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RESUMO

O potencial de aclimatacéo fotossintética das plantas pode ser um fator determinante
na sua ocorréncia e permanéncia em ambientes heterogéneos quanto a irradiancia.
Este trabalho teve como objetivo verificar respostas anatémicas e fisiologicas de
individuos adultos de Ocotea odorifera sob diferentes regimes de luz, a fim de verificar
seu potencial de aclimatacdo. Foram coletados dados em fragmentos florestais
circundados por matrizes de pasto, no municipio de Alfenas-MG. Foram analisadas
as trocas gasosas realizadas pelas folhas de individuos de O. odorifera (espécie
arborea florestal tolerante a sombra) em trés habitats distintos que oferecem
diferentes condicdes de irradiancia: interior do fragmento, borda florestal e a matriz de
pasto circundante, sendo que as folhas foram distinguidas em folha de sol e folhas de
sombra. Para caracterizar os trés ambientes, foram coletados dados microclimaticos
referentes as estacfes seca e chuvosa, como, temperatura do ar, temperatura do solo
e radiacao solar. Além disso, também foram feitas analises de variaveis anatémicas e
morfologicas das folhas. Observou-se variagdes entre os trés ambientes estudados e
entre os tipos de folhas. As folhas de sol exibiram os maiores valores de fotossintese,
condutancia estomética, taxa de transpiracédo, densidade estomética, espessuras das
epidermes inferior e superior, do parénquima palicadico e espessura total da lamina
foliar do que as folhas de sombra. Enquanto que as Ultimas apresentaram os maiores
valores de concentracdo de carbono interno, espessura do parénquima esponjoso e
area foliar. Os resultados obtidos indicam que os individuos de O. odorifera
apresentam significativo potencial de aclimatacao fotossintética em ambientes com
elevada radiacao, pois mantém altas taxas fotossintéticas, apesar de a espécie ser

secundaéria tardia e tolerante a sombra.

Palavras-chave: Fragmentos florestais. Matriz de pasto. Trocas gasosas.
Aclimatacao.



ABSTRACT

The potential for photosynthetic acclimation of plant species can be a determining
factor in its occurrence and permanence in heterogeneous light environments. This
study aimed to verify anatomical and physiological responses of Ocotea odorifera
adults under different light regimes in order to verify their potential for acclimation. The
data collection were carried out in forest fragments surrounded by pasture, in the city
of Alfenas-MG. Gas exchanges of O. odorifera leaves (forest tree species shade
tolerant) were analyzed in three distinct habitats with different irradiance conditions:
the forest interior, the forest edge and the surrounding pasture matrix, and that leaves
were distinguished in sun and shade leaves. Microclimatic data, such as air
temperature, soil temperature and solar radiation, were measured to characterize the
three environments. Analysis of anatomical and morphological variables from leaves
were also realized. There was changes between the three environments and between
the leaf types. Sun leaves exhibited higher values of photosynthesis, stomatal
conductance, transpiration rate, stomatal density, abaxial and adaxial epidermis
thickness, palisade parenchyma and total lamina thickness, than shade leaves. While
the latter showed the highest values of intercellular carbon dioxide concentration,
spongy parenchyma thickness and leaf area. The results indicate that O. odorifera
individuals have high potential for photosynthetic acclimation in high light
environments, since keeps high photosynthetic rates, even though the species is late
secondary and shade tolerant.

Keywords: Forest fragments. Pasture matrix. Gas exchange. Acclimation.
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1 INTRODUCAO

As plantas podem responder de diferentes maneiras quanto ao seu
metabolismo, quando submetidas a estresses ambientais, como, por exemplo, a
intensidade de radiacdo, a qual é considerada um dos fatores mais limitantes ao
crescimento, desenvolvimento e estabelecimento de espécies arbéreas em florestas
tropicais (LAMBERS et al., 2008). Dentre as principais mudancas que ocorrem nas
plantas, em funcdo do ambiente, podemos citar as alteracbes no aparato
fotossintético. Uma vez que a fotossintese esta diretamente relacionada a quantidade
de luz que chega até as folhas, e as mudancas no regime de luz podem conduzir a
“ajustes” nas estruturas foliares a fim de garantir uma maior eficiéncia fotossintética
(TERASHIMA et al., 2011). Estes ajustes ocorrem no sentido de minimizar efeitos que
possivelmente possam causar danos as folhas, garantindo, assim, seu funcionamento
em condi¢cOes adversas (YAMASHITA et al., 2000).

Caracteristicas foliares tais como, espessura da epiderme das faces adaxial e
abaxial, espessura do parénquima clorofiliano, densidade estoméatica e parametros de
trocas gasosas, como, taxa de fotossintese liquida, transpiracdo, condutancia
estomatica, dentre outros, tem sido utilizados para caracterizar espécies vegetais sob
diferentes condicdes de radiacdo (PERI et al., 2011; RIANO; BRIONES, 2013;
TOSENS et al.,, 2012). E estas caracteristicas podem ser importantes nos
mecanismos de aclimatacao da planta (CRAVEN; GULAMHUSSEIN; BERLYN, 2010).

Portanto, investigar as respostas anatémicas e fisiol6gicas de espécies arbdreas
qguanto a diferentes regimes de luz torna-se extremamente importante, posto que,
além de fornecer informacdes sobre o quadro atual destas espécies em seu ambiente,
propiciard uma melhor compreensdo quanto as suas evolucdes e adaptaces,
podendo indicar quais espécies podem ou ndo serem relevantes para 0 uso em
programas de restauracdo. Assim, sera possivel fornecer subsidios para uma melhor
gestado de espécies arboreas em paisagens fragmentadas e para o planejamento de

acOes que visem contribuir com a conservacao da biodiversidade nessas paisagens.



10

2 RADIACAO SOLAR

Aluz é essencial as plantas (FUKUDA et al., 2008), sendo considerada um dos
fatores mais limitantes no estabelecimento e crescimento de espécies arboreas em
florestas tropicais (CHANG; ALDERSON; WRIGHT, 2008; LAMBERS et al., 2008).
Isto, consequentemente, afeta a distribuicado (WAGNER et al., 2008), e capacidade de
sobrevivéncia das espécies vegetais a diferentes niveis de radiagao solar.

As florestas tropicais, por exemplo, constituem um ambiente extremamente
heterogéneo, no que tange a disponibilidade de luz, uma vez que fatores como, ritmo
circadiano (periodo do dia), sazonalidade e estrutura da vegetacao, podem alterar a
intensidade e a qualidade de luz disponivel (GENTY; HARBISON, 1996).

2.1 AMBIENTES HETEROGENEOS QUANTO A DISPONIBILIDADE DE LUZ

A paisagem fragmentada pode ser distinta em diferentes habitats de acordo
com o grau de luminosidade, como o interior florestal, a borda florestal e a matriz
circundante, sendo que o uso destas designacdes pode ser arbitrario. O interior
florestal é considerado a area pouco afetada pela borda florestal, possui microclima
mais ameno, com menor intensidade de radiacdo solar, menores valores de
temperatura do ar (DIDHAM; EWERS, 2014), e maior umidade do ar do que a borda
florestal e a matriz (MOSQUERA; MARTINEZ; FIGUEROA, 2014). A borda florestal,
por sua vez, é formada a partir da sobreposicédo de dois ecossistemas adjacentes, 0
natural, representado pelo remanescente florestal, e o alterado, representado pela
matriz antrépica (PRIMACK, 2008).

Estudos sobre fragmentacao florestal ttm demonstrado que as bordas dos
fragmentos se distinguem do seu interior quanto a composicdo e estrutura da
vegetacdo, sendo que isto se deve principalmente aos chamados efeitos de borda
ocasionados pelo tipo de matriz adjacente (DAMBROS et al., 2013; LAURANCE;
VASCONCELOS, 2009). Normalmente os efeitos de borda sdo menos acentuados
quando a matriz possui estrutura da vegetacdo similar a do fragmento (DENYER,;

BURNS; OGDEN, 2006), sendo que a matriz influencia significativamente no
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microclima da borda florestal (HEITHECKER; HALPPERN, 2007) e,
consequentemente, do fragmento como um todo (PINTO et al., 2010).

A matriz € um componente muito importante no contexto da paisagem
(LAURANCE, 2008), atuando no funcionamento e na sobrevivéncia do sistema
florestal. O tipo de matriz circundante a um fragmento florestal atua de forma
significativa sobre a biodiversidade, os servicos ecossistémicos (PREVEDELLO;
VIEIRA, 2010), as interacOes entre as espécies, e a disponibilidade de recursos
(FRANKLIN; LINDENMAYER, 2009), o que, por sua vez, acaba refletindo na
composicdo e estrutura da vegetagdo do remanescente (LAURANCE et al., 2006;
TABARELLI et al., 2008).

Em paisagens fragmentadas dominadas por matrizes abertas, os efeitos de
borda sado intensificados, devido ao alto grau de contraste entre a estrutura da
vegetacdo da matriz e do fragmento florestal (LAURANCE, 2008). A matriz de pasto,
por exemplo, possui um microclima mais severo, em virtude da baixa complexidade
estrutural de sua vegetagao (LAURANCE, 2004). Por conseguinte, o microclima da
borda florestal tende a ser diferente do interior do fragmento (DIDHAM; LAWTON,
1999), visto que existe uma maior penetragéo lateral de luz solar e de vento, o que
por sua vez, pode aumentar a irradiancia no chdo. Como resultado ha uma reducao

na humidade e um aumento nas temperaturas (CIENCIALA et al., 2002) nas bordas.

3 RESPOSTAS DAS PLANTAS A DIFERENTES CONDICOES DE RADIACAO
SOLAR

A quantidade de luz determina a resposta fotossintética das folhas (LARCHER,
2000), sendo que uma maior disponibilidade de luz em um ambiente pode promover
tanto a intensificacdo da taxa fotossintética, quanto a reducdo da mesma através da
fotoinibic&do, o que vai depender de espécie para espécie (VIEIRA et al., 2012). E as
modificagcdes na intensidade de radiacdo podem acarretar diferentes respostas
fisiol6gicas, anatdmicas e bioquimicas das plantas.

Além de fornecer energia para o processo de fotossintese, a luz também regula
o desenvolvimento vegetal a partir da sintese de carboidratos resultante desse

processo. Por conseguinte, quando ha reducéo da taxa fotossintética, o crescimento
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e o desenvolvimento, bem como as reservas de carboidratos e a particdo de biomassa
para os 6rgaos da planta séo afetados (RIBEIRO; MACHADO, 2007).

3.1 CRESCIMENTO E MORFOLOGIA DA PLANTA

As variacbfes na radiacdo solar exercem um papel importante sobre o
crescimento da planta, este, o qual, esta4 diretamente relacionado ao acumulo de
matéria seca, e, consequentemente, condicionado ao processo de fotossintese
(LARCHER, 2000). Maiores intensidades de radiacdo implicam em maiores taxas
fotossintéticas por unidade de area foliar, bem como maiores taxas de absorcéo de
agua e necessidade de nutrientes, o que, por sua vez, leva a um acréscimo de matéria
seca para o sistema radicular (KWAK; LEE; WOO, 2011).

Em contrapartida, as plantas transferem uma maior alocacéo de biomassa para
a parte aérea em ambientes sombreados, havendo um amento da area foliar (LEE et
al., 2000), e um maior estimulo de crescimento em altura (OLIVEIRA; ARAUJO;
GUERRA, 2011). Essas modifica¢cdes nas razdes entre a massa e a area foliar sdo
mecanismos adaptativos de espécies de sombra, que ocorrem no sentido de alcancar
um equilibrio por meio do incremento da captura de luz que possa estar limitando o
crescimento, proporcionando, assim, uma absorcao mais eficaz da luz (POORTER et
al., 2012). O aumento da area foliar, da &rea foliar especifica e da raz&o area foliar
sdo respostas comumente relatadas para espécies vegetais sob condicbes de
sombreamento (KELLY et al., 2009; FINI et al., 2010).

3.2 RESPOSTAS FISIOLOGICAS E ANATOMICAS DAS FOLHAS

O conhecimento sobre a morfologia, anatomia e fisiologia das plantas pode
fornecer informacgdes muito importantes sobre os ajustes que ocorrem em funcéo de
fatores ambientais (CUTLER et al., 2011). As folhas de uma planta sdo consideradas
o principal 6rgdo do processo de fotossintese e, anatomicamente, 0 mais variavel,

visto que estdo sempre interagindo com as condi¢bes ambientais ao seu redor.
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Portanto, as folhas representam os érgaos mais sensitivos e com maior capacidade
plastica em relacdo ao ambiente. Diante disto, estudos sobre atributos foliares que
possam indicar o desempenho da planta em seu ambiente, bem como sua capacidade
de aclimatacdo a diferentes recursos, tornam-se essenciais para entendermos as
funcBes ecoldgicas e a distribuicdo das plantas.

Em resposta as mudancas na disponibilidade de luz as folhas das plantas se
diferenciam em folhas de sol e folhas de sombra (MURCHIE; HORTON, 1997). As
folnas de sol apresentam maior capacidade fotossintética, e isto se deve,
principalmente, a maior quantidade da enzima ribulose 1,5-bifosfato
carboxilase/oxigenasse (Rubisco), a maior expansdo do complexo coletor de luz do
fotossistema Il (HIKOSAKA; TERASHIMA, 1995), e a maior condutancia estomatica
concomitante a maior densidade estomatica, o0 que maximiza a absorgdo de CO:
(SACK et al., 2006). Devido também a formacao de folhas mais espessas (ROSSATO;
KOLB, 2010; SABBI; ANGELO; BOEGER, 2010) e a um consideravel investimento de
nitrogénio na sintese de enzimas fotossintéticas (BJORKMAN, 1981; VON
CAEMMERER; FARQUHAR, 1981). Tais folhas permitem um numero elevado de
cloroplastos nas células do parénquima clorofiliano, pois os cloroplastos contém as
enzimas que atuam na fotossintese (OGUCHI; HIKOSAKA; HIROSE, 2003). Além
disso, folhas de sol tendem a ser menores a fim de evitar o superaquecimento
(BONGERS; POPMA, 1988). Em relacao aos ajustes fisiolégicos observados em
folhas expostas a elevada radiagao, estes ocorrem a fim de minimizar os possiveis
efeitos da fotoinibicdo, a qual pode ocasionar danos aos fotossistemas das folhas
(YAMASHITA et al., 2000).

Quanto as folhas de sombra, para maximizar a eficiéncia na captura de luz elas
aumentam sua area foliar (EVANS; POORTER, 2001) e investem mais nitrogénio em
clorofila, o que lhes confere maior rendimento total (VALLADARES; NIINEMETS,
2008). A area foliar € considerada uma variavel altamente plastica e extremamente
dependente da condicado de luminosidade (DAHLGREN et al., 2006). Maiores valores
de area foliar encontrados em folhas de sombra demonstram um menor investimento
na espessura e lignificacdo de tecidos (ROSSATTO et al., 2010), portanto as folhas
sdo mais finas (ROZENDAAL; HURTADO; POORTER, 2006) do que as folhas de sol.
Contudo, as folhas de sombra, por serem mais competitivas a luz, devido a sua maior

area foliar, podem ter uma baixa resisténcia ao estresse provocado por um aumento
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da radiagéo solar (REICH et al., 1995), o que a torna mais susceptivel a fotoinibigdo
(KITAO et al., 2000).

O conhecimento sobre os efeitos da radiagdo no processo fotossintético e as
respostas das plantas a variacdo das condicbes do ambiente, pode garantir a

sobrevivéncia e o desenvolvimento adequado das plantas.

4 PLASTICIDADE FENOTIPICA E ESTRATEGIAS ADAPTATIVAS

Com base no conhecimento de como as plantas interagem com seu ambiente,
sabe-se que elas crescem sob uma série de condicbes ambientais e que elas
desenvolvem alguns métodos de respostas, ou ajustes, para se adequarem a essas
condicbes. A capacidade de se ajustarem a tais condigcbes ocorre por meio da
flexibilidade de fendtipos, conhecida como plasticidade fenotipica, a qual pode ser
expressa pelo processo de aclimatacdo (CHAMBEL et al., 2005).

De acordo com Searle et al. (2011), muitas plantas desenvolvem a capacidade
de se aclimatarem as varia¢cGes de luminosidade, ajustando seu aparato fotossintético
para se adequarem as condi¢des, visto que a luz proveniente da radiagdo solar é
indispensavel aos processos fisiolégicos da planta, e reflete na sua manutencao
homeostética. Dentre 0s ajustes que ocorrem podemos citar, alteracdes na espessura
da lamina foliar (MISHIO; NAKAKUBO, 2014) e na propor¢cao de tecidos
fotossintetizantes e nado fotossintetizantes (RABELO et al.,, 2013); alteracdo na
composicdo de pigmentos fotossintéticos (LAGE-PINTO et al., 2012; VIEIRA et al.,
2012); na densidade, mobilidade e tamanho dos estdbmatos (DRAKE; FROEND;
FRANKS, 2013); e na capacidade fotossintética (PORTES et al., 2010).

A aclimatagdo a luz ocorre com o intuito de maximizar 0S processos
metabdlicos e garantir o crescimento (SIMS; PEARCY, 1994), desenvolvimento,
sobrevivéncia (STERCK et al., 2005), e até mesmo o valor adaptativo da planta
(ATHANASIOU et al., 2010). Acredita-se que a capacidade de a planta realizar ajustes
em seu aparato fotossintético pode aumentar as taxas de crescimento das plantulas
e aumentar a competitividade com individuos vizinhos, 0 que propiciard vantagens
competitivas a espécie em ambientes muito heterogéneos e em constante mudanca,

permitindo assim uma melhor utilizacéo da luz disponivel (ATHANASIOU et al., 2010;



15

SOUZA et al.,, 2008). Assim, estas plantas que possuem a capacidade de se
aclimatarem sdo mais susceptiveis a sobreviverem com sucesso em ambientes mais
severos (CARDOSO; LOMONACO, 2003). Por conseguinte, o grau de plasticidade na
utilizacdo da luz no processo fotossintético € um fator determinante na distribuicéo
das espécies vegetais em ambientes heterogéneos, como as florestas tropicais
(VIEIRA et al., 2012).

Embora a capacidade de aclimatacdo seja espécie-especifica, ou seja,
depende de espécie para espécie, as plantas de habitats mais abertos, como as
pastagens, tendem a ter respostas plasticas mais rdpidas quanto a aclimatacdo as
mudancgas ambientais (PORTES et al., 2010). E esta habilidade de tolerar condi¢des
de elevada radiacdo pode ser uma carateristica muito importante durante a escolha
de espécies para programas de restauracdo, pois podemos assumir que estas
espécies tem uma vantagem seletiva em habitats com uma maior frequéncia de

distdrbios.

5 CONSIDERACOES SOBRE OCOTEA ODORIFERA (VELL.) ROHWER

Ocotea odorifera, conhecida popularmente como sassafras ou canela-
sassafras, € uma importante espécie arbérea representante da familia Lauraceae,
nativa do Brasil e naturalmente encontrada nos dominios do bioma Mata Atlantica,
desde o Estado do Rio Grande do Sul até a Bahia (QUINET et al., 2015). Seus
individuos chegam a alcancar até 17 m de altura (CARVALHO, 2005), e o periodo
reprodutivo € alcancado somente apos, pelo menos, 25 anos de idade. A disperséo
de sementes é realizada principalmente por passaros (CARVALHO, 2005), e o
estabelecimento das plantulas é favorecido em ambientes sombreados, sendo que a
taxa de crescimento € muito lenta (REITZ; KLEIN; REIS, 1978).

Possui elevado valor comercial, devido, principalmente, a qualidade de sua
madeira e também de seus componentes oleosos, dentre os quais se destaca o safrol
(MOSSI et al., 2013), o qual foi muito exportado para paises como, Japéo, Estados
Unidos da América e paises da Europa (OLTRAMARI et al., 2001). E também
fitoquimicamente reconhecida pela presenca de flavonoides, como o canferol e a

quercetina, polipropanoides, esteroides e sesquiterpenos (COSTA, 2000; LORDELLO
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et al., 2000). A madeira da O. odorifera possui propriedades que a permitem ser usada
na marcenaria, constru¢cdes civil e naval. Quanto ao 6leo essencial safrol, este foi
muito utilizado na fabricacdo de inseticidas e repelentes biodegradaveis (MOSSI et
al., 2013), além de cosméticos e farmacos (LORENZI; MATOS, 2002). Ademais,
dentre os varios componentes presentes na espécie, a mesma exerce propriedades
alelopaticas que influenciam na germinabilidade de sementes, podendo levar a
supressdo de individuos que venham a se estabelecer ao seu redor (CARMO;
BORGES; TAKAKI, 2007), sendo comprovado que a diversidade de espécies sob a
copa de individuos de O. odorifera é extremamente baixa (CETNARSKI FILHO;
NOGUEIRA, 2005).

Como resultado a exploracéo indiscriminada de inimeras espécies florestais
concomitante a intensa devastacdo da Mata Atlantica nas Ultimas décadas, varias
espécies foram prejudicadas, incluindo a canela-sassafras, a qual foi incluida na Lista
Oficial das Espécies da Flora Brasileira Ameacadas de Extin¢cdo (MMA, 2008) e sendo
classificada como vulneravel pela lista vermelha da IUCN (VARTY, 1998) e como
ameacada pelo Livro Vermelho da Flora Brasileira (MARTINELLI; MORAES, 2013).
Esta espécie tornou-se ameacgada em consequéncia da deplecdo de seu estoque
genético, sendo que a viabilidade das sementes no campo é deficiente e sensitiva as
condi¢cbes de armazenamento (OLTRAMARI et al., 2004). Isto leva a populacdes cada
vez mais isoladas, o que acaba prejudicando as relagcdes mutualisticas com
polinizadores e dispersores. Assim, estudos que ajudem a aumentar o conhecimento

acerca desta espécie podem ajudar em sua conservacao.

6 JUSTIFICATIVA

Na literatura, sdo encontrados muitos estudos que analisam as respostas
fisiologicas e morfoldgicas de espécies vegetais quanto as alteracbes ambientais a
que estdo submetidas no campo (por exemplo, DOMINGUES; MARTINELLI;
EHLERINGER, 2007; HALLIK; NIINEMETS; KULL, 2012; SENDALL; REICH, 2013;
SOUZA et al., 2010). Contudo, ndo h& estudos que investigam essas diferentes
respostas de espécies arboreas florestais, que ocorrem simultaneamente em

diferentes ambientes heterogéneos quanto a intensidade de radiacdo, em suas
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condi¢Bes naturais no campo. E o caso, por exemplo, da espécie Ocotea odorifera
(sassafras), a qual ocorre naturalmente em ecossistemas florestais (borda e interior)
e em ecossistema de pasto. Todavia, ndo ha estudos sobre as respostas
morfofisioldgicas desta espécie em diferentes condi¢cdes de radiacéo.

Diante disto, este estudo possibilitou uma melhor compreenséo a respeito desta
espécie, permitindo um melhor entendimento das possiveis alteracbfes em seus
parametros ecofisiolégicos e morfoldégicos desencadeadas pela matriz de pasto.
Sendo de fundamental importancia, dado que visa contribuir com informacdes
originais nunca antes publicadas acerca dessas arvores, além de fornecer subsidios
para a incorporacdo em programas de conservacéo da biodiversidade em paisagens
agricolas fragmentadas, bem como 0 uso da espécie em programas de restauracao

em areas degradadas.

7 OBJETIVOS GERAIS E ESPECIFICOS

O objetivo geral foi responder a seguinte pergunta: respostas fisiolégicas e
anatdbmicas das folhas de espécies arboreas florestais diferem de acordo com as
condicBes de radiacao dos fragmentos e da matriz de pasto circundante?

Mais precisamente, verificar a relacdo entre o tipo de habitat luminoso e as
variaveis de trocas gasosas: (i) Fotossintese; (ii) Condutancia estomaética;; (iii)
Transpiracao; e (iv) Concentracéo de carbono interno. Verificar a relacéo entre o tipo
de habitat luminoso e as variaveis de anatomia foliar: (i) Espessura da epiderme da
face adaxial; (ii) Espessura da epiderme da face abaxial; (iii) Espessura do mesofilo;
(iv) Espessura total da folha; (v) Area foliar; e (vi) Densidade estomatica. E analisar as
diferencas entre folhas de sol e folhas de sombra.
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Abstract

In the field, leaves from tree species experience a range of light intensities in a fragmented landscape and
they tend to adjust some ecophysiological features through acclimation. In order to improve our
understanding of this phenomenon, we investigated the relationships between leaf anatomy and gas
exchange parameters of a shade-tolerant tree species, Ocotea odorifera, taking into account different light
regimes (sun and shade leaves) provided by both forest interior and forest edge from the fragments and
their surrounding pasture matrix. To characterize the three light environments, we measured microclimatic
data. For the gas exchange analysis, we investigated net photosynthesis, intercellular carbon dioxide
concentration, transpiration rate, and stomatal conductance; and for the leaf anatomy analysis, we
investigated the stomatal density and the thickness of the abaxial and adaxial epidermis, the palisade and
spongy parenchyma, the mesophyll and the total lamina thickness. The responses of leaves to changes in
light intensity during the study varied among the three environments. Sun leaves from the pasture matrix
had the most photosynthetic potential, supported by the highest values of net photosynthesis, stomatal
conductance, stomatal density, both parenchyma thickness and leaf lamina thickness. We concluded that
0. odorifera can achieve efficient photosynthetic acclimation in full sunlight and in shaded environments,

and this may represent a selective advantage in unstable environments.

Keywords Sun leaves - Shade leaves - Shade-tolerant species - Light environments - Pasture matrix -

Photosynthetic efficiency
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Introduction

Light from solar radiation is an essential resource for plants, acting in plant establishment, growth
and survival (Fukuda et al. 2008; Valladares and Niinemets 2008). The intensity and quality of light, as
with other microclimatic parameters, vary within environments (Barros et al. 2012; Reyer et al. 2013;
Wagner et al. 2008) and may modify the physiology, anatomy, and morphology of leaves (Hogewoning et
al. 2010; Macedo et al. 2011). Likewise, plants growing under different light conditions may adjust their
photosynthetic apparatus through acclimation or phenotypic plasticity (Valladares and Niinemets 2008;
Wagner et al. 2008) and may accomplish better efficiency (Athanasiou et al. 2010). Moreover, in response
to these changes in light availability, leaf plants may also show anatomical (Weston et al. 2000) and
physiological differences (Murchie and Horton 1997) between sun and shade leaves to prevent or mitigate
light damage (Fan et al. 2013).

Sun leaves have higher photosynthetic capacity, mainly due to the formation of thicker leaves (Fan
et al. 2013). Such leaves permit a large number of chloroplasts in the mesophyll cells, since the chloroplasts
contain the photosynthetic enzymes (Oguchi et al. 2003). Consequently, there is a positive correlation
between photosynthetic capacity and both the leaf thickness and the surface area of the mesophyll cells
(Terashima et al. 2011). On the contrary, shade leaves are thinner (Athanasiou et al. 2010) and less resistant
(Rozendaal et al. 2006), therefore, to maximize light uptake, they invest more in leaf area (Evans and
Poorter 2001) and height (Steinger et al. 2003).

The ability to acclimate to increases in light intensity varies among species, although most have at
least some modification in the photosynthetic capacity (Gratani 2014). Early successional and light-
demanding species are likely to have a higher photosynthetic plasticity and capacity for higher acclimation
than late successional and shade tolerant species (Longuetaud et al. 2013; Portes et al. 2010). However,
there is increasing evidence that acclimation potential is not always related to the successional status of the
plant species (Kuptz et al. 2010; Souza et al. 2008; Wyka et al. 2007). Krause et al. (2012), for example,
found that a late successional tree species was capable of growing under full sunlight, demonstrating that
the ability to tolerate high light environments such as pastures is species-specific, and such ability may
represent a selective advantage.

Most studies concerning on acclimating processes of plants have been conducted within species

exposed to a series of radiation intensities (Athanasiou et al. 2010). A few works focused on photosynthetic
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responses of forest species to the light condition in the field (e.g., Abrams and Mostoller 1995; Carswell et
al. 2000; Domingues et al. 2007; Ramos and Grace 1990); other studies have investigated the
photosynthetic responses of seedlings grown under different environments (e.g., Loik and Holl 1999; 2001).
Thus, we aimed to gain insights into these adaptive processes in tree species by investigating the
relationships between leaf anatomy and photosynthetic traits under different light conditions. More
precisely, to investigate the plasticity and possibly different acclimation of Ocotea odorifera trees along a
radiation gradient taking into account seasonal variations in environmental conditions. We hypothesized
that the dynamics of photosynthetic efficiency and the survival of these trees is mediated by the acclimation
reached by the leaf developed throughout the growing season. The results from this study may indicate
plant tolerance and acclimation to shade and light conditions, in addition provides information if the species

are particularly vulnerable or not to restorations programs in open habitats.

Materials and Methods

Tree species and study sites

Ocotea odorifera (Vell.) Rohwer (Lauraceae), commonly known as sassafras, is a Brazilian native
tree species of the Atlantic Rainforest that occurs in the States of the southern and southeastern regions of
Brazil and in some parts of the Bahia State (Carvalho 2005). The species is prized for the quality of its
wood but particularly for the essential oil components that contain safrole (Mossi et al. 2013), which was
very exported to countries like Japan, United States and some European countries (Oltramari et al. 2001).
Because of its indiscriminate exploitation, O. odorifera was included in the Brazilian checklist of threatened
plant species (IBAMA 2008) and considered vulnerable according to The World Conservation Union Red
List of Threatened Species (IUCN 2014). Sassafras seedlings requires shade of low to medium intensity
and the tree is considered a late secondary to climax species in the ecological sucessional group (Whitmore
1990). We chose this species due to its ecological importance, its endangered status and mostly because it
occurs on both forest edge and forest interior habitats and on the pasture matrix adjacent to the forest
fragment. The individuals chosen in our study reached no more than 6 m high, and the measurements were

taken at a height of approximately 2 m.
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The study took place in three forest fragments nearby Alfenas city (21°25°45°’S, 45°56°50”’W and
880 m altitude), southern Minas Gerais, Brazil, from December/2013 to September/2014. This is an Atlantic
forest area with semi-deciduous vegetation and a Cwa type climate (Kdppen 1948), with warm and rainy
summers and cold and dry winters. Climate data for mean air temperature and accumulated precipitation
during the study were taken from the meteorological station of Cooxupé situated in Alfenas, less than 15
km away from the study sites, to characterize the climate of the area (Fig 1).

The forests from this region are highly fragmented, with only 9% remaining of the original
vegetation cover. Most areas are dedicated to agriculture, particularly pastures (51%), perennial crops
(17%) such as coffee, and annual crops (7%), such as sugarcane and corn (Olivetti et al. unpublished data).
The forest fragments studied were surrounded by pasture. We investigated three environments in which
naturally occurs individuals of O. odorifera: (1) the pasture matrix, (2) the forest edge, and (3) the forest

interior (at least 200 m away from any edge).

Microclimatic data

In order to compare the microclimate among the environments we measured the following
variables: (1) air temperature, (2) soil temperature, and (3) irradiance. Variables 1 and 2 were measured
with a portable digital thermometer and the variable 3 was measured with a solar power meter (Mod. MES-
100, Instrutherm Instrumentos de Medicdo Ltda, SP, Brazil). All the measures were taken at three fixed
points in each environment per forest fragment, and the fixed points are represented by O. odorifera trees,
with one measure adjacent to each tree and another below the canopy. These two measurements per tree
resulted in conditions as follows: sunlit pasture, shaded pasture, sunlit forest edge, shaded forest edge, sunlit
forest interior, and shaded forest interior. The measurements were limited to morning hours (9:00-12:00
h), and only on days with similar weather (cloudless sunny days) in both wet (sampling in Dec/2013 and in

Mar/2014) and dry (sampling in Jun/2014 and in Sep/2014) seasons.

Gas exchange measurements
Net photosynthesis (An), intercellular carbon dioxide concentration (C;), transpiration rate (E), and
stomatal water conductance (gs) were measured with an infrared gas analyzer (L1-6400XT, Li-Cor Inc.,

NE, USA). Leaf temperature was maintained at 28°C and the photosynthetically active photon flux density
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(PPFD) at 1400 umol m=2st, All measurements were performed in the field on fully expanded, mature
leaves from nodes 2—-3 from the base of the shoots, without significant damage by herbivores. Three plant
individuals per light environment (forest interior, forest edge and pasture) were selected at random and gas
exchange parameters measured on ten leaves per plant, of which five were shade leaves (inner canopy) and
the other five were sun leaves (out of the crown). These measurements resulted in the following conditions:
sun pasture leaves, shade pasture leaves, sun forest edge leaves, shade pasture edge leaves, sun forest
interior leaves, and shade forest interior leaves. Gas exchange measurements were at the same time as those

of microclimatic data.

Leaf quantitative anatomy

For anatomical analysis, we collected 6 fully expanded leaves per environment from the 3-4 nodes
of the trees, which were fixed in FAA for 72 hours, and later stored in 70 % ethanol. Samples were
dehydrated by a graded ethanol series, and embedded in resin as described for electron microscopy. Sections
(12-pm) were cut using an HM 340E electronic rotary microtome (Thermo Fisher Scientific, Shanghai,
China) with a glass knife. The sections were affixed to glass slides, and stained for 5 minutes in 0.06%
toluidine blue solution. We examined three sections per glass slide with a light microscope (ZEISS
AxiolLab.Al, Carl Zeiss Microscopy GmbH, Germany) and take photographs using an attached digital
camera (ZEISS Axiocam ERc 5s, Germany). From the interveinal region in the cross sections, in three
randomly selected microscopic fields, we measured anatomical traits as follows: abaxial and adaxial
epidermis thickness (ETad; ETab), the palisade and spongy parenchyma thickness (PT; ST), the mesophyll
thickness (Tm), and the total leaf blade, totaling 54 data by each environment. Leaf area from sun and shade
leaves were obtained in the filed with a Handheld Laser Leaf Area Meter (CI-20, CID Bio-Science, WA
USA), with 81 collected data from each leaf type.

The leaves of O. odorifera are hypostomatous; thus, we calculated stomatal density (Sp) by taking
impressions of abaxial leaf epidermis at the widest point of the leaf near the central vein, using the technique
of printing with instant adhesive (methacrylate ester/Super-Bonder®). For the impressions, one leaf was
selected in each tree, the same trees used for gas exchange measurements, totaling 9 leaves per environment
(forest interior, forest edge and pasture). All impressions were fixed on glass slides and examined under a

light microscope (ZEISS AxioLab.Al, Carl Zeiss Microscopy GmbH, Germany) equipped for a ZEISS
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Axiocam ERc 5s (Germany) digital camera, using the x10 objective. Three microscopic fields from the
abaxial leaf surface were randomly selected per leaf. Stomata were counted and stomatal density was

calculated as the number of stomata per unit of leaf area (mm?).

Statistical analysis

We compared the gas exchange variables (An, Ci, E and gss) among the six leaf conditions (sun
pasture leaves, shade pasture leaves, sun forest edge leaves, shade forest edge leaves, sun forest interior
leaves, and shade forest interior leaves) by Kruskal-Wallis (Dunn test as post hoc tests) after homoscedastic
and normality tests. We compared the leaf anatomy variables (ETag. ETan; PT; ST; Tmand LA) among the
leaf conditions using one-way ANOVA, followed by Tukey’s multiple comparison. The normality of the
distribution and the homogeneity of variance were assessed before analysis using the D’ Agostino-Pearson

test and the Levene test, respectively.

Results

Microclimatic data

The microclimatic conditions differed between the three habitats in both seasons. Irradiance (W.m"
2), as well as air and soil temperature (T°C) were higher (p < 0.05) in the sunlit pasture (I_P) and in the
sunlit forest edge (I_E) in the wet season, while in the dry season the variable of soil temperature was the

only one that did not differ between habitats. (Fig 2).

Gas exchange parameters in both rainy and dry season

Shade and sun leaves from the three light environments differed from each other in all variables:
sun leaves had higher net photosynthesis, carboxylation rate, stomatal conductance and transpiration rate
than shade leaves in both seasons (Fig 3).

Sun pasture leaves had a significate photosynthetic capacity with high values for Ay, gs and E in
both seasons, while shade forest interior leaves exhibited the lowest values for these same variables, also
in both seasons (Fig 4). Values of C; on forest interior leaves were significantly higher than those of leaves

in the other two microhabitats.
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Anatomical leaf measurements

Comparisons between sun and shade leaves distributed in the three environments (forest interior,
forest edge and pasture matrix) showed differences for all leaf anatomical measurements (Table 1). For all
of the variables studied, sun leaves had higher values than shade leaves, except for ST and LA. With regard
to the plants in the three environments, pasture leaves presented the highest values for all of the variables.
This study shows that the leaf tissue thickness decreased significantly in the forest interior leaves as
compared to the pasture leaves. Marked changes were observed in the PT, ETa and ETa, Since these
parameters decreased by approximately 34%, 25% and 18% respectively, in the forest interior leaves, when
compared to the pasture ones. For stomatal density, the forest interior leaves had the lowest values, while

the pasture leaves had the highest values, and the forest edge leaves were intermediate or similar to interior.

Discussion

Important modifications in leaf anatomy and photosynthetic traits occurred in fully expanded
leaves throughout the light environment and the growing season. The responses of leaves to changes in
light intensity during the study varied among the three environments (Fig 4 and Table 1). The higher
photosynthetic rates of sun leaves from the pasture and forest edge, in both seasons, are supported by the
higher stomatal conductance (Sack et al. 2006; Santiago and Kim 2009). This may be due to the high
irradiance availability and the low competition for light between plant species in these environments. In
contrast, there was a decrease in stomatal conductance under low light environment (forest interior leaves)
and an increase of intercellular CO;, concentration, and this would explain the decrease of net
photosynthesis. With the forest interior leaves and shaded forest edge leaves, during the drought season,
the net photosynthesis reached negative values when stomatal conductance was still positive (Fig 4). This
can be explained not only by the fact that there is less light availability in these environments and,
consequently, an increased competition among species for capturing this light, but also by the value of
PPFD used in the gas exchange chamber, which may have caused photoinhibition of these leaves with
higher respiration than photosynthesis.

It is likely that forest interior leaves are capable of high photosynthetic rates as much as sun pasture
leaves, but in a lower PPFD condition, since the difference between these leaves was not so discrepant (Fig.

4a,b). Using 1400 pmol m2s? of PPFD in the gas exchange chamber, we may have caused the
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photoinhibition of the forest interior leaves photosystem, since these leaves are acclimated to shade
environments and this level of PPFD is possibly highly above saturation of photosynthetic CO;
assimilation.

The stomatal density is an important indicator of photosynthetic efficiency of plant species, and
the differences in stomatal density reflects directly on the stomatal conductance (Baroli et al. 2008), with
higher stomatal density giving higher stomatal conductance (Lee et al. 2007). Therefore, the sun leaves,
with their high stomatal conductance, had a lower resistance to gas exchange, favoring a greater intake of
CO: and increasing the carbon assimilation process, while shade leaves had a decrease in diffuse CO,
uptake that restrained net photosynthesis (Lawson et al. 2011). Morphological adjustments also play an
important influence on photosynthesis (Ivancich et al. 2014): the enhanced palisade parenchyma thickness
causes an increase of chloroplasts, and thus more enzymes (Rubisco) and chlorophyll; which may improve
the penetration of light to the chloroplasts and allow more CO fixation (Ivancich et al. 2014; Zivcak et al.
2014). And greater palisade tissue thickness, together with spongy tissue and epidermal tissue thickness,
provides an increase in the leaf thickness of sun leaves compared to shade leaves, indicating that the internal
structure of the leaf may play a significant role in light capture (Evans and Poorter 2001; Niinemets 2001;
Wyka et al. 2007). The shade leaves (forest interior), are thinner and larger than sun leaves because
photoassimilates are deployed to the expansion of leaf area for better light absorption (Taiz and Zeiger
2004).

Thicker leaves are typical of sun leaves and are likely to invest in more photosynthetic tissues, and
therefore have a greater photosynthetic capacity, as observed in this study with O. odorifera. The species
is probably C3 and may suffer some photoinhibition by photorespiration, so the greater thickness of the
epidermis together with greater PT, allows the plant attenuate the radiation and avoid the photoinhibition.
Furthermore, the increase of adaxial epidermis thickness in sun leaves controls the transpiration rate excess
and helps maintain acceptable rates for the plant. Sun leaves also need to be prevented from overheating,
which may be achieved through an increase in transpiration rate, and this increase in transpiration rate may
indicate that the leaves of individuals from pasture and forest edge have a large water supply, which is
probably enabled by thick internodes in proportion to leaf area (Rozendaal et al. 2006). Thus, we found in

our study a positive correlation between stomatal conductance, stomatal density, leaf thickness,
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transpiration rate and net photosynthesis. All these variables have an important role as indicators of

photosynthetic capacity and, consequently, photosynthetic acclimation to different light conditions.

Conclusion

This study provides observations as to how plants may adapt to different environmental pressures,
and may contribute to a better understanding of forest-climate interactions. Our study indicates that Ocotea
odorifera has a high morphophysiology plasticity since it has potential to acclimate and grow in different
environmental conditions, and thus it can have success in shaded environments as open ones. Therefore,
this species may have competitive advantages that permit it to cope successfully with a changing
environment. Our results may also have practical implications for designing protocols of forest restoration
projects involving native species in degraded areas, since the species O. odorifera can occurs in a range of
habitats, indicating that resource managers should give more attention to this species. Knowing how the
species behave and adapt to environmental conditions can indicate whether or not it is appropriate to certain
locations, since the failure of many restoration projects occur due to the inappropriate choice of the species

used.
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Table 1 Thickness of the different leaf layers, and stomatal density in the sassafras trees leaves of three habitats
differing in light interception: forest interior, forest edge and pasture matrix; and between leaf light regime: sun and

shade leaves.

Forest Interior

Parameters n Sun leaves Shade leaves Pasture matrix Forest Edge

ETaq (LM) 1144 +0.24 A 9.23+0.26 B 10.13+0.30 a 7.72+0.11b 7.62+0.13b
ETap (LM) 8.76 +0.21 A 7.68+0.15B 8.72+020a 6.92 +0.09 b 7.12+0.13b
PT (um) 54 66.51+1.74 A 4539+0.65B 58.86 +2.02 a 47.32+066b 38.78+0.54 ¢
ST (um) 14098 +2.54 B 150.09 £ 2.60 A 15086 +241a 133.57+3.19b 131.76 +3.24 b
Tm (UmM) 210.78 £ 2.01 A 193.53+3.07B 207.72+2.71a 181.08+2.67b 170.07+£3.22 ¢
LT (um) 227.68+252A  212.39+296B 22864 +3.06a 19553+3.13b  185.27+3.60b
LA (mm?) 41.16+137B 51.87+150 A - - -

Sp (MM?) 36 37158+1270 A 284.67+9.70B 361.48+12.26a 304.56+1389b 222.04+285c

Data are mean + SE (one-way ANOVA, p<0.05). ET.q, adaxial epidermis cell thickness; ET.,, abaxial epidermis cell thickness; PT,
palisade tissue thickness; ST, spongy tissue thickness; Tm, mesophyll thickness; LT, leaf thickness; Sp, stomatal density. Different
letters in the same row indicate significant differences at p<0,05 (Tukey’s test).



List of Captions of Figures

Figure 1 Microclimatic data for precipitation (line) and mean air temperature (bars) in the study area.

Figure 2 Microclimatic variation among environments investigated in both rainy (a, ¢ and e) and dry (b, d
and f) seasons. (a) — Light intensity (w/m?); (b) - Air temperature (°C); (c) - Soil temperature (°C). |_P =
sunlit pasture; S_P = shaded pasture; |_E = sunlit forest edge; S_E = shaded forest edge; I_I = sunlit forest
interior; S_| = shaded forest interior. Different lowercase letters indicate statistical differences among

environments (Tukey’s test).

Figure 3 Ecophysiological responses variations among sun and shade leaves from habitats investigated in
both rainy (a, c, e, g and i) and dry (b, d, f, h and j) seasons. Different lowercase letters indicate statistical

differences between sunlit and shaded leaves from the three habitats (Tukey’s test).

Figure 4 Ecophysiological responses variations among leaves from habitats investigated in both rainy (a,
c,e,gandi)anddry (b, d, f, hand j) seasons. I_P = sunlit pasture leaves; S_P = shade pasture leaves; |_E
= sunlit forest edge leaves; S_E = shaded forest edge leaves; |_I = sunlit forest interior leaves; S_| = shaded
forest interior leaves. Different lowercase letters indicate statistical differences between sunlit and shaded

leaves from the three habitats (Tukey’s test).
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