighted the ecological importance of NRA, but they demonstrated that NRA is associated
to many plant process. The transductional and genetic pattern from this enzyme is well-know.
Therefore, this meta-analysis is a new approach and could indicate nitrogen use strategies by

tropical and subtropical tree species in an ecological and successional perspective.

CONCLUSION

This meta-analysis showed that leaf nitrate reductase activity and nitrate in the
xylem sap are efficient to distinguish successional groups and reinforced its importance in
functional approaches, especially for pioneer species, reinforcing previous hypotheses. The
content of arginine was negative, indicating high contents in non-pioneer species as a
conservative strategy. We also highlight that there is a lack of studies on the relationship
among successional groups and nitrogen, especially involving amino acids transportation on

the xylem sap.
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ABSTRACT

The highly biodiverse Tropical Forests environments represent the largest contribution to
Earth’s productivity, but they are extremely threatened by human activity. Plant functional
traits could represent ecological strategies and determine the response of plants to
environmental factors. However, nitrogen is usually addressed in plant traits approaches in the
form of dry mass basis total N. We propose the inclusion of the nitrate reductase activity as a
functional trait to evaluate N uptakes by the plants. We compared five specific traits in two
preserved sites and 14 fragments with different past use in the Brazilian Atlantic Forest,
totalling 219 tree species of trees and 526 individuals sampled. Three traits were related to
structure, plant growth and water use (Leaf dry mass per unit area-LMA, Leaf Dry Matter
Content-LDMC and wood density-WD), one trait was related carbon assimilation (Light
saturated net photosynthetic rate, area basis-Asata) and one to nutrient/ nitrogen assimilation
(Nitrate reductase activity-NRA). Results showed differences along functional groups,
families and successional groups and correlation between almost all traits sampled. Most traits
that were measured could be correlated in the Leaf Economic Spectrum (LES) dimension,
NRA was significantly correlated to LMA (-0.267%), WD (-0.211%) and Asat(a) (0.241%),
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as was LDMC to LMA (0.389%), WD (0.505%) and Asat(a) (-0.318%). NRA was the main
trait responsible for the distinction of plant functional traits at Atlantic Forest fragments
compared to other traits, which had a gradient of response but not as clear as NRA based on
multivariate analysis. Therefore, NRA should be added in leaf traits studies, especially
because it is a soft trait, easily measured in the field and with a high potential to highlight
“fast” or acquisitive species or strategies (pioneer or early successional). Supported by Biota-
FAPESP/NERC-RCUK.

Key words: rainforest; fragments; functional traits; nitrate reduction.

INTRODUCTION

Throughout the history, researchers have been tried to understand species’ traits in
order to assess details about speciation and species interaction to develop conservation and
efficient restoration strategies (Cadotte et al. 2011). In the past, traits were mainly used as
predictors of organismal performance, but nowadays, due to development in community and
ecology studies, trait-based approaches are ranging from the level of organisms to ecosystems
(Violle et al. 2007), focusing inclusive in the vegetation responses to global change and others
environmental constraints, such as changes in biogeochemical cycles, invasion resistance and
stability in the face of disturbance (Pérez-Harguindeguy et al. 2013). The renewed interest in
classifying species into groups relating to function rather than to taxonomy has triggered the
search for traits that express meaningful differences in ecological behavior among plant
species (Garnier et al. 2001). Furthermore, community ecologists are increasingly realizing
that a trait-based approach is a better predictor of variability and community productivity than
species richness or composition (McGill et al. 2006; Zhang et al. 2017) and they could group
species together according to their similarities in function or in response to abiotic conditions
(Cadotte et al. 2011).

Besides the increase of functional ecology studies, there is still no clear definition
about the “more correct definition” of the terms “trait” and underlying concepts, as
“functional traits” (Violle et al. 2007). Violle et al. (2007) highlighted the four criteria to
validate an appropriate term proposed by Killingbeck (1986), (1) unambiguous, (2)
descriptive, (3) as simple and short as possible, and (4) frequently used to describe the
[feature] in question, and they noticed that only criteria 3 was been followed by “trait” term

and studies involving this concept.
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McGill et al. (2006) defined trait as a “well-defined, measurable property of
organisms, usually measured at the individual level and used comparatively across species.”
Reinforcing McGill et al. (2006) definition, Violle et al. (2007) suggested the use of traits
only at the level of the individual, defining it as “any morphological, physiological or
phenological feature measurable at the individual level, from the cell to the whole-organism
level, without reference to the environment or any other level of organization.” They also
highlighted that at population level, the term ‘‘demographic parameters’ should be used
instead of “trait” and at the community or ecosystem level is preferable the use of
“‘property’’. Cadotte et al. (2011) assumed that a trait is “any measurable feature of an
individual that potentially affects performance or fitness and can be physical (e.g. plant
branching pattern, predator tooth morphology), biochemical (e.g. plant photosynthetic
pathway, presence of secondary metabolites), behavioral (e.g. nocturnal vs. diurnal foraging,
females cannibalizing males) or temporal or phenological (e.g. flowering time, pelagic
duration of larval stage).”

In order to summarize the current concept, plant traits are defined as biological
characteristics of plant species related to patterns of establishment, growth and resource
allocation, responding to the dominant processes in an ecosystem (Liu & Su 2017) and affect
other trophic levels or ecosystem properties (Pérez-Harguindeguy et al. 2013). They are
measured at individual level, should vary more between than within species and preferably be
measured on continuous scales (McGill et al. 2006). Traits can be of several types (i.e.
continuous, categorical, ordinal and binary) and can result from varying degrees of
measurement rigour (i.e. hard vs soft traits) (Nock et al. 2016). In most cases, the increased
research effort invested into the quantification of functional traits for biodiversity has resulted
in an improved understanding of ecological phenomena (Diaz & Cabido 2001; Petchey et al.
2004; Hooper et al. 2005).

According to Cornelissen et al. (2003), nutrient assimilation strategies are
considered to be an important functional trait and could be related to plant responses to
climate changes, as well as to environmental and biochemical cycles changes and species
competition. Nitrogen is addressed in studies of functional attributes in the form of total
Nitrogen per unit of dry mass, especially in leaves (Leaf Nitrogen Concentration - LNC - total
amounts of N per unit of dry leaf mass, expressed in mg.g™) (Pérez-Harguindeguy et al.
2013). LNC correlates positively with mass-based photosynthetic rate and tends to represent

nutritional quality for consumers in the food chain (WallisDeVries & Bobbink 2017), yet it is
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extremely variable among ecosystems (Cornelissen et al. 2003). In addition, nutrient
absorption strategies (essentially nitrogen and phosphorus) are significant categorical
functional traits that encompass the main acquisition strategies, among them: nitrogen fixers,
arbuscular mycorrhiza and ectomycorrhiza (Cornelissen et al. 2003). However, they are a
complex trait to be assessed at the individual level and difficult to extrapolate to the
ecosystem. Cornelissen et al. (2003) also emphasize the importance of testing new plant traits
that could be correlated with others and applied to a wide variety of ecosystems.

Nitrogen availability in the soil can influence the ecosystem composition and
dominance, as it could be absorbed by roots in the form of nitrate, ammonium, amino acid and
other N-containing substances, expanding species niche coexistence and competition (Liu et
al. 2015). The activity of the enzyme nitrate reductase (NRA) is obtained at individual level
and can be easily scaled up. This enzyme is considered the bottleneck in nitrate assimilation
by plants and could be active at leaves or roots (Andrews 1986; Olsson et al. 2003). Studies
are showing that Leaf Nitrate reductase activity (NRA) varies between functional groups
(Smirnoff et al. 1984), especially among successional groups (Aidar et al. 2003). Plant growth
rate, as well as nutrient recycling, scale along ‘worldwide leaf economics spectrum (LES)’
(Wright et al. 2004) and NRA seems to be more related to fast/ acquisitive strategies. There is
a strong correspondence between nitrogen content and photosynthetic capacity (Hikosaka &
Osone 2009). However, little is known about the covariance of NRA and other leaf traits.

It is well known that nitrogen is quantitatively the most abundant, limiting and
essential nutrient for the plant's growth and life cycle, however the systems are facing an
increase of its availability especially due to fertilizers use (Ramos 1996; Stulen et al. 1998).
Most of the artificially produced ammonia by Haber-Bosch process (Erisman et al. 2013) is
used in agriculture as fertilizer, and about 40% of it is lost to the atmosphere through
denitrification, forming nonreactive atmospheric dinitrogen or leached to the water reservoirs
(Galloway et al. 2004). Increasing N in the atmosphere influences climate change and
promotes greater soil deposition, surface and groundwater pollution and has been identified as
one of the main threats to biodiversity and that our knowledge on the “effects of N deposition
on ecosystem functioning and biodiversity is still relatively small compared to the magnitude
of the problem” as indicated by WallisDeVries & Bobbink (2017).

Thus, understanding the patterns of terrestrial N cycling is essential to predict
plant productivity, carbon sequestration of ecosystems, nutrient flow to aquatic ecosystems
and losses to the atmosphere (Galloway et al. 2004; 2008). WallisDeVries & Bobbink (2017)
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indicates that the great majority of studies that focus in the effects of N deposition on
ecosystem is still concentrated in Europe, North America and China. However, research
efforts is greatly needed in (sub)tropical parts of the globe where N deposition is increasing,
and this would inform us to what extent the effects from N excess differ between temperate
and tropical environments.

The manuals of Cornelissen et al. (2003) and Pérez-Harguindeguy et al. (2013)
sought to define and standardize some functional attributes of quick and easy measurement,
composing a list of minimum traits strongly correlated to the more complex attributes,
although the authors emphasize that it shouldn’t limit the creativity of researchers, but rather
inspire the creation of new attributes, helping to answer new questions or suggest new
approaches. Based on the above, the aim of this study is to analyse the NRA as a plant trait
and its effect in lumping functional groups. We aim to suggest the inclusion of NRA in trait-
based approaches and we believe that it will help to better characterize the species distribution
along leaf economic spectrum. Three main research questions would be answered with this
study: (1) Nitrate reductase activity is correlated with others important and common traits? (2)
This enzyme can help on the characterization of plant functional groups? (3) The use of NRA
as a trait will improve our knowledge on functional groups characterization in the Atlantic
Forest?

MATERIAL AND METHODS

Study area

The study area was located in the coastal mountain range of the Serra do Mar, in
the State of Sdo Paulo, Brazil. We selected two plots (1 ha each) strictly protected at Serra do
Mar State Park — Santa Virginia Nucleus, one at old-growth forest, Plot K — named as “O”
(Padgurschi et al. 2011) and the other in secondary succession 45 years after short-cut, Plot T
— named as “S” (Marchiori et al. 2016). In addition, we had sampled 14 Atlantic forest
fragments (0.5 ha each — 0.25ha plot located in the patch border and 0.25ha plot in the inside
— 30m far from the border plot). The fragments were mainly located in private properties at
Sdo Luis do Paraitinga and Natividade da Serra — Sdo Paulo State, bordered by pastures and
cropland, with different past uses, sizes and altitudes (Table 1, Figure 1). This study was part
Ecofor Project (Fapesp-NERC/UK) which aimed to understand the the effect of human

activities in tropical forests. One way to evaluate this was comparing the border effect on
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species diversity and functionality, explaining the proposed methodology of border and inside
plots.

The vegetation that composes the Serra do Mar State Park, Santa Virginia Nucleus
and its remnants fragments is classified as montane evergreen forest or Montane
Ombrophilous Dense Forest (“Floresta Ombrofila Densa Montana™) (Veloso 1991). However,
the majority of the fragments is located in a phytogeographical confluence area and
predominate Ombrophilous Dense Forest with elements of Semideciduous forest (Aguirre
2008). According to Oliveira Filho and Fontes (2000), the main factor that distinguishes
evergreen and deciduous forests is the precipitation variation and the consequent definition of
a dry season. According to Koppen (1948), the regional climate can be classified as Cwa,
characterized by warm, wet summers and dry winters. The average minimum temperature is
10.6 °C, the maximum of 26.1 °C (Martins 2010) and the average annual rainfall of 2,200 mm
with the wettest months being December, January and February (Siegloch et al. 2012).
Meteorological data from CIIAGRO (2006) showed that the portion of S&o Luis do Paraitinga
City, where Santa Virginia Nucleus is located, has a decrease in the precipitation level from
June to August, whereas the rest of the municipality is much more drier and influence the
formation of Semideciduous forest. The soils are characterized as Red-Yellow Latosol and
Haplic Cambisol (IBGE 2001).

Taubaté
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Figure 1. ECOFOR sites (BIOTA-FAPESP/NERC-UK Project). O — Old growth forests; S —

Secondary forests; and 1 to 14 — Fragments of modified forests. Sdo Paulo, Brazil
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Table 1. Description of sites, characterization and specific locations. Fragments — F1 to F14 —
are located at Sdo Luis do Paraitinga and Natividade da Serra; Plots S and O are part of Biota
Functional Gradient Project and located at Serra do Mar State Park — Santa Virginia Nucleus,
Sdo Luis do Paraitinga — Sdo Paulo State — Brazil. Nspp 70% BA — number of species
included in the sample (basal area of the species included in 70% of the site total basal area);
Alt (m.a.s.l) — altitude — mean sea level (m).

Site Nspp 70%E Alt (m.a.s.l. Area (ha) Plot (ha) Latitude Longitude

F1 5 920 94.6 0.5 23°15'08.62" S 45°15'03.98" W
F2 22 920 12.2 0.5 23°16'30.98" S 45°14'28.20" W
F3 13 880 53.4 0.5 23°05'56.84" S 45°10'53.70" W
F4 5 1150 30.3 0.5 23°16'50.12" S 45°10'24.38" W
F5 8 800 24.2 0.5 23°09'39.34" S 45°27'23.85" W
F6 19 980 30.3 0.5 23°19'27.25" S 45°11'25.40" W
F7 10 700 9.8 0.5 23°05'40.43" S 45°32'27.98" W
F8 14 980 19.9 0.5 23°12'25.03"S 45°11'47.15" W
F9 13 720 155 0.5 23°08'26.59" S  45°28'02.13" W
F10 14 700 98.1 0.5 23°06'51.77"S 45°34'42.37" W
F11 20 820 85.1 0.5 23°12'40.56" S 45°16'45.14" W
F12 16 760 2476 05 23°06'19.42" S 45°32'37.15" W
F13 12 800 83.4 0.5 23°14'59.93" S 45°30'32.02" W
F14 11 700 10.6 0.5 23°03'29.38" S  45°25'13.83" W
S 14 970 forest 1 23°19'50.60" S 45°05'67.80" W
@) 23 1020 forest 1 23°19'31.00" S  45°04'07.00" W
total 219 9

Vegetation sampling

In each plot we selected species that represent 70% of the total basal area and
sampled three mature individuals (or two when wasn’t available three individuals) and
completely exposed to light (except for understory individuals). According to Cornelissen et
al. (2003), species with high biomass and basal area are considered dominants in the
community and their functionality could represent the community and ecosystems if it is
scaled up. For each plot the number of species was specific, based on species abundance,
richness and dominance. A total of 219 species were sampled in the 16 forest sites,
representing a total of 112 different species (Annex 1).

We selected five plant traits that have been identified as suitable to predict species
responses to environmental change and effects on ecosystem processes in plant communities,

and were easy-to-measure (“soft traits””) (Cornelissen et al. 2003). Three traits were related to
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structure, plant growth and water use (LMA: leaf dry mass per unit area- 1/SLA; LDMC: Leaf
Dry Matter Content and WD: wood density), one trait was related carbon assimilation (Asata:
light saturated net photosynthetic rate, area basis) and one related to nutrient/ nitrogen
assimilation (NRA: nitrate reductase activity enzyme). The Leaf dry matter content (LDMC;
dry leaf mass/water-saturated fresh leaf mass - g.g?) and leaf dry mass per unit area (LMA,;
leaf dry mass/ leaf area— g.m™) are considered key traits with well-established sampling
protocols and with low error variance, details about the procedures could be found in Wilson
et al. (1999), Niinemets (1999), Garnier et al. (2001) and Cornelissen et al. (2003).

Leaf gas exchange was measured in three mature and completely expanded leaves
of three individuals per species (total of nine measurements). Soon after the field collection,
detached branches were immediately re-cut under water to restore hydraulic connectivity and
kept in shade to have their photosynthesis measured in the next day (Rowland et al. 2017,
2015). All gas exchange measurements were made between 08:00 h and 12:00 h,
instantaneous measurements of light-saturated photosynthesis (Asat) (1,500 umol m2s1) and
others parameters related were made using a Li-Cor 6400 portable photosynthesis system (L.i-
Cor Inc., Lincoln, NE, USA). The procedure details could be found in Rowland et al. (2017).

Wood density (WD) is a stem trait very important to the ecology of woody plants
as it reflects carbon allocation to structural support, correlating negatively with growth rate
and reflecting conservative strategies (Preston et al. 2006; Diaz et al. 2016). The samples were
taken from the same individuals used for other traits. The pith and bark were removed, and
volume was measured by water displacement (Rosado et al. 2016). Sample mass was
determined after drying for at least 2 d at 70°C and we obtained values of oven dry mass per
fresh volume (g.cm~3) (Cornelissen et al. 2003).

The activity of the Leaf NR enzyme was determined in vivo on the basis of the
procedure proposed by Stewart et al. (1986). Samples (0.10 gFW) of fully expanded leaves
were sliced into small fragments, vacuum infiltrated with 2.5 ml of assay solution (0.05 M
KH2POg4, pH 7.5, 0.1 M KNOs3 and 1.5% propanol) and then incubated 60 min in darkness at
30 °C. The nitrite was colorimetrically determined at 540 nm though a spectrometer after
azocoupling with sulfanilic acid (1ml [1% (w/v) in 1.0 N HCI]) and naphthylethylendiamide
dihydrochoride - NED (1ml [0.05% (w/v)]). All enzyme assays were carried out on at least
duplicate samples (Stewart et al. 1986; Aidar et al. 2003).
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Statistical analysis

After checking frequency distributions for normality and variance heterogeneity,
species-specific leaf trait values were calculated using arithmetic means and it was necessary
to present NRA, LMA as Box-Cox transformed (power transform) and Asat(a) as logl0-
transformed prior to statistical analysis. We used both univariate and multivariate statistics to
compare the differences among plant species, families and functional groups. We used
Pearson correlations to examine inter-trait correlations, all significant at a P level of 0.05. To
examine the generality of the correlation patterns between traits and to visualize the
relationships between our functional groups, fragments or families in a multivariate context,
we performed a principal components analysis (PCA) and Cluster analysis with Euclidian
distance and UPGMA agglomeration method with the measured traits. After Cluster analyses,
we cluster species in functional groups and proceed a Linear Discriminant Analysis (LDA)
with this groups, followed by a MANOVA test. All statistical analyses were carried out using
R (R Development Core Team, 2011), FITOPAC 2.1.2 (Sheperd 2010) and PAST 3 (Hammer
et al. 2001).

RESULTS

TRAITS CORRELATIONS

We measured traits on each of 219 tree species in 16 sites (N = 3 or 2 for each
species) resulting in 526 individuals sampled. All samples are pooled together in species
level, disregarding the site, obtaining a total of 112 unique species (aneex 1). In our analyses
were excluded Arecaceae species (Euterpe edulis or Syagrus romanzoffiana), because we
couldn’t measure their wood density. Most of traits measured were correlated in the LES
dimension (acquisitive — conservative spectrum): Nitrate reductase activity was significantly
correlated to LMA (-0.267%), WD (-0.211%) and Asat(a) (0.241%), as were LDMC to LMA
(0.389%), WD (0.505%) and Asat(a) (-0.318%) (Table 3).
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Table 2. Functional traits sampled, their respective units, transformation to normality and
functional strategies. LMA= leaf mass area, LDMC= leaf dry matter content, WD= wood
density, Asat (a) = photosynthetic rate saturated in light and CO2 by unit of leaf area, NRA=

Leaf nitrate reductase activity.

Plant traits Abbreviation Unit Transformation Functional Strategy References
Investments in leaf construction (lignine and
LMA (USLA) ¢ m? Box-Cox other secondary compounds) and defences’ Niinemets 2001; Poorter et al. 2009
and long leaf lifespan
Level of assimilative compounds and
transfer conductance to CO2, construction Niinemets 2001; Garnier et al. 2004;
Leaf Dry Matter Content LDMC gg? costs, nutrient retention, tolerance against ~ Poorter & Markesteijn 2008; Lohbeck
water limitations and mechanical and etal 2013
herbivore damage
Construction costs, growth rate, stem
Wood density WD g cm?® vulnerability, mortality rate, resistance
against cavitation, drought tolerance

Leaf dry mass per unit
area

Poorter et al. 2008; Chave et al. 2009;
Poorter et al. 2010; Lohbeck et al. 2013

Light-saturated

photosynthetic capacity 21 L . o

(at ambient CO2) per unit Asata pmolCO,m™s™ Log Acquisition of CO, Cornelissen et al. 2003; Reich 2014
leaf area

Nitrate reductase activity NRA pkat.FW-1 Box-Cox Inorganic Nitrogen assimilation Stewart et al. 1986; Aidar et al. 2003

Table 3. Pearson's correlation between the pairs of variables analyzed, in the upper triangle
are the values of the probability of the relations being at random and in the lower triangle the
values of the Pearson correlation. LMA= leaf dry mass per unit (g.m?), LDMC = leaf dry
matter content (g.g*), Wd = wood density (g.cm®), NRA = activity of the enzyme nitrate
reductase in the leaf (pkat FW™) and Asat(a) = photosynthetic rate by unit of leaf area

(umolCO2m2sY). Gray colors indicate significant correlation.

LMA LDMC WD NRA Asat(a)
LMA 2.840 E-09 0.004 0.005 0.729
LDMC 0.389 2.103 E-08 0.136 0.0007
WD 0.274 0.505 0.027 5.051 E-07
NRA -0.267 -0.143 -0.211 0.011
Asat(a) 0.033 -0.318 -0.459 0.241

PRINCIPAL COMPONENT ANALYSIS

A multivariate analysis of rainforest plant species ordinated in trait space
identified three major ordination axes that explained 82.4% of the data variation. The first
PCA axis (43.1%) represented a gradient of acquisitive - conservative strategies being mainly
guided by WD (54.6%) and LDMC (52.2%), which are related to resource investment in
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wood structure and leaf (leaf density), respectively. LDMC also is normally related to the leaf
water storage capacity and low values are normally associated to higher productivity
(Cornelissen et al. 2003). The second axis (21.3%) is influenced by high LMA (72.1%) and
Asat(a) (63.6%) and represente carbon acquisition, leaf investment and indicate two different
functional groups, one with more conservative strategies and other with more acquisitive. The
third axis (18.0%) was defined primarily by leaf nitrate assimilation (NRA=86.8%) (Figure
2).

To reinforce the importance of leaf nitrate assimilation on functional traits
analysis, we performed an analysis with the same dataset without the NRA. With this new
approach, we could explain 76.7% of species variance and the first two axes was explained by
LDMC/ WD (58.0%) and LMA (73%) and Asat(a) (63%), respectively. We could notice that,
without NRA, traits related to structure and conservative strategies predominate in the
functional species distribution. We also tried to rearrange the dataset, taking off Asat(a) and
including NRA. In this approach, NRA was the main trait influencing the second axis
(84.2%), keeping LDMC (56.6%) and WD (54.3%) as the major guiders in the first principal

component.
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Figure 2. Results of the Principal Component Analyses applied to functional traits of tree
species from Atlantic forest fragments. A. First and second axis of the PCA. B. First and
Third axis of the PCA. LMA= leaf dry mass per unit (g.m?), LDMC = leaf dry matter content
(9.g71), WD = wood density (g.cm™), NRA = activity of the enzyme nitrate reductase in the
leaf (pkat FW) and Asat(a) = photosynthetic rate by unit of leaf area (umolCO2m2s™).

USING NEW TRAITS TO JOIN SPECIES IN DIFFERENT GROUPS

Principal Component Analysis of leaf traits lumped by families (PC1=43.1% and
PC2=21.3%), highlighted which are the main traits and strategies considering Leaf economic
spectrum for families (Figure 3). Urticaceae, represented by Cecropia spp., is in the extreme
of acquisitive strategies, with high photosynthetic and nitrate reductase activity. In the other
extreme, showing conservative strategies, we find Lauraceae with high LDMC and WD and
Melastomataceae with high LMA. Many Fabaceae species fix nitrogen from the atmosphere
and they seem to be more related to the acquisitive axis (Figure 3).

Usually, species are defined by their ability to germinate and survive in light
conditions. In this way, species can be defined as Pioneer (P) when they are light demand or
Non-pioneer (NP) if they are more successful without excessive light during germination.
This last group include Late secondary (LS), Early secondary (ES) and under canopy species
(UC) (Gandolfi et al. 1995). We performed a PCA with our functional traits and lumped
species by their successional groups, and found 64.4% of the variation, confirming that

species defined as Pioneer have acquisitive strategies (higher Asat(a) and NRA) and in Non-
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pioneer species a more conservative strategy tended to be associated with a construction and
“defence”, related to conservative traits (LMA, LDMC and WD) (Figure 4).
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Figure 3. Results of the Principal Component Analyses applied to families from Atlantic
forest tree species (PC1x PC2). LMA= leaf dry mass per unit (g.m?), LDMC = leaf dry matter
content (g.g™), Wd = wood density (g.cm), NRA = activity of the enzyme nitrate reductase
in the leaf (pkat FW™1) and Asat(a) = photosynthetic rate by unit of leaf area (umolCO.m2s™).
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Figure 4. Principal Component Analysis grouped by successional groups. Species represented

by (A) are defined as Pioneer (P) and those represented by (¢) are Non-pioneer species.
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Finally, we grouped our species by their functionality and we found that NRA was
the most important trait to distinguish functional groups. We based our Discriminant Analysis
(Figure 6) on Cluster analysis (Figure 5), which joined all species by their similarities
considering our five defined traits, resulting in separation of four functional groups. After this,
we evaluated the response to traits of each species, defined the group response in four
quartiles and classified as Low (*), Medium low (**), Medium high (***) and High (****)
(Table 4). MANOVA test indicates that all functional groups are statistically different
(Wilks’s lambda=0.124; df1=15; df2=279.2; F=21.06; p<0,001). These analyses demonstrated
two extremes in leaf economic spectrum: group Yellow composed by 14 species with
acquisitive strategies and group Purple with 13 species and conservative strategies. Although
there was a clear trend of separation between the extremes considering leaf economy
spectrum in all traits, for our data set, the clearest was by the enzyme nitrate reductase. In
figure 6 is possible to notice that species with high activity of nitrate reductase enzyme were
in one extreme and those with low activity were in the other, demonstrating a very clear
behavior and importance to be considered in Leaf Economic Spectrum and leaf traits

approach.
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Figure 5. Cluster analysis of Atlantic forest fragments grouped by their response to four leaf
traits (LMA, LMDC, WD NRA, Asat(a)), Euclidian distance and UPGMA (ccc=0.666).
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Table 4. Leaf traits response in each functional group. LMA= leaf dry mass per unit (g.m?),
LDMC = leaf dry matter content (g.gt), WD = wood density (g.cm=), NRA = activity of the
enzyme nitrate reductase in the leaf (pkat FW™) and Asat(a) = photosynthetic rate by unit of
leaf area (UMolCO2m2s™). Low (*), Medium Low (**), Medium High (***) and High (****)
represent the traits values of the species that composes each group. All groups are statistically
different.

GROUP COLOR #SPP LMA LDMC WD NRA  ASATa

I Yellow 14 *x * * *kkk *kk FAST
I Red 32 Fk ** ** *k*k *%
11 B|ue 49 *kk *kk *xk *xk *x
v Green 13 kK kK falaled * ** SLOW
4.0
32
. ® 24

Axis 2

-8.0 -6.4 -4.8 48 6.4

BoxCoxNRA (pKat gPF-1)

Axis 1

Figure 6. Discriminant analysis (LDA) and functional groups highly influenced by nitrate
reductase activity enzyme in axis 1 (97.83%). Group | (Yellow), Group Il (Red), Group Il
(Blue) and Group IV (Green) — the group of each species sampled in the study could be found
in annex 1.
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DISCUSSION

In this article, we present a comprehensive comparison of physiological processes
and leaf traits in tree species under tropical field conditions. Our study of 112 plant species
represents the first work including NRA as an important leaf trait and yielded novel insights
into physiological differences among functional groups, specially related to plant nitrogen
assimilation.

Cornelissen et al. (2003) point out that classifying species solely by their
taxonomy is limiting to answer ecosystem, landscape and biome patterns and processes,
especially when it comes to issues associated with climate change, atmospheric chemistry,
and land use modification. According to these authors, the use of plant traits to lump species
is a promising tool for a better understanding of the functionality and processes that modulate
the species and has similar responses or roles in ecosystems or biomes, defining Plant
functional groups types (PPTs) (Apgaua et al. 2017). Lavorel et al. (1997) defined PPTs as
non-phylogenetic groupings of species which perform similarly in an ecosystem based on a
set of common biological attributes (Keddy 1992b; McGill et al. 2006).

We observed well known leaf traits correlations and in accordance to the
literature. We found a marginally correlation between LMA and LDMC (Table 2), as well as
Wright & Cannon (2001). However, these two traits had some differences in the correlation,
while LMA wasn’t correlated to Asat(a), LDMC had a no significant correlation with NRA.

Leaf dry mass per area (LMA) is generally positively related to both density (D)
and thickness (T). Niinemets (2001) suggest that leaf thickness scales positively with
irradiance and leaf density with soil water limitations. LMA is a primary plant functional trait
that represents the cost of constructing a leaf, their lifespan and the reduction to the
susceptible to herbivory and to other physical hazards (Griffith et al. 2016; Wright & Cannon
2001). This trait is generally negativily correlated to photosynthetic capacity (A), nitrogen
content per mass and positively to leaf lifespan (Wright et al. 2004). Another important trait
considered in this study was Leaf dry matter content (LDMC, the ratio of leaf dry mass to
fresh mass), which reflect a fundamental trade-off in plant functioning between a rapid
production of biomass (low LDMC species) and an efficient conservation of nutrients (high
LDMC species) (Poorter & Garnier 1999). LDMC is considered to be a better predictor of
plant performance along resource gradients than LMA, as it reflects leaf construction and
resources allocation (Shipley et al. 2006a). However, Nock et al. (2016) strongly suggest the

use of LMA, since it could be considered both an effect trait (leaves with more mass per unit
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area decompose more slowly and affects nutrient cycling) and response trait (plants tend to
increase productivity under dry conditions by improving water use efficiency, reducing their
specific leaf area and increasing the total leaf area (more leaves) to enhance photosynthesis
(Wright et al. 2002; Zhang et al. 2017).

Wright & Cannon (2001) highlighted that many studies across continents and
growth forms are suggesting that the major spectrum of variation between species segregates
those species with long-lived leaves, including high LMA and slow net photosynthetic rate
(mass basis) from species short-lived leaves (or acquisitive strategies), low LMA and fast
photosynthetic rate. However, we didn’t find a positive correlation between LMA and Asat
(@), and this could be due area-based photosynthesis instead mass-based (Souza et al. 2015).
This is a common situation observed on the literature and there is still a wide discussion about
the significance on the weaker associations between foliar properties when expressed on an
area-basis (Reich et al. 1998; Wright et al. 2004; Shipley et al. 2006; Lloyd et al. 2013;
Keenan & Niinemets 2016).

The correlation of wood density with all leaf trait was coherent with several other
studies. Leaf and wood traits should be closely coupled along a spectrum of plant strategies
from fast-growing, resource-acquiring species with low investment in leaf and wood tissues to
slow-growing, resource-conserving species with high investment (Santiago et al. 2004, Chave
et al. 2009). Generally, species with dense wood also have relatively small leaves (Malhado et
al. 2009, Baraloto et al. 2010) and this has been interpreted as an adaptation to water
limitation and higher water use efficiency (Wright et al. 2006). High LMA is sometimes
associated with high wood density (Richardson et al. 2013), but nonsignificant relationships
have also been reported (Wright et al. 2007; Baltzer et al. 2009; Zhang & Cao 2009).
Correlations between wood density and the component traits underpinning LMA (i.e., LDMC,
leaf size, leaf thickness and leaf density) have received relatively little attention but indicate
that species with a high wood density also have high LDMC (Kitajima et al. 2010).

Species at the nutrient-conserving end of the spectrum typically have high LMA,
low leaf nutrient concentrations, and low photosynthetic capacity (Reich 2014; Reich et al.
1997); species at the other end of the spectrum typically have the opposite characteristics, low
tissue density and cell wall content; high rates of carbon and nutrient uptake; and short-lived
leaves (Lavorel et al. 2002). However, the knowledge about the correlations of NRA and

others leaf traits were still unknown.



61

Studies have been assuming that plant productivity is largely determined by the
interaction between carbon and nitrogen metabolism. These two processes are closely
interconnected, since the energy required for nitrogen assimilation derives directly and
indirectly from photosynthesis. Tang et al. (2012) used the NRA to test the effects of
enrichment of N and verified that the in vivo NRA varies according to light intensity, since
nitrate reductase competes for energy with carbon fixation under shade conditions. According
to Melzer & O'Leary (1987), amino acid synthesis depends on the availability of the carbon
skeleton provided by photosynthesis, because the triose phosphate obtained from
photosynthetic reaction could be used in the synthesis of carbohydrates and ketoacids. Then,
2-oxoglutarate produced in the cytosol, is transported to the chloroplasts and acts as an
ammonium acceptor during amino acid synthesis (Nunes-Nesi et al. 2010).

Nitrate is reduced to nitrite in the cytosol by the nitrate reductase enzyme (NR)
and this reduction can occur in both roots and leaves. Nitrite is reduced to ammonium and
then to amino acids in roots and leaves by a series of enzyme-mediated reactions, the
glutamate synthase or GS-GOGAT cycle (Beevers & Hageman 1969; Tang et al. 2012). By
assessing NRA in the tissues, it is possible to get an indirect evidence of the occurrence of
nitrification in forest soils. It has been established that light, drought, mineral nutrition,
hormonal treatment, plant age and genetic composition all influence the capacity for nitrate
reduction (Beevers & Hageman 1969; Adams & Attiwill 1982). Nitrate reductase activity
(NRA) analysis can thus be used as a method for measuring plant available soil NOs. This
method has a number of advantages for monitoring soil NOg: it is rapid, inexpensive, can be
easily performed at lab field condition (Aidar et al. 2003), does not disturb the soil, and gives
a direct indication of plant available NOs.

In the Principal Component Analysis (Figure 2; Table 4), we noticed that NRA
was a good trait to distinguish functional groups, being the main trait guiding the third axis.
The traits that compose the first axis aren’t independent, they are highly correlated, and we
could affirm that the first axis is the aquisitve-conservative spectrum drived by resources
investiment in leaf (LMA) and wood (WD). The second axis, was represented by two
independent variables (Asat(a) and LMA) and NRA was the main driver in the third axis. In
every community, there is a continuum of leaf nitrate reductase activity, from low to high,
related to increasing Leaf Specific Area (1/LMA) (Stewart et al. 1990). Because leaves with
more mass per unit area decompose more slowly, nutrient cycling in mixtures of species with

high LMA will be slower compared to mixtures with low LMA, relating decomposition and
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nutrient cycling. The leaf trait LMA acts as an effect trait — it affects nutrient cycling (Nock et
al. 2016).

We found a considerable taxonomic patterning in leaf traits (Figures 3 and 4).
Species and their corresponding family considered pioneer were mainly found in acquisitive
and fast-growing strategies axis of the PCA, and those classified as non-pioneer were found in
more conservative axis. Species from Urticaceae, Asteraceae, Annonaceae, Moraceae and
Euphorbiaceae had higher photosynthetic and NRA, with greater capacity to uptake carbon
inorganic nitrogen and probably total nitrogen. On the other extreme, representing
conservative strategies, we found Lauraceae, Myrtaceae, Celastraceae and Chrysobalanaceae
with high WD and Sapindaceae, Rubiaceae and Melastomataceae with higher LMA and
LDMC. According to Stewart et al. (1990), some species of monocotyledon and small-leaved
from Asteraceae and Fabaceae families, which possess higher proportions of structural tissue
per unit area of leaf, showed lower levels of nitrate reductase activity, in opposition to what
we saw in this study. Gebauer et al. (1988) found high NRA in Urticaceae, Lamiaceae and
Polygonaceae families in Central Europe and refers that these families are usually fast
growing plants. These authors also indicated that Fabaceae had much higher contents of
organic nitrogen than the means of all others species sampled in the same habitats, due to the
symbiosis with No-fixing bacteria and/or the well-known nitrogen-demanding lifestyle
(Mckey 1994).

Disturbance in forests lead to quickly soil nitrate production and availability,
which favours the establishment of pioneer species with high leaves and root NRA (Aidar et
al. 2003). Typically, plants associated with nutrient rich sites, usually the case of disturbed
sites, tend to have high NO3 content in the soil and induce nitrate reductase enzyme in plant
species (Gebauer et al. 1988; Srivastava 1980). As closed forest communities regenerate,
these pioneer species can persist for many years in competition with mature-phase species
(with low nitrate reductase activity) (Stewart et al. 1990; Aidar et al. 2003). It is possible to
notice that the functionality of many species were coherent to their successional group
classification, Pioneer species had higher NRA and Asat, while Non-pioneer were represented
by increased values of LMA, LDMC and WD (Figure 4).

NRA was the main trait responsible for the distinction of plant functional traits of
species at Atlantic Forest sites. Besides other traits also had a gradient of response, NRA had
the clearest distinction and, we propose that it should be added in plant traits approaches at

tropical systems (Figure 6, Table 4). Gebauer et al. (1988) concluded that Nitrate content,
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NRA and content of organic N of the examined plants depend partly on species, but largely on
the ecological behavior (sites preference with higher or lower N supply) and this reinforce the
importance of NRA as a trait with good predictive power for identify tree functional
characteristics and strategies.

It is conceivable that there would be greater complementarity (or competition)
belowground than aboveground for limiting resources (water and nutrients) (Siebenkas &
Roscher, 2016). Thus, to a deep understanding about plants relations, it is also important to
consider belowground biomass and functionality to explain the variation in community
productivity. We should strengthen the research about plant root functional traits and

community belowground and aboveground productivity (Zhang et al. 2017).

CONCLUSION

We propose that NRA should be added in leaf traits studies, especially because it
is a soft trait, easily field measured and has high potential to highlight acquisitive species or
strategies (pioneer or early successional). This view of species as an assemblage of traits is
reshaping how ecologists measure diversity, assess coexistence and restore habitats and surely
it will provide better conservation and restoration plans and management. Two extremes of
functional strategies could be distinguished from the range of trait variation that defines the
leaf economics spectrum. At one extreme, species with a conservative resource-use strategy,
showing high values of LMA, LDMC, high-density wood tissues and low NRA that allow
them to increase competitive abilities in late and nutrient-poor environments. In the opposite
extreme, species with a predominant resource-acquisition strategy have attributes associated

to rapid resource capture and high relative growth rate.
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Annex 1. List of species and families found in 14 sites with different stages of succession and past use at Atlantic Forest, Southernest of Séo
Paulo, Brazil. COD - Species code (first 3 letters from genus and 1 letter from species name), FUNC — functional group (Table 4), SUC —
successional group (P: pionner, NP: non-pionner), F1-F14: fragments at Sdo Luis do Paraitinga and surroundings, O and S: plots of old-growth
and secondary forest at Conservation Unit — Serra do Mar State Park.

SPECIES FAMILY COD FUNC SUC F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 O S
Actinostemon concolor

(Spreng.) Mull.Arg. Euphorbiaceae Actc  red NP X
Aiouea acarodomatifera

Kosterm. Lauraceae Aioa green NP
Alchornea glandulosa Poit.

& Baill. Euphorbiaceae Alcg red P
Alchornea triplinervia

(Spreng.) Mull.Arg. Euphorbiaceae Alct  blue P
Amaioua intermedia Mart.

ex Schult. & Schult.f. Rubiaceae Amai  blue NP
Anadenanthera  colubrina blue

(\Vell.) Brenan Fabaceae Anac NP
Andira sp. Lam. Fabaceae Andl green NP
Annona cacans Warm. Annonaceae Annc red P
Aspidosperma sp. 1 Mart. & blue

Zucc. Apocynaceae Aspl NP
Asteraceae sp. 2 Asteraceae Asts  red P
Bathysa australis (A.St.-

Hil.) K.Schum. Rubiaceae Bata blue NP
Bauhinia longifolia (Bong.)

Steud Fabaceae Baul blue P
Brosimum guianense (Aubl.) Moraceae Brog yellow NP
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SPECIES FAMILY COD FUNC SUC F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 O S
Huber

Cabralea cangerana (Vell)

Mart. Meliaceae Cabc Dblue NP X
Calyptranthes lucida Mart.

ex DC. Myrtaceae Call  blue St X
Casearia  gossypiosperma

Brig. Salicaceae Casg yellow NP X X

Casearia sp 1 Jacqg. Salicaceae Casl yellow NP X
Cassia ferruginea (Schrad.)

Schrad. ex DC. Fabaceae Casf  Dblue NP X X

Cecropia hololeuca Mig. Urticaceae Cech yellow P X X

Cecropia pachystachya

Trécul Urticaceae Cecp vyellow P X

cf. Salacia Celastraceae Sall red NP X

Chrysophyllum viride Mart.

& Eichler Sapotaceae Chrv  blue St X X
Clethra scabra Pers. Clethraceae Cles red P X X X
Copaifera langsdorffii Desf. Fabaceae Copl blue NP X X

Copaifera trapezifolia

Hayne Fabaceae Copt  blue NP X

Cordia sellowiana Cham. Boraginaceae Cors red P X X X

Cordia trichotoma (Vell.)

Arrab. Ex Steud Boraginaceae Cort  blue X X

Couepia venosa Prance Chrysobalanaceae Couv red Si X
Coussapoa microcarpa

(Schott) Rizzini Urticaceae Coum blue NP X
Croton floribundus Spreng.  Euphorbiaceae Crof yellow P X X X X X X

Croton piptocalyx Mill.Arg. Euphorbiaceae Crop yellow P X X

Cryptocarya saligna Mez Lauraceae Crym purple NP X
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SPECIES FAMILY COD FUNC SUC F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 O S
Cryptocarya aschersoniana

Mez Lauraceae Crys blue NP X
Cupania oblongifolia Mart.  Sapindaceae Cupo red NP

Cupania tenuivalvis Radlk.  Sapindaceae Cupt red NP X

Cupania vernalis Cambess.  Sapindaceae Cupv red NP

Eugenia sp. 3 L. Myrtaceae Eug3 blue NP

Eugeniasp. 7 L. Myrtaceae Eug7 red NP

Euterpe edulis Mart. Arecaceae Eute NP X X
Fabaceae sp. Fabaceae Fab  blue Si

Ficus sp. 2 L. Moraceae Fic2 yellow X

Guapira opposita (Vell.)

Reitz Nyctaginaceae Guao red Si X X X
Guateria australis A.St. -

Hil Annonaceae Guaa Dblue NP X
Gymnanthes  klotzschiana

Mll.Arg. Euphorbiaceae Gymk red P

Handroanthus cf.

impetiginosus  (Mart.  ex

DC.) Mattos Bignoniaceae Hani  yellow NP

Hirtella hebeclada Moric.

ex DC. Chrysobalanaceae Hirh  red NP

Humiriastrum dentatum

(Casar.) Cuatrec. Humiriaceae Humd blue NP

Inga marginata Willd. Fabaceae Ingm yellow NP X
Ixora gardneriana Benth. Rubiaceae Ixog Dblue NP

Jacaranda puberula Cham. Bignoniaceae Jacp red NP X

Lamanonia ternata Vell. Cunnoniaceae Lamt blue NP X

Lauraceae sp. 2 Lauraceae Lau2 blue NP X

Lauraceae sp. 4 Lauraceae Lau4 blue NP
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SPECIES FAMILY COD FUNC SUC F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 O S
Leucochloron incuriale

(Vell) Barneby & J.W.

Grimes Fabaceae Leui green NP X X

Licania hoehnei Pilg. Chrysobalanaceae Lich  blue NP X X
Luehea candicans Mart. &

Zucc. Malvaceae Luec red P

Luehea grandiflora Mart. &

Zucc. Malvaceae Lueg red P X X X

Mabea piriri Aubl. Euphorbiaceae Mabp blue P X X X X
Machaerium brasiliense

Vogel Fabaceae Macbh blue NP X

Machaerium nyctitans

(\Vell.) Benth. Fabaceae Macn blue NP X X X X

Machaerium villosum Vogel Fabaceae Macv blue NP X

Maclura  tinctoria  (L.)

D.Don ex Steud. Moraceae Mact red NP X

Magnolia ovata (A.St.-Hil.)

Spreng. Magnoliaceae Mago blue NP X

Malouetia cestroides (Nees

ex Mart.) Mull.Arg. Apocynaceae Malc red NP X

Maprounea guianensis

Aubl. Euphorbiaceae Mapg blue NP X

Marlierea silvatica

(Gardner) Kiaersk. Myrtaceae Mars red St X
Matayba sp. 1 Aubl. Sapindaceae Matl blue NP X

Matayba sp. 2 Aubl. Sapindaceae Mat2 vyellow NP X

Maytenus sp. 1 Molina Celastraceae Mayl red NP X X

Maytenus sp. 2 Molina Celastraceae May2 red NP X

Meliaceae sp. 1 Meliaceae Mell blue NP X

Miconia cabussu Hoehne Melastomataceae ~ Micc  Dblue NP X X X
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SPECIES FAMILY COD FUNC SUC F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 O S
Miconia dodecandra Cogn. Melastomataceae Micd green NP X

Miconia sp 5. Ruiz & Pav. = Melastomataceae =~ Mic5 blue NP X X

Miconia sp. 2 Ruiz & Pav.  Melastomataceae Mic2 green NP X

Miconia sp. 6 Ruiz & Pav.  Melastomataceae  Mic6 green NP

Mollinedia schottiana

(Spreng.) Perkins Monimiaceae Mola green St X X
Myrcia spectabilis DC. Myrtaceae Myrs  blue St X X
Myrcia tomentosa (Aubl.)

DC Myrtaceae Myrt  yellow NP

Myrsine  coriacea  (Sw.)

R.Br. ex Roem. & Schult. Myrsinaceae Myrc  blue Si

Nectandra oppositifolia

Ness Lauraceae Neco blue NP

Ocotea dispersa (Nees &

Mart.) Mez Lauraceae Ocod green NP X
Ocotea sp. 3 Aubl. Lauraceae Oco3 red NP X

Ocotea sp. 8 Aubl. Lauraceae Oco8 blue NP

Ocotea catharinensis Mez ~ Lauraceae Ococ  Dblue NP X
Pera glabrata  (Schott)

Poepp. ex Baill. Peraceae Perg red NP X X
Piptadenia gonoacantha

(Mart.) J.F.Macbr. Fabaceae Pipg blue P

Piptadenia paniculata

Benth. Fabaceae Pipp  blue P

Piptadenia sp. 1 Benth. Fabaceae Pipl red P

Piptocapha sp. Benth. Asteraceae Pip red P

Piptocarpha macropoda

(DC.) Baker Asteraceae Pipm red P X
Posoqueria latifolia Rubiaceae Posl green NP
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SPECIES FAMILY COD FUNC SUC F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 O S
Pouteria caimito (Ruiz &

Pav.) Radlk. Sapotaceae Pouc blue NP X
Protium heptaphyllum

(Aubl.) Marchand Burseraceae Proh red NP

Pseudopiptadenia

leptostachya (Benth.)

Rauschert Fabaceae Psel  red P

Qualea sp. 1 Aubl. Vochysiaceae Qual red P

Rapanea hermogenesii

Jung-Mend. & Bernacci Primulaceae Raph green NP X
Roupala  montana  var.

brasiliensis (Klotzsch)

K.S.Edwards Proteaceae Roum blue NP

Savia dictyocarpa Mull.Arg. Euphorbiaceae Savd blue NP

Schefflera angustissima

(Marchal) Frodin Avraliaceae Scha red P X X
Senegalia polyphylla (DC.)

Britton & Rose Fabaceae Senp  blue P

Sloanea monosperma Vell.  Elaeocarpaceae Slom green X X
Solanum cinnamomeum

Sendtn. Solanaceae Solc  yellow NP X
Syagrus romanzoffiana

(Cham.) Glassman Arecaceae Syar NP

Tapirira guianensis Aubl.  Anacardiaceae Tapg Dblue NP

Tapirira obtusa (Benth.)

J.D.Mitch. Anacardiaceae Tapo red NP

Terminalia sp. 2 L. Combretaceae Ter2  blue P

Tibouchina pulchra Cogn.  Melastomataceae  Tibp green P X
Tovomitopsis paniculata

(Spreng.) Planch. & Triana  Clusiaceae Tovp blue X
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SPECIES FAMILY COD FUNC SUC F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 O S
Virola cf. gardneri (A.DC.)

Warb. Myristicaceae Virg  blue NP X

Vochysia sp. 1 A.St.-Hil. Vochysiaceae Vocl black NP X

Xylopia brasiliensis Spreng. Annonaceae Xylb  blue NP X X X X X
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Are nitrogen use strategies functional to assess tropical forest succession?
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ABSTRACT

The Brazilian Atlantic Forest hosts one of the world’s most diverse and threatened tropical
forest biota. After five centuries of human expansion, most Atlantic Forest landscapes are
archipelagos of small forest fragments immersed in an open-habitat matrix. Although the
structure and composition of plant communities is known to influence the functioning of
ecosystems, there is yet no agreement on how these should be described from a functional
perspective. Functional diversity (FD) is a key driver of ecosystem processes and resilience to
environmental change and can be measured by several indices. Nitrogen (N) is quantitatively
the most abundant and essential nutrient for plant growth, it is poorly considered in traits-
based and functional indices approaches and, when it appears, it is usually as total N. Based
on the model of nitrogen use and considering that tropical tree species show diverse nitrogen
use strategies according to their regeneration niche, our aim was to verify if functional traits
associated with leaf structure and N nutrition would be useful to better characterize
successional status of Atlantic Forest sites. We tested an aggregated functional indices, using
three nitrogen traits considered to be relevant in determining a plant’s nitrogen use strategy:
leaf nitrate reductase acitivity (NRA), arginine (ARG) and Glutamine (GLN) contents in
xylem sap, and one trait related to leaf structure: specific leaf area (SLA). All traits were
weighted by the relative basal area of the species occurring in 11 forest sites in Paraiba
Valley and adjacent Serra do Mar State Park. Covariation among the four traits was examined
using Principal Component Analysis (PCA) and groups clustering. Jaccard similarity index
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shows that species diversity in fragments was mainly guided by altitude range and climate
conditions associated, while Euclidian distance and k-groups grouped fragments by their
functionality. None correlations between functional indices were found and MANOVA test
highlighted the variation among fragments. In the PCA ordination the first two axes
explained 79.2% of total variation; the first component represented 49.1% driven by NRAagg
and the second component 30.1%, driven by ARGagg. Our indices demonstrated that
Fragment 1 and 7 were the most initial fragments due to higher NRAagg and SLAagg and,
the other extreme were plots O, S and Fragment 5 as the most mature forest with lower values
of these indices. The best indices were NRAagg and SLAagg, which defined more acquisitive
strategies and sites dominated by species belonging to initial forest succession. In the other
hand, ARGagg and GLNagg indices alone weren’t able to distinguish successional groups,
even with their strong conservative behavior as reported in many studies. This study suggests
a new tool to better understand successional status of a defined forest site, based on nitrogen
plant traits, especially for initial phase of succession. Literature suggests that wood density

and CN could be good indicators of late succession and be used as functional indices.

Keywords: Secondary forests; Specific leaf area; nitrate reductase activity; amino acids;
functional indices; basal area

INTRODUCTION

Tropical forests are extremely important for maintaining the ecological and
functional relationships of the planet (Malhi et al. 2014) and they are exposed to increasing
levels of human-related disturbances, including intensive logging, fragmentation and
conversion of forests into pastures and agricultural purposes (Laurance et al. 2004, 2010; Joly
et al. 2014). Mature forests show moderate signs of anthropogenic disturbances and are
relatively stable in relation to structure, species composition and ecosystem properties, while
secondary forests are dynamic forests that are recovering and intensely changing, either in
composition or in functionality (Chazdon 2012). In the near future, the last tracts of old-
growth forests are likely to be converted into human-modified landscapes (HML - Wright
2005; Melo et al. 2013a).

Degraded and recovering forests comprise more than half of the remaining forests
on the Planet (FAO 2010), and in Brazil, less than 5% of Atlantic Forest fragments are
effectively preserving native forests (Joly et al. 2014), with most of the forest fragments
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being smaller than 50 ha (Ribeiro et al., 2009). Melo et al. (2013) found that human modified
landscapes are widespread all over the world, composed by forest remnants mostly isolated
and disconnected, with a variety of sizes, shapes and successional stages. Tabarelli et al.
(2004) pointed out that after deforestation, the surrounding open area and the remnant forest
influence each other and generally there is loss of biodiversity, high mortality of tall
individuals due to desiccation and high irradiation, especially in the edge. Joly et al. (2014),
Tabarelli et al. (2012) and Pitz et al. (2011) proposed the concept of “secondarization”,
which is characterized by the domain of pioneers species, biotic homogenization and
permutation of late species by pioneers in human modified ecosystems.

Studies generally agree that nutrient availability in soil changes during ecological
succession (Aidar et al. 2003; Amazonas et al. 2011), however there are disagreements as to
the direction and significance of these changes. Some studies suggest that the availability of
all major resources (light, water, and nutrients) are high in soils that have recently been
disturbed (Grime 1979), and the succession that follows involves a decrease in the
availability of these resources (Vitousek et al. 1979). However, Davidson et al. (2007)
indicate that in Tropical Amazon, N-cycling properties recover as secondary succession
progresses, but revealing that N availability in terrestrial ecosystems is ephemeral and can be
disrupted by either natural or anthropogenic disturbances at several timescales. Aidar et al.
(2003) proposed that the disturbance in forests leads to a rapid production of nitrate in the
soil, favoring the establishment of pioneer species that present high activity of the leaf nitrate
reductase.

The understanding of the use of N and succession in the Atlantic Forest was
initiated by Aidar et al. (2003), which characterized a continuum of strategies for the nitrogen
use in accordance to the successional groups in Lower Montane Dense Forest (Figure 1). The
proposed model was later validated by other studies in several plant communities at Atlantic
Forest: Restinga (Silva, unpublished data), Lowland Dense Forest (Campos 2009), Lower
Montane Dense Forest and Semidecidual Forest (Pereira-Silva 2008), Lower Montane Dense
Forest (Silva 2012), Montane Dense Forest (Marchiori 2012; Ribeiro 2013) and Mixed Forest
(Morena 2015).

Considering the validity of the nitrogen use model for the Atlantic Forest, the
importance of studies involving nitrogen physiology, its limiting function for secondary
forests (Raven & Andrews 2010) and the lack of studies relating forest succession and
functional and physiological aspects (Amazonas et al. 2011), it is essential to develop new
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tools considering plant nitrogen to evaluate ecosystems and predict how they will react to
future conditions, focusing mainly in traits and functional indices that reflect the ecological

strategies of the species and their response to environmental factors (Kattge et al. 2011).
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Figure 1. Conceptual diagram indicating the different strategies of nitrogen use by plants
along the forest succession (Aidar et al., 2003). 8N leaf (%o); N content in the xylem sap
(umol mL-1); Activity of the enzyme nitrate reductase - NRA (pkat g"FW); Leaf N content
(%); Content of NOs™ in xylem sap (%);NOz" - nitrate; Asn-asparagine; Arg-arginine; GIn-
glutamine; Other, other amino acids. Initial Succession - 15 years of regeneration; Mid

succession - 25 years and late succession - +36 years of regeneration after abandonment.

The extrapolation from organism level to community and ecosystems levels is
one of the processes of great interest in ecology and, nowadays, there are many complex
integral functions used to it (McGill et al. 2006; Garnier et al. 2004; Kerkhoff & Enquist
2006). The use of functional indices is widely applied to assess the condition of the
environment or to diagnose the environmental cause of the changes (Garnier et al. 2004). The
purpose influences the choice of which ecological indicators or functional indices should be
used (Dale & Beyeler 2001) and they are intended to provide a simple and efficient method to
examine the ecological composition, structure, and function of complex ecological systems
(Dale & Beyeler 2001).

Holling (1992) suggested that the behavior of ecosystems can be understood by
paying attention to a relatively small number of dominant processes operating at definable

scales of time and space. According to Andreasen (2001), a good indicator should be: Multi-
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scaled (depends on the scientific and management questions that are being asked); Grounded
in natural history (A great knowledge about the effects of independ traits is recommended
and then use them as indices); Relevant and helpful (applicable for measuring trends of
concern to public and decision makers — easily understandable); Flexible (capture global and
environmental changes); Measurable (able to distinguish antropic and natural changes in
many ways); Comprehensive in three aspects — Composition (key species), Stucture (Amount
of habitat in the landscape) and Function (Decomposition, disturbance and succession). The
author also suggested artithmetric mean, weighted average and multivariate statistics as
appropriate approaches to integrate all metrics included in an index.

Studies involving functional traits and indicators/indices should be based on a list
of key traits that are considered to be important to the ecosystem (Bernhardt-Rémermann et
al. 2008) and should consider three components of ecological integrity, including
composition, structure and functioning to be able to encompass all ecosystems and
interactions (Noss 1990). Andreasen et al. (2001) postulated that the comparison between
sites with functional index should have one "natural™ or "sustainable™ site, preferably located
in Conservation Unit, to act as reference. In addition, is also important to locate a reference at
the “degraded” end of the spectrum to represent the other end clearly degraded and socially
unacceptable. Dale & Beyeler (2001) proposed a table including some criteria for ecological
indicators (Table 1).

Table 1. Criteria for ecological indicators (Dale & Beyeler 2001).

Are easily measured

Are sensitive to stresses on system

Respond to stress in a predictable manner

Are anticipatory: signify an impending change in the ecological system

Predict changes that can be averted by management actions

Are integrative: the full suite of indicators provides a measure of coverage of the key gradients across the ecological systems (e.g. soils,
vegetation types, temperature, etc.)

Have a known response to natural disturbances, anthropogenic stresses, and changes over time

Have low variability in response

In this sense, it is fundamental to study the forest fragments for their recognition,
quantification and management, including based on a set of new tools and approaches that
could allow better understanding of the ecosystems funcionality (Hobbs et al. 2009). The aim
of this study is to understand how specific plant traits vary along Atlantic Forest sites with
different sizes and past use and determine if functional indices based on nitrogen use

strategies could group sites by their functionality and stages of succession. Our questions
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are: (1) How do plant traits and functional indices vary throughout the succession of Atlantic
forest fragments? (2) Is it possible to group forest fragments by similar succession based on

functional indices? (3) Is it possible to define best nitrogen functional indices?

MATERIAL AND METHODS

Study sites

The region is a mosaic of small-scale agriculture, pastures, mostly young (< 10
yr) secondary forests, and remnants of old-growth forests. Ribeiro et al. (2009) suggested that
secondary vegetation succession in the study region varied with former landuse, more
specifically abandoned pastures versus abandoned agricultural fields, and with
geomorphology and altitude. We selected eleven sites located in coastal mountain range of
the Serra do Mar, in the State of Sdo Paulo, Brazil (Table 1). These sites included two plots
located in Serra do Mar State Park — Santa Virginia Nucleus (named as O — old growth and S
- secondary), and nine fragments (F1-F7, F11-F12) in private properties at Sdo Luis do
Paraitinga and Natividade da Serra — S&o Paulo State, bordered by pastures and cropland,
with different past uses, sizes, altitudes and connectivity (Table 2, Figure 1). The soils are
characterized as Red-Yellow Latosol and Haplic Cambisol (IBGE 2001).

The vegetation that composes the Serra do Mar State Park, Santa Virginia
Nucleus and the forest fragments are classified as Montane evergreen forest or Montane
Ombrophilous Dense Forest (“Floresta Ombroéfila Densa Montana”) (Veloso et al. 1991).
However, the majority of the fragments is located in a phytogeographical confluence area and
predominate Ombrophilous Dense Forest with elements of Semideciduous forest and intense
past use (Aguirre, 2008). Sites specific forests composition were characterized in previous
studies (Old-growth — Pardgurschi et al. (2011); Secondary forest — Marchiori et al. (2017);
forest fragments — Ecofor Project — not published). The characterization of the fragments
included two plots with 0.25 ha each and all individuals with minimum diameter 10 cm
(diameter above 1.3 cm from the soil).

We had very few information about the specific past use of the sites sampled and
the period of the impact, however, personal communication indicated that Fragment 1 was
deforested to pasture, fragment 2 remained even after the surrounding use for pasture and
Fragment 3 was used as a sugar cane plantation, but we still don’t know about the others

fragments or further details.
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Koppen (1948) assumed that the regional climate can be classified as Cwa,
characterized by warm, wet summers and dry winters. The average minimum temperature is
10.6 °C, the maximum of 26.1 °C (Martins, 2010) and the average annual rainfall of 2,200
mm with the wettest months being December, January and February (Siegloch et al. 2012).

Table 2. Sites sampled at Sdo Luis do Paraitinga and surrounding area and their
characterization in species composition, structure and location. Nspp 70% BA — number of
species included in the sample (basal area of the species included in 70% of the site total

basal area); Alt (m.a.s.l) — altitude — mean sea level (m).

Fragment Major species (Physionomic dominants) nspp 70%BA Alt (m.a.s.l.) Area (ha) Plot (ha) Latitude Longitude
F1 Piptadenia gonoacantha 5 920 94,6 0,5 23°15'08,62"S 45°15'03,98" W
Croton floribundus, Gymnanthes »
F2 klotzschiana 920 12,2 0,5 23°16'30,98"S 45°14'28,20" W
F3 Miconia dodecandra, Pera glabrata 13 880 53,4 0,5 23°05'56,84"S 45°10'53,70" W
F4 Tibouchina pulchra 4 1150 30,3 0,5 23°16'50,12" S 45°10'24,38" W
F5 Miconia sp.6, Anadenanthera colubrina 8 800 24,2 0,5 23°09'39,34"S 45°27'23,85" W
F6 Tibouchina pulchra 19 980 30,3 0,5 23°19'27,25"S 45°11'25,40" W
F7 Pera glabrata 10 700 9,8 0,5 23°05'40,43"S 45°32'27,98" W
F11 Cupania tenuivalvis, Eugenia sp7. 20 820 85,1 0,5 23°12'40,56"S 45°16'45,14" W
F12 Anadenanthera colubrina 16 760 247,6 0,5 23°06'19,42"S 45°32'37,15"W
S Alchornea triplinervia 14 970 old forest 1 23°19'50,60" S 45°05'67,8" W
(0] Chrysophyllum viride, Euterpe edulis 23 1020 secondary forest 1 23°19'31"S 45°04'07" W
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Figure 2. ECOFOR sites (BIOTA-FAPESP/NERC-UK Project). O — Old growth forests; S —
Secondary forests; and Numbers — Fragments of human-modified forests. Sdo Paulo, Brazil
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Functional indices

Firstly, we tested the similarity of fragments based on their species composition
by Jaccard Index and UPGMA agglomeration method. We used this analysis to evaluate if
there are differences in fragments similarities and consequent clustering if we consider their
composition or functionality.

The dataset consisted of trait values measured on the main species in each of the
eleven sites. Measurements were conducted at wet season (summer, December — April/ 2015,
2016 and 2017), on the youngest, fully expanded leaves and totally exposed to light from
three individuals of species whose correspond to 70% of total basal area of the communities
(‘‘most abundant species’’ hereafter). According to Mason et al. (2005), the species with the
highest basal area and biomass are generally the most abundant of each ecosystem and they
efficiently represent the ecosystem, as their functionality could be scaled up from the
individual to the community and ecosystem level. The most abundant species have extreme
functional trait values, reflecting niche partitioning and environmental heterogeneity by their
functional diversity (Villéger et al. 2008).

We selected four specific plant traits to compose our functional analysis: Leaf
Nitrate reductase activity (NRA), arginine (ARG) and glutamine (GLN) in the xylem sap
based on nitrogen use model (Aidar et al. 2003) and Specific Leaf Area (SLA), a very
common and widely used in plant traits approaches, which represents the light-intercepting
area of a leaf per unit dry mass, related to net assimilation rate (Reich et al. 1997) and plant
relative growth rate (RGR: Reich et al. 1997, Poorter & Jong 1999) (Table 3). These traits
were chosen due their importance for ecosystem processes along forest succession (Aidar et
al. 2003), such as primary production, nutrient cycling and establishment in new areas
(Cornelissen et al., 2003).

The structural component of the indices was the relative basal area, as it
represents both the dominance of the species and its density, being a good indicator of the
composition, structure and possible changes in complexity of the community (Noss 1999).
Stand basal area is also considered to be an important indicator of succession because it
reflects the time since abandonment, the land use history and within-plot environmental
heterogeneity with species functional traits diversity (Lebrija-Trejos et al. 2010D).

The functional indices used in this study were based on Garnier et al. (2004),
presented as Equation 1. To define the functional indices, firstly we calculated the species
average of each plant traits (NRA, GLN, ARG and SLA), then we weighted by the relative
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basal area of the species and, to compose the aggregated index, we sum the species traits for
each fragment and we have obtained four values (aggregated indices) for each fragment. We
propose four aggregated indices, all related to functional dominance of the community
(CWM) (Fu et al. 2014; Roscher et al. 2012 — Equation 1):
5
CWM= E p; ¥ trait;
=1

where S is the total number of species, pi is the relative abundance of species i, and “trait i” is
the trait value of species i. When ecosystem function refers to productivity, it is reasonable to
use the proportion of biomass as an indicator of the relative abundance (Garnier et al. 2004).

The choice of metrics for the ecological indices followed the criteria proposed by
Andreasen et al. (2001). Leaf traits were based on a sample of three adult individuals per
species, taking at least 9 leaves of each individual. The Specific Leaf Area (leaf area/leaf dry
mass — m2.g™%) is considered a key trait with well-established sampling protocols and with
low error variance, details about the sample methodology could be found in Wilson et al.
(1999), Garnier et al. (2001) and Cornelissen et al. (2003).

The activity of the Leaf NR enzyme was determined in vivo on the basis of the
procedure proposed by Stewart et al. (1986) and Aidar et al. (2003). Samples (0.10 gFW) of
fully expanded leaves were sliced into small fragments, vacuum infiltrated with 2.5 ml of
assay solution (0.05 M KH2POg4, pH 7.5, 0.1 M KNO3 and 1.5% propanol) and then incubated
60 min in darkness at 30 °C. The nitrite was colorimetrically determined at 540 nm though a
spectrometer after azocoupling with sulfanilic acid (Iml [1% (w/v) in 1.0 N HCI]) and
naphthylethylendiamide dihydrochoride - NED (1ml [0.05% (w/Vv)]). All enzyme assays were
carried out on at least duplicate samples (Stewart et al. 1986). All leaves were sampled
between 9 am and 2 pm in the wet season.

The extraction of sap from xylem was performed with a manual vacuum pump in
the defoliated branches and, in the laboratory, amino acid analysis was performed in UPLC
(Waters Acquity UPLC® system - Waters, Milford, MA, USA). The methodology used for
UPLC derivatization was Waters derivative AccQ-Tag kit protocol with the following
modifications: sap samples were centrifuged for 20 minutes at 80 RPM, 10 pL of sample was
added to 70 pL of borate buffer and 20 pl of 6-aminoquinolyl- N -
hydroxysuccinimidylcarbamate (AQC) and then the vials were shaken for 5 minutes in
vortex. The separation of aminoacids was performed with the AccQ.Tag Ultra Column C18
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column (2.1 x 100 mm 1.7 um) at 60 °C with the following eluents: A- AccQ.Tag Ultra
Eluent A (10% in water), B- AccQ.Tag Ultra Eluent B (100%), in flow rate of 0.7 mL /
minute. The determination of nitrate was performed according to Cataldo et al. (1975) and
used to calculate the total N in the xylem sap and then the percentage of amino acids.

Table 3. Definitions of abbreviations, acronyms, and units of variables.

Abbreviation  Definition Units
Agg Aggregated

NRA Leaf Nitrate reductase activity pkat.FW
GLN Glutamine — xylem sap %N

ARG Arginine — xylem sap %N

SLA Specific Leaf Area m?.g?t
PCA Principal Component Analysis

UPGMA Unweighted Pair Group Method using Arithmetic averages

Statistical analysis

After checking frequency distributions for normality, multinormality and variance
heterogeneity, species-specific leaf traits values were calculated using arithmetic means prior
to statistical analysis. We used both univariate and multivariate statistics to compare the
differences among plant species, sizes and connectivity of the fragments and functional
groups. The community functionality data were organized into one matrix, composed by four
indices per fragment (total sum of traits wighted by relative basal area — Equation 1).

We used Sperman’s rs coefficient to examine inter-trait correlations and Pearson
coefficient to assess correlation between functional indices and a Multivariate Analysis of
Variance (MANOVA) test to find the difference between fragments considering the
functional indices. To test for the existence of clusters of fragments based on functional
indices and plant traits, we used hierarchical agglomerative cluster analyses based on
Euclidean distances and UPGMA method (Table 3). We also assessed the distribution of the
groups detected by cluster analyses along functional indices using a Principal Components
Analysis (PCA), based on a correlation matrix. Functional groups distribution along the PCA
axes was evaluated through K-means technique. We also measured the strength of correlation
between the PCA scores in the first two axes and the groups taken as ordinal variables. All
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statistical analyses were carried out using R (R Development Core Team 2011), FITOPAC
2.1.2 (Sheperd 2010) e PAST 3 (Hammer et al. 2001).

RESULTS

Understanding the species composition in Atlantic Forest Fragments

We recorded and sampled 184 species in all fragments. The most frequent species
in all 11 sites sampled were Guapira opposita (Vell.) Reitz. and Croton floribundus Spreng.,
which occurred in 7 and 5 sites, respectively. The Jaccard similarity between sampled sites
was high and demonstrated they are similar in species composition with a cophenetic
correlation coeficient of 0.82 (Figure 3). We found that variation in species diversity of trees
in the tropical forest studied was influenced by topographic position, dominant species and
probably to climate conditions and past use. The old growth site (plot O) and secondary site
(plot S) are both located in Santa Virginia Nucleus, Serra do Mar State Park and, besides plot
S had a history of clearcut 45 years ago, both plots have a lot of species in common (53.3% in
Plot S and 34.8% in Plot O). Plot O was considered the most mature site in this study and the
others sites were compared to it, in order to find successional status, as recommended by
Andreasen et al. (2001).

The fragments with similar species composition were grouped, for example, Plot
S, O, F4, F5 and F6 due to dominance of Melastomataceae especies and absence, in the most
representative species, representants from Fabaceae family. Fragments F4 and F6 are both
dominated by Tibouchina pulchra Cogn. (Melastomataceae), a common species at secondary
forest over acidic soil in Atlantic Forest, at 980-1150 m of altitude and closer to Santa
Virginia Nucleus. The fragment F2 and F11 are the richest in species composition and they
are located in S&o Luis do Paraitinga municipality (820-920 m of altitude) and have 7 species
in common (mostly represented by Melastomataceae, Sapindaceae and Myrtaceae families).
Even though fragment F1 and F3 are also located in Sdo Luis do Paraitinga municipality, they
are in a higher altitude than the others (880-920m) and they had some peculiarities, maybe
due to past use and soil conditions. Fragment 1 is dominated by Piptadenia gonoacantha
(Mart.) J. F. Macbr. (Fabaceae), whereas Fragment 3 was richer in species (high quantity of
Melastomataceae and Peraceae) and composed by individuals with low height and diameters.

Fragments F5, F7 and F12 are located near Taubaté, in the altitude range of 700-800m and
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dominanted by Anadenanthera colubrina var. colubrina (Vell.) Brenan. (Fabaceae) and

Miconia sp.
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Figure 3. Cluster analysis of Atlantic Forest fragments in species composition (Jaccard Index
and UPGMA agglomeration method — cophenetic correlation: 0.82).The dotted black line

indicate the point where groups are separated.

Functional indexes as a tool to assess status of succession along a disturbance gradient

Plant traits (NRA, SLA, ARG and GLN) dataset did not follow normality
distribution, but the functional indices (NRAagg, SLAagg, ARGagg and GLNagg) dataset
followed multinormality (Doornik and Hansen omnibus - Ep: 5.467, p (normal): 0.7067). In
this study, we asked how functionality change during secondary tropical forest succession,
and if functional indices could lump fragments by their stages of succession. Firstly, we
investigated the patterns of chosen plant traits in the fragments (Figure 3) and we noticed a
significant statistical differences by Kruskal-Wallis test and post hoc Mann-Whitney between
fragments (SLA — H: 62.57, p: 1.18E-09; NRA — H: 20.44, p: 0.02; GLN — H: 46.03, p: 1.4E-
06; ARG — H: 36.8, p: 5.547E-05), reinforcing the importance of these traits to distinguish
between fragments.

Considering plant traits (Figure 4), we noticed that they varied widely between
species and fragments. Fragment 3 and 4 had low SLA and NRA. Fragments 4, 5 and Plot S
showed high content of GLN, these two results could be explained by the dominance of
Melastomataceae species, frequently showing lower NRA and high GLN content. Fragment
12 had high SLA and Fragment 1 high NRA. The content of ARG and GLN in the sites were
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similar (p>0.05), however, Fragment 4, 5 and Plot S had at least 8% more glutamine than
arginine in xylem sap, while F11, F12 and Plot O predominate arginine content. Spearman’s
rs correlations revealed a significant correlation between SLA and NRA (Spearman’s
rs=0.63, p=0.03) and SLA and GLN (Spearman’s rs=0.79, p=0.003).

All species examined in this study showed flexibility in resource use of chemical
forms of soil N along fragments. One example of the great plasticity in species functionality
could be Guapira opposita (Vell.) Reitz.: the average NRA in the most preserved sites (plot
O and S) were 77.93 pKat gFW, in fragment 11 and 12, the specie had very distinct NRA,
108.73 and 41.31 pKat gFW!, respectively . In fragment 7 the NRA was 268.66 pKat gFW™.
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Figure 4. Plant traits response in Atlantic Forest fragments and their respective standart
deviation. (A) SLA — Specific Leaf Area, (B) NRA — Nitrate Reductase Activity, (C) GLN —
Glutamine in the xylem sap; (D) ARG — Arginine in the xylem sap.

After understanding the plant traits, we investigated the functional indices
(SLAagg, NRAagg, GLNagg, ARGagg). None of the functional indices were significantly
correlated by Sperman’s rs Correlation Coefficient and MANOVA test (Table 4) showed
differences between fragments. Fragment 1 and 4 had distinct functional indices and were

different to all others sites. Plot O was only statistically different from F1, F7 and F12 and,
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based in our functional approach, these forest fragments are probably the most initial sites
(Table 4). Functional indices were also different between each other (H (chi2): 389.6, p
(same): 3.753E-84), except for ARGagg and GLNagg (p=0.9619).

Table 4. Multivariate analysis of variance test (MANOVA) to demonstrate the differences
between fragments regarding their Specific leaf area, nitrate reductase activity, glutamine and

arginine content in the xylem sap.

F1 F2 F3 F4 F5 F6 F7 F11 F12 o] S
F1 0.0000166 0.0002868 0.0009288 0.010045 0.0000352 0.042758 0.0000049 0.0005963 0.0000073. 0.0001081
F2  0.0000166 0.33157 0.0064358 0.63378 0.63453 0.014602 0.35073 0.16964 0.6087  0.41157
F3  0.0002868 0.33157 0.0002502 0.12141  0.23828 0.0058765 0.12975 0.013817 0.46284 0.56642
F4  0.0009288 0.0000006 0.00025025 0.0004521 0.0000347 0.0000167'0.0000011 0.0000081 0.0000053 0.0003311!
F5 0.010045 0.63378 0.12141 0.00045216 0.34927 0.5127 0.26031 0.76674 0.1511  0.17177
F6 0.0000352 0.63453 0.23828 0.0000347 0.34927 0.0040091 0.14357 0.05418 0.49494 0.71855
F7 0.042758 0.014602 0.0058765 0.0000167'0.5127  0.0040091 0.0089423 0.19833  0.0009938 0.0029554
F11 0.0000493 0.35073 0.12975 0.0000011 0.26031 0.14357 0.0089423 0.36889 0.26332  0.042917
F12 0.0005963 0.16964 0.013817 0.0000008 0.76674 0.05418 0.19833 0.36889 0.019427 0.0092409
O 0.0000007 0.6087  0.46284 0.0000053 0.1511  0.49494 0.0009938 0.26332 0.019427 0.5893
S 0.0001081 0.41157 0.56642 0.0003311'0.17177 0.71855 0.0029554 0.042917 0.0092409 0.5893

The cluster analyses provided an evidence of statistically significant groups
within the functional indices variation space, however the groups found in functional analysis
(Figure 5) were very different from those grouped by floristic similarity (Figure 3). The
dendrogram based on Euclidian distance and UPGMA method produced the largest
Agglomerative Coefficient (0.77) (Figure 5). In figure 5 is possible to noticed two clearly
distincted groups, one composed by Plot O, Plot S, F4, F5 and F6 and the other composed by
F1, F2, F3, F7, F11 and F12. It is also possible to group fragments in four functional groups:
F1and F7; F2, F3, F11 and F12; F5, F6, S and O and F4 alone. Results were similar to those
obtained by PCA (Figure 6) and k-means groups (Table 4), except for F4 which group with
F6 in PCA and k-means tests.

The Principal Component Analysis (Figure 6) carried out on the four indices,
accounted for 79.2% of total variation, the first component represented 49.1% of the total
variation, being represented mainly by NRAagg (61.5%), while the second component (PC2:
30.1%) were guided by ARGagg (83.7%). We noticed that nitrogen and SLA indices also
lumped two groups and, with more details, is possible to join fragments in four groups, as
well as in Figure 6. Is clear that one group have high NRAagg and SLAagg (more acquisitive
strategies) and the other group has low values of these traits and high ARGagg and GLNagg,

being classified as more conservative strategies. The linear regression between PC1 and PC2
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of the PCA demonstrated that axis were not correlated (r: -0.18791; r2: 0.035309; t: -0.57394;

p(uncorr.):0.58007). Using the K-means groups we found four functional groups (Table 5).
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Figure 5. UPGMA dendrogram-based in four functional indices at eleven fragments.

Numbers above branches indicate the Fragment number (ccc:0.74).
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Figure 6. Principal Component Analysis carried out on eleven sites, characterized by four
functional indices (NRAagg, SLAagg, ARGagg and GLNagg). The four functional indices

are represented in the vectors.
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Table 4. Functional groups along a gradient disturbance in Atlantic Forest sites. Each group
was composed by diferent number of species and fragments and was characterized by

functional indices in Low (*), Medium Low (**), Medium High (***) and High (****).

Group Sites SLAagg NRAagg GLNagg ARGagg

Il F2, F3,F11, F12 ** *ok ok o * ok ok

v F5,S,0 * * o * SLOW
DISCUSSION

In this study we analyzed plant trait and functional groups distributions as
indicators of changing drivers of species dominance and functionality during secondary
succession and we found that nitrogen indices could be used as a tool to define successional
status. Nowadays, only 7.6% of patches larger than 100 ha of the Atlantic Forest still remains
(Joly et al. 2014). It is known that the velocity and recovery of the species diversity and
species functionality after a disturbance depends on the intensity of the impact (Guariguata &
Dupuy 1997).

Tabarelli et al. (1999) studied the changes in the species composition in four
plant communities with different successional stages (10, 18, 40 years old and mature), all of
them located in a montane rainforest (Serra do Mar State Park) and deforested by short cut to
pastures establishment. The authors noticed that Myrtaceae, Lauraceae, Melastomataceae and
Rubiaceae were the most representative families for this Atlantic Forest physiognomy.
However, Melastomataceae and Rubiaceae predominate in the beginning of the succession
and Myrtaceae and Lauraceae tend to dominate in the end of succession. Tibouchina pulchra,
Miconia sp. and Leandra sp. (Melastomataceae) dominated communities with 10-40 years
old, being followed by communities with Alchornea spp. Guariguata & Ostertag (2001)
found the same pattern in moist and wet Neotropics after site abandonment, i.e., vegetation
dominated by grasses, shrubs, forbs and short-lived, light-demanding “pioneer” tree species
in particular Cecropia, Solanum and many tree species in the Melastomataceae and
Rubiaceae. After the first period of sucession, the canopy is dominated by long-lived, taller-
statured, but neverthess light-demanding three species in the genera Alchornea, Cordia, Inga,

Jacaranda, Simarouba, Trema, Vochysia and Vismia.
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Our results are very similar to those obtained by Tabarelli et al. (1999) and
Guariguata & Ostertag (2001): fragments 3, 4, 5 and 6 were dominated by Melastomataceae,
especially by Tibouchina pulchra and Miconia spp.. The others fragments were represented
by Euphorbiaceae family, including Croton floribundus Spreng., Gymnanthes klotzschiana
Mill.Arg. (classified as pioneer and early secondary, respectively), Sapindaceae - Cupania
tenuivalvis Radlk.(early secondary), Fabaceae - Piptadenia gonoacantha (Mart.) J. F. Macbr.
(pioneer), Anadenanthera colubrina (Vellozo). Brenan (early secondary) and Peraceae - Pera
glabrata (Schott) Poepp. ex Baill. (pioneer). The most abundant species found in Serra do
Mar State Park plots were Alchornea triplinervia (Spreng.) M. Arg. (early secondary —
Euphorbiaceae) at plot S and Chrysophyllum viride Mart. & Eichler (late secondary —
Sapotaceae) and Euterpe edulis Mart. (late secondary — Arecaceae) at plot O.

We also find a Legume dominance across successional gradients in the Atlantic
Forest. While we did not find Leguminosae/ Fabaceae species in the most representative
species in plot O (mature), fragment 1 was dominated by P. gonoacantha. This increasing in
Fabaceae species occurrence in secondary sites probably is due the nutrient demand of
regrowing tropical forests may be partly satisfied by their capacity to fix nitrogen (Siddique
et al. 2008). Epihov et al. (2017) highlighted that N2-fixing legumes provided approximately
50% of the N required for early growth of Panamanian secondary rainforests, providing N for
photosynthesis and biomass accumulation. Siddique et al. (2008) also find that the use of
legumes during the forest may assist early tree survival and optimize biogeochemical effects
of mixed plantings, as they enhance the nitrogen input. Tabarelli et al. (1999) indicated a
predictable shifts in plant guild structure as montane Atlatic Forest fragments are reduced in
size with marked rise in the relative importance of ruderal species, including Leguminosae
family.

The changes in forest structure and species composition along succession strongly
imply concurrent changes in both functional diversity and ecosystem functioning. More
recently, several studies have suggested that ecosystem function is dependent not on the
number of species itself, but on the functional traits of the species (Hooper et al. 2005, Mason
et al. 2005). It is well known that species richness increases asymptotically during secondary
succession (e.g. van Breugel et al., 2006; Norden et al., 2009; Lebrija-Trejos et al., 2010a),
however Tabarelli et al. (1999) suggest that the functionality recuperate more slowly than

species composition after a forest disturbance. Disturbance altered the link between species
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and functional richness, and this relationship depends on the traits considered (Mayfield et al.
2005).

In addition, species could exhibit variation in their functional traits due to the
limitations of species distributions (Diaz & Cabido 2001; Leps et al. 2006). Therefore,
communities with the same species richness may exhibit great functional differences due to
various species traits (Leps et al. 2006; Roscher et al. 2012) and their redundancy (Mouchet
et al. 2010). Compared with taxonomic diversity, functional characteristics better reflect the
differences in species functional traits, which in turn explain the variation in community
productivity (Fu et al. 2014; Li et al. 2015; Tobner et al. 2016). Fonseca & Ganade (2001)
calculated that 75% of species could be lost from an Argentinean plant community by
random extinction before functional group richness would decrease, illustrating the
divergence and redundancy between species and functional richness (Cadotte et al. 2011).

Andersen & Turner (2013) and Houlton et al. (2007) found similar results and
suggest that tropical plants are flexible in their N uptake strategies depending in the N form
and availability. In addition, Houlton et al. (2007) proposed that tropical plants are
evolutionarily predispositioned to plasticity in the chemical form of N taken up in order to
minimize the cost of N uptake, because the relative availability of the chemical N forms
change in time and space.

NRA indicates availability of nitrate in the soil (Vitousek et al. 1979) and, in the
early phase of secondary succession following disturbance, soil nitrate is produced in
abundance, resulting in a competitive advantage for pioneer plants (Stewart et al. 1990).
Pioneer species (with high nitrate reductase activity) utilize the extra soil nitrate and present
high foliar nitrogen content [umol (g dry weight) ] especially in early stages of regeneration,
compared with the same species surviving in the mature forest (Stewart et al. 1988; Aidar et
al. 2003). Lamb (1980) perceived an increase of nitrification and nitrate availability after a
disturbance and the invasion by pioneer-phase species, which have all the attributes for
nitrate utilization and high photosynthetic rates to “exploit” this new condition. However,
many pioneer rainforest species persist as soil nitrification declines over the first ten years of
secondary succession, and will continue to survive, in partial shade, for many years thereafter
as the rainforest regenerates (Stewart et al. 1990). Same results were obtained by Wardle
(2002), who also find that apparent rates of net nitrification were generally lower in systems
dominated by later successional plant species than in early successional stages. Contrasting

results have been found by Aidar (2003) who showed that, in Brazilian south-eastern
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rainforests, NH4+ availability was higher than that of NO3s™ in the early successional phase,
maybe due to nutrient exhaustion of the soil following cultivation and most probably due the
higher soil mobility of NOs™ by lixiviation for instance, when compared to NHs+.

Diaz & Cabido (2001) find that communities dominated by fast-growing plants
tend to have high resilience and low resistance while opposite features for communities
dominated by slow-growing plants are seen. The pioneer species are distributed in areas of
clearings or edges, where luminosity is not a limiting factor. Thus, they are endowed with a
more intense photosynthetic activity supplying energy demand for the NRA (Hikosaka &
Osone 2009). The NR is a cytoplasmic enzyme, it demands NAD(P)H generated in electron
transport process during photosynthesis (Abrol et al. 1983). As energy for NO3" assimilation
in the leaves may be provided by photosynthetic light reactions, the use of this N source is
advantageous in environments where the light is not a limiting factor (Smirnoff & Stewart
1985). Shade plants have less advantage in the assimilation of NO3™ in the leaves due to the
limitation of photosynthesis by light (Oliveira et al. 2017).

Using a trait-based approach, we could notice that species with high NRA also
had big leaves and high SLA. The positive correlation between SLA and NRA reinforce that
both traits are directly involved in photosynthesis, plant growth and acquisitive strategies (de
Vries & Bardgett 2016), whereas the negative correlation between NRA and GLN
demonstrate the opposite strategies, indicating that GLN indicates more conservative
strategy, due to nitrogen assimilation, transamination and transportation along xylem sap.
SLA had been chosen because it is among the most important and commonly studied traits
and is of paramount importance for different ecosystem processes (Lavorel & Garnier 2002;
Chave et al. 2009), affecting primary production, carbon and nutrient cycling and litter
decomposition (Poorter et al., 2009). According to Cornelissen et al. (2003), plants growing
under high light exposure generally show low SLA and thicker leaves, on the other hand,
shade leaves tend to show less thick leaves and with lower concentrations of photosynthetic
enzymes per area, which increases their SLA (Westoby et al., 2002; Prado Junior et al. 2015).
Studies demonstrated a positive correlation between the intensity or frequency of
disturbances and SLA in a plant community (Reich et al., 2003; Garnier et al., 2004).
However, Prado Junior et al. (2015) noticed an opposite relationship between SLA and
disturbance with understory species, that is, they showed a decrease in the SLA of understory

species with the increase in the disturbance intensity.
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GLN is a long-distance transport amino acid and as a primary product of
inorganic N assimilation which requires relatively little energy for its formation (Stewart et
al. 1980; Lea & Miflin 1980), thus, the increasing in the concentration of this amino acid
indicates assimilation of new N (Liu et al. 2016). In plants, inorganic nitrogen (i.e. NO3~ and
NH4%) taken up by roots is incorporated into glutamine and glutamate (primary nitrogen
assimilation), which is used to synthesize other amino acids and nitrogenous compounds by
transamination (Okumoto & Pilot 2011).

Among the 21 proteinogenic amino acids, arginine has the highest nitrogen to
carbon ratio (6 C: 4N), which makes it especially suitable as a storage and transport form of
organic nitrogen (Winter et al. 2015), it is also important for transportation by its solubility in
the sap (Micallef & Shelp 1989; Schmidt & Stewart 1998), especially during the first 15 d
after bud burst followed by glutamic acid and citruline (Frak et al. 2002) and during the
winter (Aidar et al. 2003). Arginine metabolism plays a key role in nitrogen distribution and
recycling in plants (Slocum 2005) and its utilization seems to be coordinated with the
availability of carbohydrates (Winter et al. 2015), highlighting an opposite relation to
photosynthesis and acquisitive strategies. It is thus conceivable that arginine catabolism
serves on the one hand to mobilize nitrogen storages, while on the other hand it may be used
to fine-tune development and defence mechanisms against stress (Winter et al. 2015).

According to Frak et al. (2002) the amino acids arginine, citruline, y-amino
butyric acid, glutamic acid and aspartic acid always represented around 80% of total amino
acid and amide N in xylem sap. Aidar et al. (2003) found that pioneers species transport
mostly nitrate + asparagine in their xylem sap, whereas early secondary species transport
glutamine + arginine and the late secondary species transport asparagine + arginine. Our
results showed that dominant species in sampled fragments had different content of arginine
and glutamine as a trait. However, these two amino acids were correlated when they were
transformed into funcional indices (Table 3). Based on that, we conclude that ARGagg and
GLNagg had the same functional response and, based on N use model (Aidar et al. 2003),
they should indicate non-pioneer strategies. GLNagg could highlighted different successional
groups and the content of this aminoacid, as well as ARGagg, were influenced by species
composition of the site. F4, F5 and F6 were dominanted by T. pulchra and Miconia spp. and
both are known to have high content of these both aminoacids in their xylem sap (Table 4). In
this way, these two indices, especially ANRagg, were not completely efficient to demonstrate
the mature characteristic of reference plot (Plot O). Amino acid composition of the xylem sap
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exhibits seasonal variations and significant diurnal trends (Frak et al. 2002), probably
associated to the variations in expression of amino acid transporter genes (Couturier et al.
2010) and soil nitrogen availability. Arginine predominates during winter (Aidar et al. 2003)
and glutamine and glutamate during the growing season (Couturier et al. 2010), and probably
this would explain the high content of glutamine found in our study. We noticed some
constraints in our functional indices using aminoacids and probably we would have had better
results to use them for conservative strategies if we associate them with other traits, maybe
wood density, total carbon or even species richness (Lohbeck et al. 2012) and include winter
in the sampling protocol (Aidar et al. 2003).

The functional indices were composed by plant traits associated to nitrogen
assimilation and transportation and related to growth. SLA and NRA are considered soft and
easy to measure plant traits, however ARG and GLN are both hard traits, as they have to be
measure by chromatographic techniques. Results comparing the functional indices indicated
differences between sites and they could indicate the most pioneers fragments at Atlantic
Rainforest (Figure 5, Figure 7). The first two axes confirmed the application of the fast-slow
or acquisitive-conservative nitrogen use, NRAagg and SLAagg as acquisitive and ARGagg as
conservative axis. The most initial sites were F1, F12, F7, F2, F3 and F6, which had species
with long, narrow leaves (SLA) and with high activity of nitrate reductase activity. Fragments
F4, F11, F5, K and T had low NRAagg and SLAagg and they probably are influenced by
others plant traits, which were not considered in this study (wood density, total carbon,
carbon:nitrogen ratio). These changes from conservative, (especially represented by plot O)
to acquisitive strategies suggest that abiotic filtering is an important process in community
assembly early in Tropical forest succession, including nutrient availability and climate
conditions (Purschke et al. 2013). Spatial heterogeneity in chemical forms of N can arise
along environmental gradients such as precipitation (Houlton et al. 2007) or soil nutrients
(Marrs et al. 1988)) and can influence in species redundancy and resilience (Diaz and Cabido
2001).

Stewart et al. (1990) examined nitrate reductase activity, specific leaf area, leaf
dry matter content and chlorophyll a and b content in two closed-forest communities and
eight open-forest communities in southeastern Queensland, Australia. They noticed that the
increase in the nitrate reductase activity along sites was followed by an increase in total
chlorophyll content (per unit dry weight), the proportion of chlorophyll b to chlorophyll a and
with activity of the chloroplastic isoform of glutamine synthetase, indicating the positive
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correlation between nitrogen and carbon metabolism (Stewart et al. 1988). They also find a
continuum of nitrate reductase activity along open-forest sites, which decreased from pioneer
to mature-phase species and increased in more favourable water relations (from subhumid to
perhumid climates). This increase in nitrate reductase activity was associated with a decrease
in cellulose and lignin (per unit dry weight of leaf) (Stewart et al. 1990).

During our search to first develop our indices, we noticed two complementary
ways to quantify the functional trait properties of biodiversity that imply different
mechanisms by which biodiversity influences ecosystem processes: functional diversity and
community-weighted functional trait mean. Functional diversity (FD) describes the
distribution of species in functional trait space (Mason et al. 2005) and is highly influenced
by species diversity in the communities. On the other hand, the community-weighted means
(CWMs) describe the dominant functional trait value of the overall community, by weighting

species trait values by the abundance of the species (Lavorel et al. 2007).

CONCLUSION

A functional analysis of vegetation may help to understand and predict the impact
of secondarization in tropical forest in a more general way. We could group fragments by
their functional indices and suggest successional stages. The majority of fragments could be
defined by NRAagg and SLAagg, which were both indicative of more acquisitive strategies.
In the other hand, besides studies for community highlight the importance of GLN and ARG
as indicative of early/late secondary strategies, when weighted by basal area to develop
functional indices, they had the same response to ecosystems change and could only indicate
nitrogen strategies instead of successional stages. Selection of functional trait(s) critically
determines FD, with large consequences for studies relating biodiversity to ecosystem
functioning. Careful consideration of the traits required to capture the ecosystem process of
interest is essential and we strongly suggest more studies to classify late secondary or non-

pioneer strategies.
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CONCLUSOES GERAIS

O estudo de meta-analise demonstrou que, no geral, as varidveis nitrato redutase,
conteudo de nitrato e arginina na seiva do xilema foram eficientes para distinguir
entre estratégias pioneiras e ndo-pioneiras;

O modelo de efeitos aleatorios foi a técnica escolhida devido a grande
heterogeneidade entre os casos estudados;

O efeito geral da variavel arginina na meta-analise foi negativo, indicando alto
conteudo desse aminoacido em espécies tardias, contudo com alta variancia.

A atividade da enzima nitrato redutase foi abordada em maior nimero de estudos e
florestas e tecnicas semelhantes. Essa variavel foi a mais eficiente em distinguir
grupos sucessionais, com baixa variancia intra-grupos;

O nitrato na seiva xilema também foi um bom preditor de grupos sucessionais;

Apesar do grande esforco amostral, o nimero de estudo que se enquadraram nos
critérios previamente definidos foram poucos. Isso demonstra a demanda por mais
estudos nessa area, especialmente para florestas tropicais. Os estudos envolvendo
NRA com abordagem ecoldgica sdo pouco frequentes. Apesar de ser uma enzima com
grande facilidade de obtencdo e resultados interessantes;

As variaveis amostradas na metandlise foram avaliadas para posteriormente ser
utilizadas como indice para classificar ndo somente as estratégias sucessionais de uma
dada espécie, mas sim de um ecossistema, através de indices funcionais. Verificamos
que a atividade da enzima nitrato redutase (NRA) é a melhor varidvel relacionada ao
uso de nitrogénio, pela sua caracteristica altamente distintiva entre Pi e NPi e baixo
desvio padréo;

A NRA é negativamente correlacionada com densidade da madeira e massa foliar por
area de folha, reforcando a caracteristica aquisitiva dessa variavel, assim como a
fotossintese.

As familias Urticaceae e Asteraceae formaram um dos extremos do trade-off
aquititivo-conservativo, sendo influenciadas pela NRA e Asat (a), enquanto que
Lauraceae e Chrysobalanaceae formavam o outro extremo da funcionalidade, guiado
pela densidade da madeira e contetido de massa seca;

Os atributos LMA, LDMC, Asat(a), WD e NRA diferenciaram a funcionalidade dos

grupos sucessionais, assim, fica claro a distin¢cdo do trade-off, com NRA, Asat(a) e
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SLA representando espécies pioneiras e WD, LDMC e LMA representando espécies

ndo-pioneiras;

11. A anélise das varidveis de uso de nitrogénio tem sido amplamente estudada na escala

12.

13.

14.

de comunidade, contudo, associando com a &rea basal das espécies dominantes,
desejamos indicar indices que sugiram o estagio sucessional de fragmentos de Mata
Atlantica com tamanhos, altitudes, histéricos e composicao floristica distintos;

N&o houve grande correspondéncia entre a diversidade floristica dos fragmentos com
a diversidade funcional, provavelmente devido a redundancia funcional ou da
influéncia do filtro local da funcionalidade do fragmento;

Verificamos correlacdo positiva entre SLA-NRA e SLA-GLN nos fragmentos. SLA e
NRA se relacionam com o potencial de crescimento da espécie, relacionados com alta
area foliar para fotossintese e geracdo de energia para a enzima nitrato redutase. Por
outro lado, a relacdo entre SLA e GLN pode ser relacionada com transpiracdo e
transporte no xilema, visto que o aminoacido Glutamina é o principal aminoacido de
transporte.

Considerando os indices funcionais, somente houve semelhanca estatistica entre
ARGagg and GLNagg, indicando que esses aminaacidos representam estratégias
similares na obtencdo de recursos e ndo sdo eficientes para distingdo ou classificacéo
de estagios sucessionais de fragmentos, sendo necessario um teste com outros

atributos funcionais;

15. Verificamos através dos indices funcionais relacionados ao uso de N que os

fragmentos mais iniciais na sucessao sdo os Fragmento 1 e fragmento 7, enquanto que
0s mais avancados na sucessdo sdo os plots localizados na Unidade de conservacéo
(Plot O e S). Os fragmentos 4, 5 e 6 estdo mais associados com o0s Plots O e S
principalmente pela composicdo floristica (dominéncia por representantes da familia
Melastomataceae). Cabe ressaltar que os fragmentos 4 e 6 estdo localizados muito
préximo a unidade de conservagdo a apresentam dominancia de Tibouchina pulchra,
espécies secundaria inicial caracteristica da Floresta Ombrofila Densa. Contudo, 0s
plots O e S sdo, de fato, os mais preservados, indicando que para os indices
considerados no presente estudo sdo eficientes para distinguir fragmentos e estratégias
pioneiras, sendo necessario outros atributos para classificar fragmentos tardios,
provavelmente densidade da madeira (WD) ou carbono (C) total. Também, cabe

avaliar a utilizacdo da riqueza como composicao do indice funcional.
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