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Resumo

Uma variedade de fatores ambientais ¢ bidticos afeta a produtividade florestal e determina o
acuimulo de biomassa. Em ecossistemas florestais, o aumento da produtividade primaria
propicia o aumento da biomassa vegetal e consequentemente o aumento do carbono organico
estocado. Dentre os fatores que influenciam a produg¢do de biomassa, podemos citar
temperatura, pluviosidade, tipo de solo, composi¢do floristica e regime de distirbios. Nesse
sentido, hd o consenso entre pesquisadores de que o aumento da temperatura, a
homogeneidade do regime de chuvas e solos férteis aumentam a produtividade e possibilitam
um maior acumulo de biomassa. Além disso, diversos autores propdem que riqueza e
diversidade de espécies teriam efeito positivo sobre a biomassa, pois aumentariam a eficiéncia
no uso dos recursos. Os objetivos deste estudo foram avaliar as variaveis que afetam a
biomassa florestal viva acima do solo (BAS) na regido subtropical do sul do Brasil, além de
analisar a distribui¢do espacial das estimativas de biomassa em escala regional. O estudo foi
realizado em Florestas Subtropicais Umidas do sul do Brasil, classificadas como Florestas
Latifoliadas (FL) e Florestas Mistas de Coniferas e Latifoliadas (FM). Um total de 38 parcelas
de 1 ha foram selecionadas e todas as arvores com DAP > 9,5 cm foram incluidas para as
estimativas de biomassa. Valores de BAS foram obtidos utilizando equacdes alométricas ja
publicadas na literatura. As variaveis ambientais (altitude, precipitacio, temperatura e tipo de
solo) foram obtidas da literatura e as varidveis bidticas (densidade e diversidade) foram
calculadas a partir da base de dados. Para o conjunto total de dados, a BAS média foi de 194,3
+116,8 Mg ha! (média + DP) e a densidade média de carbono foi de 97,2 + 58,4 MgC ha™.
As estimativas entre tipos florestais diferiram entre si (= -4,598; p<0,001): a BAS média foi
inferior em FL (AGBpp = 118,0 + 58,4 Mg ha™) quando comparada a FM (AGBpy = 249,8 +
118,1 Mg ha™"). A analise de componentes principais executou de forma satisfatoria a reducéo
da base de dados de clima e de solo. A regressdo multipla explanatoria explicou 49,8% da
variagdo na BAS (Yiog viomassa = 0,03(0,49)Xraiz densidade T 0,11(0,36)X cixo tatitudinat — 0,22(-
0,85)Xcixo attitudinal — 0,03(-0,36)Xdiversidade — 0,09(-0,35)Xcixo matéria organica + 1,60; Fs3,=8,34;
p<0,001; =0,498). A altitude contribuiu mais para o modelo do que qualquer outra variavel.
Nao foi encontrada dependéncia espacial entre as parcelas. Os resultados do nosso estudo
mostram uma relagdo negativa entre biomassa acima do solo e altitude. Assim, valores
elevados de BAS estio localizados em altitudes mais elevadas e sujeitos a temperaturas

amenas e frequentes chuvas mensais. Parece haver uma contribui¢do importante da conifera



Araucaria angustifolia nas parcelas de FM, visto que arvores de grande porte da espécie
foram encontradas em inumeras unidades amostrais. Florestas subtropicais parecem ser de
grande interesse para o sequestro de carbono, especialmente em areas de Florestas Mistas. No
Brasil, a espécie de conifera ameagada de extingdo A. angustifolia compde florestas com alta
diversidade (Florestas com Araucaria), com grande potencial de acimulo de biomassa e

sequestro de carbono, enfocando ainda mais a importancia de conservacdo deste ecossistema.

Palavras-chave: variaveis ambientais, modelos alométricos, coniferas, floresta latifoliada,

biomassa acima do solo, modelo regressao.
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Abstract

A variety of environmental and biotic factors affect forest productivity and determines
biomass accumulation. In forest ecosystems, the increase in primary productivity results in an
increase in plant biomass and consequently elevates storage of organic carbon. Among the
factors that influence biomass production, we should mention temperature, rainfall, soil type,
floristic composition and disturbance regimes. It is widely accepted among researchers that
increasing temperature, rainfall homogeneity and fertile soils increase productivity and enable
higher biomass accumulation. Moreover, many authors indicate that species richness and
diversity have a positive effect on biomass, because of the higher efficiency on resource use.
The objectives of the study were to evaluate the variables affecting live aboveground forest
biomass (AGB) in Subtropical Southern Brazil and analyze the spatial distribution of biomass
estimates. The study was performed in Subtropical Moist Forests of Southern Brazil,
classified as Broadleaf Forests (BF) and Mixed Coniferous-Broadleaf Forests (MF). A total of
38 1-ha plots were selected and all trees with DBH > 9.5 cm were included for biomass
estimation. Values for AGB were obtained using published alometric equations.
Environmental variables (elevation, rainfall, temperature and soils) were obtained from the
literature and biotic variables (density and diversity) were calculated from the data set. For the
total number of plots, mean AGB was 194.3 + 116.8 Mg ha™ (mean + SD) and mean carbon
density 97.2 + 58.4 MgC ha™'. Estimates differed between forest types (/= -4.598; p<0.001):
mean AGB was lower in BF (AGBgr = 118.0 + 58.4 Mg ha™) when compared to MF (AGByr
= 249.8 £ 118.1 Mg ha™"). Principal component analysis performed well in summarizing
climate and soil data sets. The explanatory multiple regression explained 49.8% of the
variation in AGB (Yiog biomass = 0.03(0.49)xsqro0t density + 0.11(0.36)x 1atitudinal axis — 0.22(-
0.85)Xelevation axis — 0.03(-0.36)xdiversity — 0.09(-0.35)Xorganic matter axis + 1.66; Fs3,=8.34, p<0.001;
*=0.498). Elevation contributed more to the model than any other variable. There was no
spatial dependency found between plots. The results from our study showed a negative
relationship between aboveground biomass and elevation. Therefore, higher values of AGB
are located at higher altitudes and subjected to cooler temperatures and frequent monthly
rainfall. There seems to be an important contribution of the coniferous species Araucaria
angustifolia in MF plots, since large trees of this species were found in many of the samples.
Subtropical forests appear to be of great interest for carbon sequestration, especially in areas

of Mixed Coniferous-Broadleaf Forests. In Brazil, the endangered coniferous species A.

vii



angustifolia is part of a high diversity forest (Araucaria Forest), with great potential for
biomass accumulation and carbon sequestration, emphasizing the importance in conserving

this ecosystem.

Key words: environmental variables, alometric models, coniferous species, broadleaf forest,

aboveground biomass, regression model.
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Apresentacgio

Uma variedade de fatores ambientais ¢ bidticos afeta a produtividade florestal e
determina o acumulo de biomassa. Em ecossistemas florestais, o aumento da produtividade
primaria propicia o aumento da biomassa vegetal e consequentemente o aumento do carbono
organico estocado. Dentre os fatores que influenciam a producdo de biomassa, podemos citar
temperatura, pluviosidade, tipo de solo, composi¢do floristica e regime de distirbios. Nesse
sentido, hd o consenso entre pesquisadores de que o aumento da temperatura, a
homogeneidade do regime de chuvas e solos férteis aumentam a produtividade e possibilitam
um maior acumulo de biomassa. Além disso, diversos autores propdem que a riqueza e
diversidade de espécies teriam efeito positivo sobre a biomassa, pois aumentariam a eficiéncia
no uso dos recursos. O objetivo geral do trabalho foi avaliar quais variaveis ambientais e
bidticas afetam a biomassa florestal viva acima do solo na regido subtropical do sul do Brasil,
verificar se existem diferencas entre os tipos florestais no RS no que diz respeito a biomassa e
analisar a distribuicdo espacial das estimativas de biomassa. A abordagem do tema foi
dividida em dois capitulos com diferentes objetivos, conforme segue.

O primeiro capitulo, intitulado “Biomassa, produtividade e estoque de carbono em
florestas tropicais e subtropicais” consiste de uma revisao bibliografica sobre o tema da
dissertacdo. Sdo apresentadas inicialmente as relagdes entre biomassa, produtividade primaria
e carbono orginico ¢ em seguida os fatores ambientais e bidticos que influenciam na
produgdo de biomassa. Em seguida sdo descritos os métodos diretos e indiretos de
quantificacdo, suas vantagens e desvantagens, enfocando principalmente nos modelos
alométricos gerados para utilizagdo em florestas tropicais e subtropicais. Por fim, so
apresentados valores de estimativas de biomassa existentes na literatura para essas florestas,
além de indicar o estoque de biomassa e carbono nas florestas do Rio Grande do Sul e sua
importancia no contexto regional.

O segundo capitulo, intitulado “Determinants of the geographic variation of forest
biomass estimates in Southern Brazil: the contribution of Araucaria Forests”, apresenta
o estudo principal da dissertagdo e tem como objetivo avaliar o efeito de variaveis ambientais
e bidticas na producéo de biomassa. O trabalho verifica ainda se existem diferencas entre os

tipos florestais no RS e analisa a distribui¢do espacial da biomassa na regido.



Capitulo 1.

Biomassa, produtividade e estoque de carbono em florestas

tropicais e subtropicais *

* A formatacdo deste capitulo estd de acordo com as normas da revista nacional Natureza &
Conservagdo, exceto pela adogdo de espagamento de 1,5 entre linhas para melhor apresentacdo do

texto.
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BIOMASSA, PRODUTIVIDADE E ESTOQUE DE CARBONO EM
FLORESTAS TROPICAIS E SUBTROPICAIS

RESUMO

Biomassa, produtividade e carbono estdo fortemente relacionados em si. Em ecossistemas florestais, o
aumento da produtividade primaria propicia um aumento da biomassa vegetal e consequentemente um
aumento do carbono orgénico estocado. Esse processo estd intimamente associado ao momento atual de
aquecimento global, uma vez que impactos naturais e antropicos em florestas alteram a dindmica natural
podendo aumentar a liberagdo de carbono para a atmosfera. Dentre os fatores que influenciam a produgio de
biomassa, podemos citar temperatura, pluviosidade, tipo de solo, composi¢do floristica e regime de
distirbios. Nesse sentido, hd o consenso entre pesquisadores de que o aumento da temperatura, a
homogeneidade do regime de chuvas e solos férteis aumentam a produtividade e possibilitam um maior
acimulo de biomassa. Além disso, diversos autores propdem que a riqueza e diversidade de espécies teriam
efeito positivo sobre a biomassa, pois aumentariam a eficiéncia no uso dos recursos. A quantificagdo de
biomassa florestal pode ser dividida em dois métodos principais: um direto, que remove ¢ pesa o material
vegetal e um segundo, indireto, que estima essa biomassa através de modelos alométricos. Os dois métodos
apresentam vantagens e desvantagens, que estdo relacionadas a agilidade de obtencdo dos dados, definicdo
das equacdes e selecdo das arcas estudadas. De qualquer forma, a obtencdo desses valores ¢ de grande
relevancia para a verificagdo do estoque de carbono armazenado em ecossistemas florestais tropicais e
subtropicais. Nesses ambientes de influéncia tropical, em que hd uma grande diversidade de espécies e
condigdes ambientais que influenciam o seu desenvolvimento, as estimativas de biomassa variam entre 225 ¢
399 Mg ha™', mas valores proximos aos 110 Mg ha™ também sio encontrados. Para carbono, as estimativas se
diio entre 55 ¢ 200 MgC ha™. No cendrio atual, a pesquisa em florestas naturais com potencial de acimulo de
biomassa pode ter um enfoque de conservagdo da biodiversidade, uma vez que se conserva a riqueza de
espécies e a funcionalidade do ecossistema, além de promover o sequestro de carbono e incremento em
biomassa florestal, minimizando as taxas de CO, na atmosfera.

Palavras-chave: varidveis ambientais; métodos quantificagdo; modelos alométricos; conservagdo da

biodiversidade.

ABSTRACT

BIOMASS, PRODUCTIVITY AND CARBON STORAGE IN TROPICAL AND SUBTROPICAL
FORESTS. Biomass, productivity and carbon are strongly related. In forest ecosystems, the increase in
primary productivity results in an increase in plant biomass and consequently elevates storage of organic
carbon. This process is closely associated to the current global warming scenario, since natural and human
induced impacts in forests modify the natural dynamic and may increase carbon liberation to the atmosphere.
Among the factors that influence biomass production, we should mention temperature, rainfall, soil type,
floristic composition and disturbance regimes. It is widely accepted among researchers that increasing
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temperature, rainfall homogeneity and fertile soils increase productivity and enable higher biomass
accumulation. Moreover, many authors indicate that species richness and diversity have a positive effect on
biomass, because of the higher efficiency on resource use. Measurements of forest biomass are divided in
two main methods: a direct method, which results in removal and weighting of plant material, and an indirect
method, which estimates biomass through alometric models. Both methods have advantages and
disadvantages, which are related to the agility in data gathering, equation selection and definition of study
sites. In any way, obtaining this estimates are of great relevance to verify carbon storage in tropical and
subtropical forest ecosystems. In those tropical influenced sites, which present high species diversity and
environmental conditions that affect plant growth, biomass estimates vary between 225 and 399 Mg ha™, but
values near 110 Mg ha™ are also found. As for carbon, estimates range from 55 to 200 MgC ha™. In the
current scenario, research in natural forests that have potential for biomass accumulation, emphasis on
biodiversity conservation may be applied, since forests promote conservation of species richness and
ecosystem functionality, besides providing carbon sequestration and forest biomass, reducing CO, rates on
the atmosphere.

Key words: environmental variables; measuring methods; alometric models; conservation of biodiversity.

BIOMASSA E CARBONO

A matéria organica produzia através da fotossintese ¢ denominada de biomassa vegetal (Raven et al.
2001). No caso dos ecossistemas florestais, ela ¢ definida como a quantidade de material vegetal, expressa
em unidades de massa, por unidade de area em uma floresta (Brown 1997, Aratijo et al. 1999). A producio
de biomassa em uma comunidade vegetal ¢ conhecida como produtividade primaria liquida (PPL) e ¢
representada pela fixacdo total de energia através da fotossintese (produtividade primaria bruta) subtraindo-
se a respiragdo dos organismos autotroficos (Begon et al. 2006). Segundo Begon et al. (2006), a razdo
PPL-biomassa™ ¢ alta no inicio da sucessdo devido ao crescimento acelerado de espécies pioneiras e baixa
biomassa acumulada, situacdo que tende a ser reduzida significativamente em estagios mais avangados, nos
quais predominam espécies de crescimento mais lento e de tamanho superior (com maior biomassa
acumulada). Essa dindmica é muitas vezes relacionada a densidade da madeira das espécies que compdem o0s
diferentes estagios sucessionais: espécies pioneiras apresentam valores de densidade da madeira geralmente
mais baixos e espécies tardias, valores mais altos (Baker er al. 2004b). A explicagdo para isso estd
relacionada a histéria de vida das espécies e ao custo de produgdo dos tecidos que compde a madeira:
espécies iniciais sdo caracterizadas por tecidos condutores de baixo custo e densidade reduzida os quais
possibilitam um rapido crescimento; situagdo diferente da encontrada em espécies tardias que produzem
tecidos de maior custo e densidade elevada, enfocando o suporte e a resisténcia a predadores e patdgenos
(Chave et al. 2000).

A biomassa vegetal viva acima do solo encontrada em uma floresta ¢ composta por arvores de

diferentes estratos e também por arbustos de estratos inferiores. A por¢do mais representativa desta
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biomassa, muitas vezes ultrapassando 90% do total, ¢ composta por arvores com didmetro do tronco superior
a 10 cm (Clark et al. 2001). Isso se da, pois a madeira ¢ um importante reservatorio de carbono em
ecossistemas terrestres (Catovsky ef al. 2002, Balbinot 2004) e este elemento representa cerca de 50% da
biomassa florestal (Balbinot 2004, Houghton 2007). O balango entre o carbono inorgénico, livre na
atmosfera sob forma de didxido de carbono (CQO,), e o carbono organico, fixado pelos organismos vegetais, é
constituido pela diferenga do que ¢ produzido e fixado pelas plantas e da liberacdo natural oriunda da
respiragdo ¢ decomposicdo das partes mortas. Esse processo ¢ de extrema importdncia na dindmica dos
ecossistemas e determina o quanto de biomassa ¢ carbono o ambiente pode sustentar. Mais recentemente,
entretanto, fontes antrdpicas, tais como desmatamento e queima de combustiveis fosseis, tém modificado a
dindmica natural, acelerando e aumentado a liberagdo de CO, para o ambiente. Esse processo tem causando
mudangas no clima global e na composi¢do atmosférica, influenciando os padrdes de produtividade em
escala global (Bunker et al. 2005, Begon et al. 2006). O efeito do aumento dos niveis de CO, na atmosfera,
causados principalmente por alteragdes no uso do solo e polui¢do, na PPL pode ser visto de duas formas
distintas: se considerado que esse cenario tem a capacidade de aumentar a PPL de florestas tropicais, através
de respostas como aumento fotossintético e eficiéncia no uso da agua (Clark 2004), o efeito sera positivo ¢ as
comunidades vegetais remanescentes ndo serdo prejudicadas; por outro lado, o aumento do CO, atmosférico
pode ser um fator altamente negativo, uma vez que temperaturas muito altas resultantes desse aumento
podem elevar a taxa de respiragdo das plantas — aumentando a libera¢do de carbono e, assim, reduzindo a
biomassa acumulada — e ainda diminuir sua capacidade fotossintética uma vez que ela atinja o seu 6timo de

temperatura (Clark 2004).

FATORES QUE INFLUENCIAM A BIOMASSA

Visto que a biomassa estd fortemente relacionada a PPL, a sua produgdo ¢ em grande parte
dependente dos fatores que influenciam a produtividade, entre eles precipitagdo ¢ temperatura. Latitude e
altitude sdo dois fatores que resultam nos diferentes valores de biomassa estimados entre tipologias florestais
ao redor do mundo: as caracteristicas ambientais encontradas em latitudes altas propiciam o desenvolvimento
do que conhecemos como florestas temperadas, assim como as condi¢des verificadas em latitudes baixas
(préximo a linha do Equador, por exemplo) resultam no desenvolvimento de florestas tropicais. Nessa escala,
diferencgas regionais ¢ mesmo locais podem ser influenciadas por uma gama de outros fatores, que vao desde
variagdes de temperatura, pluviosidade e tipo de solo (Begon et al. 2006), até estrutura, composi¢do floristica
e regime de distarbios (Chave et al. 2008).

Diversos trabalhos tém estudado a relagdo das variaveis ambientais na producdo de biomassa. H4d um
consenso que o aumento da temperatura, homogeneidade do regime de chuvas (pouca sazonalidade) e solos
férteis aumentam a produtividade e possibilitam um maior acimulo de biomassa (Laurance et al. 1999,
TerSteege et al. 2003, Raich et al. 2006). Isso se da devido a condi¢gdes adequadas de disponibilidade de
agua e nutrientes, além de maiores taxas fotossintéticas para produgdo de biomassa. Uma avaliagdo do

estoque de carbono em florestas ao redor do mundo identificou que florestas temperadas onde a temperatura
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¢ amena ¢ a precipitagdo moderada sdo os locais que apresentam os maiores estoques de carbono (Keith ef al.
2009), visto que essa condigdo possibilita rapido crescimento ¢ menor taxa de decomposi¢do da matéria viva.

Além das determinantes ambientais, alguns fatores bidticos podem ter influéncia no funcionamento
desses sistemas. Diversos experimentos testaram a relag@o entre a riqueza/diversidade de espécies vegetais e
o funcionamento do ecossistema, investigando o efeito da composi¢do floristica na produtividade primaria
liquida: experimentos com gramineas sugerem um maior acumulo de biomassa em comunidades mais ricas
(Reich et al. 2001, Tilman et al. 2002), possivelmente explicado pela abrangéncia de grupos funcionais
(grupos de espécies com caracteristicas e fungdes distintas) na comunidade (Reich ez al. 2001). Estudos que
relacionam positivamente estabilidade do ecossistema e diversidade indicam que o aumento do numero de
espécies acarreta em maior produtividade, uma vez que a complementaridade de nichos acarreta no aumento
da eficiéncia do uso dos recursos (Naeem 2002). No caso de florestas tropicais, ha evidéncias de que o
estoque de carbono desses ambientes é dependente da composicdo de espécies existente (Bunker ez al. 2005),
de modo que o aumento da riqueza de espécies reduz a variabilidade e o risco bioldgico frente a um cenario
de exting@o de espécies. Dessa forma, o nimero ¢ a diversidade de espécies existentes em uma comunidade
afetariam a PPL, através da diversidade funcional e estrutura do ecossistema, e influenciariam na quantidade

de carbono estocado nesses ecossistemas (Catovsky ez al. 2002).

METODOS DE QUANTIFICACAO

Existem dois métodos principais de quantificagdo da biomassa vegetal em ecossistemas florestais:
um direto, em que ¢ realizado corte ¢ pesagem do material vegetal de interesse, ¢ o outro indireto, no qual
sdo feitas estimativas através de modelos alométricos. Os dois métodos apresentam vantagens e
desvantagens, muitas delas relacionadas a agilidade na obten¢2o dos dados, defini¢do das equagdes e selegédo
das areas estudadas. Métodos destrutivos tomam mais tempo de trabalho de campo e podem ndo apresentar
dados de todas as classes de diametro das arvores, enquanto que métodos indiretos podem conter incertezas
no que diz respeito a seleg@o e utilizagdo de modelos de regressdo para uma grande diversidade de espécies
(ou tipos florestais) que podem apresentar relacdes alométricas diferentes (Silveira et al. 2008). Além disso,
para ambos 0s casos, as areas estudadas podem ndo refletir a floresta como um todo, uma vez que a selegédo
feita pelo pesquisador tende a favorecer areas mais conservadas ou de mais facil acesso (Houghton 2005,
Silveira et al. 2008). Silveira et al. (2008) descreveram detalhadamente os métodos de obtengdo de
estimativas de biomassa e carbono para florestas, englobando diferentes tipos florestais ao redor do mundo.

O método destrutivo de quantificacdo da biomassa exige um grande esfor¢o de supressdo e pesagem
do material vegetal, envolvendo um grupo grande de pessoas e um longo periodo de trabalho (Clark et al.
2001, Houghton 2005). Embora seja um método cujo impacto é bastante significativo, removendo a
cobertura vegetal, ¢ um processo indispensavel para o desenvolvimento e calibragem de métodos indiretos de
estimativa, que partem da relag@o entre pardmetros arbdreos (didmetro e altura, por exemplo) e biomassa. As
restri¢des a utilizagdo desse método se devem ao grande esfor¢o de coleta e equipamentos necessarios, além

do forte impacto resultante no ambiente. Em contrapartida, parece ser o método mais fidedigno para a
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quantificacdo da biomassa arbdrea, uma vez que a pesagem do material vegetal leva em consideragdo
irregularidades apresentadas na estrutura arbdrea (deformacdes, ataque de patdogenos, entre outros), as quais
afetam a quantidade de biomassa e carbono acumulados.

No intuito de facilitar a obten¢@o de estimativas de biomassa vegetal, foram desenvolvidos novos
métodos para avaliar o estoque de biomassa ¢ carbono. De menor impacto sobre o ambiente, uma vez que
ndo ha remocdo da vegetagdo, o método indireto estabelece relacdes entre a biomassa e as caracteristicas dos
vegetais, utilizando modelos matematicos que se baseiam em equagdes alométricas contendo pardmetros
diretamente relacionados a biomassa arbdrea para obtencdo dessas estimativas. Os modelos propostos até
hoje levam em consideragdo dados de inventarios florestais, nos quais sdo coletados dados de didmetro do
tronco e altura total, podendo ainda ser inseridos dados de densidade da madeira, obtidos em bases
bibliograficas. Chave et al. (2008) comentam, a partir de outros autores, que o debate acerca dos melhores
modelos para quantificagdo da biomassa acima do solo giram em torno da acurasse das medidas de didmetro
do tronco, do tipo de equagdo alométrica utilizada e da cobertura espacial dos censos florestais (tamanho
amostral). Diferentes tipos de erros causados por tomadas de medidas incorretas, erros na amostragem ¢
incerteza na escolha dos modelos tém impacto no poder da estimativa.

Um dos estudos mais completos realizado em relagdo aos melhores modelos a serem utilizados para
as estimativas de biomassa (Chave et al. 2005), contemplou florestas tropicais em diversas latitudes e avaliou
a importancia das variaveis preditivas para o uso em equagdes alométricas. Os resultados indicaram que o
diametro do tronco (D) € o principal fator relacionado a biomassa, seguido das demais variaveis analisadas:
densidade da madeira (p) e altura (H). A densidade da madeira tem o poder de aumentar a confiabilidade do
modelo, principalmente em florestas com alta diversidade e riqueza de espécies, como é o caso de florestas
tropicais, e a altura, por mais que nido chegue a ser um elemento indispensavel nas previsdes, aumenta a
precisdo do modelo (Brown 2002). Ao se utilizar uma base de dados contendo todos os pardmetros citados
acima, a variavel composta pD*H passa a ser a mais indicada para aplica¢io (Chave et al. 2005).

Por fim, é importante salientar que as florestas ao redor do mundo apresentam caracteristicas
ambientais distintas, portanto os diferentes tipos florestais (florestas imidas, secas, tropicais, subtropicais,
etc.) devem ser avaliados da forma mais adequada possivel, dando preferéncia a utilizagdo de equacdes
realizadas em locais com caracteristicas semelhantes, aumentando assim a eficacia do modelo (Chave et al.
2005, Burger & Delitti 2008). Dessa forma, considerando as diferengas regionais entre as florestas, a
inclusdo da variavel densidade da madeira é de grande importancia, uma vez que seus padrdes espaciais de
distribui¢do podem variar entre diferentes ecossistemas devido a resposta biologica as condi¢des ambientais,
tais como vento e seca (Vieira et al. 2008). Conforme estudo realizado na Floresta Amazonica (Baker et al.
2004a), os resultados sugerem que a densidade da madeira explicaria de 20 a 30% da variacdo da biomassa
acima do solo.

Os modelos mais robustos para estimativa de biomassa florestal, que consideraram um numero
satisfatorio de unidades amostrais e uma maior abrangéncia de classes elevadas de didmetro do tronco
(arvores maiores), foram obtidos para florestas tropicais (Frangi & Lugo 1985, Chave et al. 2005). Em outras

regides, como no caso de florestas subtropicais e na Mata Atlantica, as equagdes propostas, em sua maioria,
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partem de um numero reduzido de arvores cortadas (Vogel ef al. 2006, Burger e Delitti 2008), muitas vezes
pouco representativo para arvores de didmetro largo ¢ que comportam grande biomassa. Dessa forma,
mesmo na auséncia de modelos alométricos especificos para essas florestas, equagdes pan-tropicais podem
ser usadas de forma segura para estimar a biomassa, contanto que os valores de didmetro de tronco, altura e
densidade da madeira estejam no intervalo proposto no modelo (Chave et al. 2005, Vieira et al. 2008). Chave
et al. (2005) ressaltam que as equacdes utilizadas para florestas tropicais devem ser usadas somente para
espécies latifoliadas e que outros modelos devem levar em conta a presenga de coniferas e de palmeiras,
cujas caracteristicas morfoldgicas diferem significativamente das demais espécies.

Por fim, apesar dos estudos de biomassa viva acima do solo considerarem em sua maioria o
componente arboreo da vegetacdo, ha uma fracdo desta biomassa que € representada por lianas, epifita,
estrato herbaceo, palmeiras, arbustos e arvores menores (Vieira ef al. 2008) e ainda pelo estrato herbaceo da
vegetacdo. As arvores com didmetro do tronco superior a 10cm correspondem a maior por¢do da biomassa
florestal e sdo, por isso, indispensaveis nas estimativas florestais, entretanto ndo deve ser desprezada a
contribui¢do de lianas, palmeiras e espécies arbdreas com didmetro reduzido, pois esses grupos podem

contribuir em mais de 10% no total de biomassa por hectare (DeWalt & Chave 2004, Vieira ef al. 2008).

IMPORTANCIA

A quantificacdo da biomassa florestal ¢ de grande relevancia para verificagdo do estoque de carbono
armazenado nas florestas. As estimativas de biomassa nos ecossistemas florestais tropicais e subtropicais sdo
bastante variaveis, devido a grande diversidade de espécies existentes ¢ as diferentes condigdes ambientais
que influenciam seu desenvolvimento. Além disso, o histdrico de distirbios naturais e antropicos que
ocorreram (e ocorrem) nesses locais influenciam nos diferentes estdgios sucessionais em que se encontram
essas florestas, contribuindo para essa variabilidade (Houghton 2005).

A distribui¢do das estimativas de biomassa varia entre regides do mundo e também entre tipos
florestais. Segundo estudo realizado no ano de 2000 (FAO 2001), as regides do mundo que comportam
maior biomassa sdo a América do Sul (42,7%), a Africa (16,8%) e a Europa (14,5%). Ainda segundo
relatorio da Food and Agriculture Organization of the United Nations (FAO 2001), dos 420 bilhdes de
toneladas de biomassa acima do solo em ecossistemas florestais ao redor do mundo, mais de 1/3 esta
localizado na América do Sul e 27% apenas no Brasil. Além das florestas tropicais, ndo deve ser desprezada
a contribui¢do das florestas temperadas para essas projegcdes, uma vez que elas apresentam um grande
estoque de biomassa e carbono, podendo inclusive ultrapassar os valores obtidos em baixas latitudes (Keith
et al. 2009).

A estimativa global para biomassa florestal acima do solo é de 109 Mg ha™' (1 Mg = 10° g) sendo que
a média mais alta, identificada para a América do Sul, ¢ estimada em 128 Mg ha™ (FAO 2001). E importante
ressaltar que essas médias globais consideram além de florestas naturais, as florestas plantadas, o que pode
favorecer um maior estoque de biomassa. As estimativas existentes para florestas tropicais se encontram

entre 225 e 399 Mg ha™', considerando florestas na Africa, Asia e em florestas Neotropicais, como é o caso
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da Amazonia (Clark & Clark 2000). Em florestas subtropicais, os valores seguem um padrdo semelhante,
sendo identificados entre 240 e¢ 334 Mg ha' para estimativas realizadas ao sul da Floresta Atlantica
(Argentina e Brasil; Rolim ef al. 2005, Gasparri et al. 2008). Geralmente, esses valores se referem ao estrato
arboreo, representado por arvores com diametro do tronco igual ou superior a 10 cm.

Um recente estudo realizado em florestas no sul do Brasil (Rosenfield ef al., dados ndo publicados)
estimou a biomassa arbdrea média acima do solo, para arvores com didmetro do tronco igual ou superior a
9,5cm, em 250 Mg ha™' para Florestas Mistas (correspondente & area de ocorréncia de Floresta Ombroéfila
Mista segundo Teixeira ef al. 1986) e 118 Mg ha™' para Florestas Latifoliadas (correspondentes a Floresta
Ombrofila Densa, Estacional Semidecidual e Decidual) no Estado do Rio Grande do Sul. A média para o
Estado, considerando os dois tipos florestais resultou em 194 Mg ha™ (equivalente a 97 MgC ha™). Para
efeito de comparag@o, estimativas para Floresta Estacional no RS apontam uma biomassa arborea entre 141 ¢
210 Mg ha™' (Brun 2004, Vogel 2006) ¢ para Floresta Ombrofila Mista, valores de biomassa acima do solo
entre diferentes estagios de sucessdo indicam 168,8 Mg ha™' para estagio médio e 397,8 Mg ha™ para estagio
avan¢ado de regeneracio (Watzlawick et al. 2002).

No que diz respeito ao carbono armazenado nessas florestas, que representa cerca de 50% da
biomassa calculada (Balbinot 2004, Houghton 2007), podemos inferir o estoque acumulado através das
estimativas de biomassa e carbono e da area ocupada por essas florestas. Sendo assim, ¢ possivel realizar
uma estimativa, mesmo que aproximada, da quantidade de carbono existente nas florestas do RS, a partir dos
resultados de biomassa e carbono apresentados em Rosenfield ef al. (dados nio publicados) e da area
ocupada pelas florestas na regido (Cordeiro & Hasenack 2009). A érea florestada no RS totaliza 9,3-10° ha,
dos quais 6,3-10° ha sdo ocupados por Florestas Latifoliadas e 3,0-10° ha ocupados por Florestas Mistas (com
Araucéria). Considerando que as estimativas de carbono diferem entre os dois tipos florestais (59,0 MgC ha™'
para Florestas Latifoliadas e 124,9 MgC ha™' para Florestas Mistas), o estoque de carbono estimado para cada
uma dessas florestas é de 0,37 PgC (1 Pg=10" g), totalizando 0,74 Pg C florestal em todo o RS. Em relacio
ao estoque de carbono florestal do Brasil (incluindo Floresta Amazonica e Atlantica), que é de 49,3 Pg C
(FAO 2009), a contribuicdo das florestas do RS em area ocupada e carbono estocado seria inferior a 1%.

Os valores de biomassa e carbono apresentados acima sdo de grande importancia, uma vez que se
referem a estimativas para o limite sul de ocorréncia do bioma Mata Atlantica. Frente ao status de
conservacdo deste bioma e de sua biodiversidade, seu potencial de estoque de carbono mostra o quanto o
cendrio de uso do solo, desmatamento e exploragdo dos recursos florestais podem afetar os processos atuais
de aquecimento global e mudancas climaticas. Além disso, deve ser evidenciado o potencial de sequestro de
carbono em 4reas de Floresta com Araucdria, que armazenam uma quantidade significativa de biomassa e
apresentam uma grande diversidade de espécies associadas (Fonseca er al. 2009), inclusive espécies
ameacadas de extingdo, como a propria Araucaria angustifolia (IUCN 2010). Programas que enfoquem a
preservagdo desses ecossistemas seriam de grande importancia para a conservacdo de espécies de fauna e
flora (Fonseca et al. 2009), além de propiciar maior sequestro de carbono e incremento de biomassa florestal,

minimizando as taxas de CO, na atmosfera.
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Capitulo 2.

Determinants of the geographic variation of forest biomass
estimates in Southern Brazil: the contribution of Araucaria

Forests *

* A formatacdo deste capitulo estd de acordo com as normas da revista internacional Journal of
Ecology, exceto pelas seguintes caracteristicas adotadas para melhor apresentag@o do texto: adocdo de
espacamento de 1,5 entre linhas, inclusdo de resumo em portugués, inser¢do das figuras e tabelas ao

longo do texto e tabulagdo das referéncias.
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Determinants of the geographic variation of forest biomass
estimates in Southern Brazil: the contribution of Araucaria

Forests

Summary

1 Considering that a variety of environmental and biotic factors may affect forest
productivity and determine biomass accumulation, the objective of the study is to
evaluate the variables affecting live aboveground forest biomass (AGB) in Subtropical
Southern Brazil and analyze the spatial distribution of biomass estimates.

2 The study was performed in Subtropical Moist Forests of Southern Brazil, classified
as Broadleaf Forests (BF) and Mixed Coniferous-Broadleaf Forests (MF). Thirty eight
1-ha plots were selected and all trees with DBH > 9.5 cm were included for biomass
estimation. Values for AGB were obtained using published alometric equations.
Environmental variables (elevation, rainfall, temperature and soils) were obtained from
the literature and biotic variables (density and diversity) were calculated from the data
set.

3 For the total dataset, mean AGB was 194.3 + 116.8 Mg ha”' (mean + SD) and mean
carbon density 97.2 + 58.4 MgC ha™'. Estimates differed between forest types (/= -
4.598; p<0.001): mean AGB was lower in BF (AGBgr = 118.0 + 58.4 Mg ha') when
compared to MF (AGByr = 249.8 + 118.1 Mg ha™).

4 Principal component analysis performed well in summarizing climate and soil data
sets. The explanatory multiple regression explained 49.8% of the variation in AGB (Yig
biomass = 0.03(0.49)Xsqroot density T 0.11(0.36)x 1atitudinal axis — 0.22(-0.85)Xclevation axis — 0.03(-
0.36)Xdiversiy — 0.09(-0.35)Xorganic matter axis + 1.66; Fs53=8.34, p<0.001; r°=0.498).
Elevation contributed more to the model than any other variable. There was no spatial
dependency found between plots.

5 The results from our study showed a negative relationship between aboveground
biomass and elevation. Therefore, higher values of AGB are located at higher
elevations and subjected to cooler temperatures and frequent monthly rainfall. There
seems to be an important contribution of the coniferous species Araucaria angustifolia

in MF plots, since large trees of this species were found in many of the samples.
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6 Synthesis: Subtropical forests appear to be of great interest for carbon sequestration,
especially in areas of Mixed Coniferous-Broadleaf Forests. In Brazil, the endangered
coniferous species A. angustifolia is part of a high diversity forest (Araucaria Forest)
and has the potential for biomass accumulation, improving carbon sequestration and
emphasizing the importance of ecosystem conservation.

Key words: coniferous species, broadleaf forest, aboveground biomass, regression

model.

Resumo

1 Considerando a variedade de fatores ambientais e bidticos que afetam a produtividade
florestal e determinam no acumulo de biomassa, o objetivo deste estudo ¢ avaliar os
fatores que afetam a biomassa florestal viva acima do solo (BAS) na regido subtropical
do sul do Brasil, além de analisar a distribui¢do espacial das estimativas de biomassa.

2 O estudo foi realizado Florestas Subtropicais Umidas do sul do Brasil, classificadas
como Florestas Latifoliadas (FL) e Florestas Mistas de Coniferas e Latifolidas (FM).
Trinta e oito parcelas de 1 ha foram selecionadas e todas as arvores com DAP > 9,5 cm
foram incluidas para as estimativas de biomassa. Valores de BAS foram obtidos
utilizando equagdes alométricas ja publicadas na literatura. As varidveis ambientais
(altitude, precipitagdo, temperatura e solos) foram retiradas da literatura e as variaveis
bioticas (densidade e diversidade) foram calculadas a partir da base de dados.

3 Para o conjunto total de dados, a BAS média foi de 194,3 + 116,8 Mg ha™' (média +
DP) e a densidade de carbono médio foi de 97,2 + 58,4 MgC ha'. As estimativas entre
tipos florestais foram diferentes (= -4,598; p<0,001): a BAS média foi inferior em FL
(AGBgL = 118,0 + 58,4 Mg ha™) quando comparada a FM (AGBpy = 249,8 + 118,1 Mg
ha™).

4 A analise de componentes principais executou de forma satisfatéria a redugdo da base
de dados de clima e de solo. A regressdo multipla explanatdria explicou 49,8% da
variagdo na BAS (Yiog biomassa = 0,03(0,49)Xraiz densidade + 0,11(0,36)X cixo tatitudinal — 0,22(-
0,85)Xeixo altitudinal — 0,03(-0,36)Xdiversidade — 0,09(-0,35)Xecixo matéria organica + 1,60; F53,=8,34,
p<0,001; *=0,498). A altitude contribuiu mais para o modelo do que qualquer outra
variavel. Ndo foi encontrada dependéncia espacial entre as parcelas.

5 Os resultados do nosso estudo mostram uma relagdo negativa entre biomassa acima

do solo ¢ altitude. Assim, valores elevados de BAS estdo localizados em altitudes mais
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elevadas e sujeitos a temperaturas amenas e frequentes chuvas mensais. Parece haver
uma contribuicdo importante da conifera Araucaria angustifolia nas parcelas de FM,
visto que arvores de grande porte da espécie foram encontradas em inimeras unidades
amostrais.

6 Sintese: Florestas subtropicais parecem ser de grande interesse para o sequestro de
carbono, especialmente em areas de Florestas Mistas de Coniferas e Latifoliadas. No
Brasil, a espécie de conifera ameagada A. angustifolia compde florestas com alta
diversidade (Florestas com Araucaria) e tem o potencial de acimulo de biomassa,
aumentando o sequestro de carbono e enfocando a importancia de conservagdo do
ecossistema.

Palavras-chave: coniferas, floresta latifoliada, biomassa acima do solo, modelo

regressao.

Introduction

Compared to other terrestrial vegetation types, forests have higher rates of carbon fixation,
because wood acts as a substantial carbon reservoir (Catovsky, Bradford & Hector 2002).
Disturbances such as forest cutting and wood extraction affect the carbon balance in these
ecosystems because forests become sources of CO; to the atmosphere (Brown 2002). The
removal of species with high wood density, large trunk diameter and high basal area may
deplete carbon stock in forests up to 70% (Bunker et al. 2005). A study of carbon balance
performed in the African continent (Ciais et al. 2009) evaluated carbon sequestration in
forests to be 89% of the natural sink. In natural conditions, the most important source of
carbon from forests to the atmosphere is due to respiration and decomposition. More recently,
antropic activities such as forest removal and fossil fuel emission are causing changes in
global climate and atmospheric composition, influencing patterns of productivity at global
scale (Bunker et al. 2005; Begon, Townsend & Harper 2006). Elevated levels of CO, in the
atmosphere, caused mainly by the human economy may increase net primary productivity
(NPP) of tropical forests due to plant responses such as increased photosynthesis and water-
use efficiency (Clark, 2004). In the other hand, global warming might be highly negative for
carbon balance, since high temperatures may increase plant respiration, increasing carbon
emissions and, consequently, reducing accumulated biomass, as well as reducing

photosynthetic capacity as it reaches its optimum temperature (Clark 2004).
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The storage of biomass in forests is influenced by latitude and altitude (Raven, Evert
& Eichhorn 2001). The differences in environmental conditions affecting plant growth are
determinant to the establishment of vegetational formations. Habitat characteristics, such as
nutrients and water availability, rainfall, temperature and climate change, as well as natural
and human disturbance (Begon, Townsend & Harper 2006) all influence biomass production
and accumulation. At a regional scale, several studies evaluated the influence of
environmental factors in the structure of plant communities, relating vegetation growth to soil
moisture (Raich ef al. 1991), mean annual temperature (Raich ef al. 2006), rainfall
seasonality (TerSteege et al. 2003; Saatchi et al. 2007), altitude (Tanner, Vitousek & Cuevas
1998; Alves et al. 2010) and soil characteristics (Laurance ef al. 1999; DeWalt & Chave
2004; Castilho et al. 2006). In tropical forests the trend is the reduction in productivity, height
and growth of trees with increasing altitude (Tanner, Vitousek & Cuevas 1998; but see Alves
et al. (2010) for a different pattern in subtropical southeast Brazil). Soil fertility and mean
annual temperature seem to be positively related to productivity and biomass in these forests
(Laurance et al. 1999; DeWalt & Chave 2004; Raich et al. 2006), opposed to limited rainfall
(increasing number of dry months, when rainfall < 100 mm) which appear to reduce biomass
production and tree density (TerSteege ef al. 2003; Saatchi ef al. 2007). Natural disturbances
and environmental changes may also affect aboveground biomass, causing spatial variability:
simple gap openings or complex effects like the El Nifio-Southern Oscilation (ENSO) may
increase mortality of large trees and cause spatial/temporal variability (Chave, Riéra &
Dubois 2001; Rolim et al. 2005).

Biotic factors, such as species richness and diversity, may also influence ecosystem
functioning. The increase in number of species (richness) of an experimental grassland
community subjected to elevated levels of CO, may enhance biomass storage, due to the
range of functional groups within the community (Reich er al. 2001). Grassland studies
indicate that productivity is greater at greater diversity and that biomass accumulation
increases with the number of species in the plot (Tilman et al. 2002). The change in net
primary productivity induced by species richness would influence the amount of carbon
accumulated in terrestrial ecosystems (Catovsky, Bradford & Hector 2002). Bunker et al.
(2005) suggests that carbon storage in tropical forests is dependent of species composition,
agreeing in that high species diversity may increase carbon accumulation.

Ecological processes may display spatial patterns that control species distributions
(Legendre & Legendre 1998). In this case, space can be thought to be a factor responsible for

ecological structures (Dray, Legendre & Peres-Neto 2006). The spatial structure and spatial
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heterogeneity found in nature is the result of two independent processes (described in
Legendre & Legendre 1998 and Dray, Legendre & Peres-Neto 2006): spatially structured
environmental characteristics and biotic interactions, both of which can influence the spatial
structure of communities and population dynamics. In this sense, spatial autocorrelation may
influence the distribution of aboveground biomass, determining areas of higher and lower
estimates.

Much of the attention given to the study of forest biomass emphasizes on high
diversity forests located in tropical regions of Asia, Africa and the Neotropics, especially on
the Amazon (Clark & Clark 2000). Temperate forests are also a focus of study and they’re
thought to be the most carbon dense forests in the world (Dixon ef al. 1994; Keith, Mackey &
Lindenmayer 2009). Subtropical forests have fewer published results when compared to
tropical forests (for example, Gasparri, Grau & Manghi 2008; Alves et al. 2010). This
ecosystem, however, should contain a good proportion of terrestrial biomass due to its high
biodiversity, especially in regions where conifers species are found growing amongst
broadleaf trees, since they normally have slow growth and accumulate high biomass.

As presented above and believing that our data will be able to increase knowledge of
subtropical forest biomass and the environmental parameters affecting it, we tested the
validity of the following expectations: (1) Greater biomass estimates are located in areas
where temperature is warm and rainfall is homogeneous throughout the year; (2)
Aboveground biomass increases with tree density and species diversity; (3) Forests
containing conifer species (Mixed Conifer-Broadleaf Forests) should hold for elevated
biomass estimates when compared to Broadleaf Forests in the region; (4) Increasing distance
between sample units would cause higher spatial variability, i.e., plots located closer to each

other should have similar biomass estimates.

Materials and Methods

STUDY PLOTS

According to the Koppen-Geiger climate classification, Rio Grande do Sul State (Southern
Brazil, average latitude 30°S) is classified as Cfa, a temperate humid climate type, presenting
a hot summer (temperature of the hottest month > 22°C) and lacking a true dry season, with
rainfall throughout the year (Peel, Finlayson & McMahon 2007). In the north (mainly the

northeast quarter), soils are derived from volcanic rocks and altitude presents a gradient of
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increasing elevation from west to east (Ker ef al. 1986; Streck et al. 2008). The central
region of the State is located in a depression, presenting lower elevation (from 40 to 100
meters) and soils derived from sedimentary rocks (Streck ef al. 2008). While in the northeast
the slopes are steeper and deep valleys dominate the edges of the plateau, in the center, slopes
are mild and a network of rivers is responsible for the drainage of the region (Streck et al.
2008).

Southern Brazilian forests are included in the Atlantic Forest global region and are
classified as Subtropical Moist Forests, according to the Terrestrial Ecoregions proposed by
Olson et al. (2001). The study region, however, encompasses two forests types: Broadleaf
Forests and Mixed Coniferous-Broadleaf Forests (Fig. 1). In the past, these forests have had
the impact of human disturbance (such as selective logging and land use), reducing its
distribution and increasing fragmentation. Figure 1 shows the original, potential distribution
of these forests in the region. The structure and floristic composition are distinct and the
presence of the coniferous species Araucaria angustifolia (Bertol.) Kuntze (Araucariaceae)
characterizes Mixed Forests. This large emergent tree, growing amongst evergreen, tropical
and deciduous trees, is the dominant species, reaching heights of 25-50 m, reason why this
type of forest is also known as Araucaria Forests (Teixeira e al. 1986; Olson et al. 2001).
Moist Mixed Conifer-Broadleaf Forests are located in the north, in areas of increasing
elevation. This forest type shows monthly temperatures under 15°C up to eight months out of
the year and annual precipitation above 1.300 mm, reaching up to 2.500 mm (Teixeira et al.
1986). Broadleaf Forests occur mainly as semi-deciduous or deciduous forests, presenting a
canopy height of 25-30 m and two distinct fisiological conditions: one of high transpiration
(summer), when temperature is higher than 20°C, and another with low transpiration (winter),
when temperature is inferior to 15°C (Teixeira ef al. 1986). A small area of rainforest may be
found in the northeast (included as Broadleaf Forest) and the remaining vegetation is

characterized as large patches of grassland that form a grassland-forest gradient.

BIOMASS ESTIMATION

Data used for estimation of forest biomass was obtained from the Rio Grande do Sul Forest
Inventory (RSFI), a database compiled between 1999 and 2001 using standard protocols that
sampled plots located throughout the Rio Grande do Sul State, Southern Brazil (SEMA
2002). In each plot, all trees with trunk diameter above 9.5 cm were measured for height,

diameter at breast height (DBH), and were identified to the species level. We selected 38 100
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x 100 m (1 ha) plots from the inventory data bank corresponding to native broadleaf (N= 16)
and mixed conifer-broadleaf forests (N= 22). From these data we calculated tree density,
aboveground biomass (AGB) and diversity. Diversity was defined as the effective number of
species (true diversities) as suggested by Jost (2006). True diversities were calculated

according to the Shannon entropy (q =1 in Jost, 2006).
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Fig. 1. Distribution of study sites in the potential vegetation map of subtropical Southern Brazil (Rio
Grande do Sul State). Climatic diagrams (Walter & Lieth 1960) show monthly means of temperature
(°C, inferior line) and precipitation (mm, above line). Year averages and total precipitation are shown
just above the diagrams. White areas represent grasslands or coastal vegetation (also known as

restinga).

Above ground biomass estimates were estimated for individual trees in each plot and

were based on allometric models proposed by Chave et al. (2005) for trees (models I and II,
Table 1), Frangi & Lugo (1985) for palms (model III, Table 1), and Sanquetta et al. (2003)
for conifers (model IV, Table 1). The models listed above use trunk diameter (cm), total
height (m) and wood density (g m™) of species as parameters to estimate biomass (expressed
in kg). The selection of the two models developed by Chave et al. (2005) was depended on
20
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annual precipitation: model I was applied in forests with a short dry season (ca. five months
with rainfall < 100 mm) and where precipitation is under 1.500 mm year™ (Broadleaf Forests)
and model II was used in forests without a dry season and where annual precipitation is
between 1.500-3.500 mm year" (Mixed Forests; Table 1). Models I and II were applied to
broadleaf trees located, respectively, in areas of Broadleaf and Mixed Forests. Model 111 was
used for the palm tree Syagrus romanzoffiana and Model 1V for the conifer species Araucaria
angustifolia and Podocarpus lambertii, independently of forest type. Wood density values
were obtained from global and regional databases (Brown, 1997; Marchiori & Sobral 1997;
Marchiori 2000; Lorenzi 2002a,b; Chave et al. 2006; Zanne et al. 2009). For species with no
record of wood density, genus averages were used, as in Chave et al. (2005). In a few cases
family averages had to be applied. Carbon stock was assumed to be 50% of dry biomass

(Balbinot 2004; Houghton 2007).

Table 1. Alometric models used for estimation of aboveground biomass (AGB) for the different

Subtropical Moist forest types and groups of species. Results of AGB are expressed in kg

Model Applied to Equation

I* Broadleaf Forests (AGB) = exp (-2.187 + 0.916 * In (pD*H))

IT * Mixed Forests (AGB) = exp (-2.977 + In (pD*H))

I Palm trees (AGB)=10+64"-H

IVi Conifers (AGB) = (111.7988 -15.5317°D + 0.8544-D* + 0.018 (D*H)) - 0.5

* Chave et al. (2005); T Frangi & Lugo (1985); I modified from Sanquetta ez al. (2003) for dry weight result.
Parameters: (p) wood density, (D) trunk diameter, (/) total height.

ENVIRONMENTAL DATA

Climate data was compiled for each study site from the WorldClim database (Hijmans et al.,
2005). The global database uses 1 km spatial resolution, for the period of 1950-2000, and
provides long term annual and monthly averages of temperature (°C) and precipitation (mm)
for locations across the world. The following climate variables were included: total annual
precipitation, number of dry months (monthly precipitation < 100 mm), precipitation
seasonality (rainfall coefficient of variation, which represents the annual range of
precipitation), annual mean temperature and maximal and minimal temperatures of warmest
and coldest months. The identification of soil types was obtained by locating each plot on the
regional soil map (scale 1:1,000,000) provided by Streck et al. (2008) using ArcGIS 9.2. Soil

properties (depth, drainage, organic matter, A", P, pH, exchangeable bases, cation exchange
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capacity and Ki coefficient) were obtained in the Regional Soil Database provided from the
Ministry of Agriculture of Brazil (Brasil 1973) according to the late classification of Streck ef

al. (2008). Depth and drainage were transformed in dummy variables.

STATISTICAL ANALYSIS AND MAPS

Climate and soil data were highly correlated. We used Principal Components Analysis (PCA)
for each of the databases with the intent to summarize the number of variables and obtain
independent variables which are the axis of the PCA. To do so, data were checked for
normality and log-, square root- or arcsin transformed and then standardized prior to analysis.
Only principal components with eigenvalues > 1.0 were retained for analysis (Hair Jr. et al.
2005). A Varimax rotation method was employed to maximize higher and minimize lower
correlations on each factor, and component loadings > |0.85| were considered significant
based on sample size (Hair Jr. et al. 2005). Since some of the plots lie close together in the
geographical space, they violate the assumption of independence of data (Ter Steege et al.
2003). For these close plots a central value was selected, excluding similar plots and reducing
the number samples used for PCA to a subset of 28 plots (climate data) and 26 plots (soil
data) out of the original 38 plots. This procedure was made to reduce overrepresentation of
variables on the PCA.

To search for associations between the explanatory variables and biomass, we used
two backward stepwise multiple linear regression models. An explanatory model was
developed using biomass estimates as the dependent variable and tree density, species
diversity and the significant PCA ordination axes for climate and soil as independent
variables. Significance levels of 0.10 and 0.05 were used for variables to enter or leave the
model in each step, respectively (Sokal & Rohlf 1995). A second, applied model was
developed using the same variables included in the explanatory model except for the PCA
components. Instead, all climate- and soil-related variables that had significant loadings in the
factors included in the explanatory model were explicitly included as potential explanatory
variables.

To examine the spatial structure of biomass estimates we used variograms to quantify
the spatial dependence between pairs of sample observations, indicating the variability among
them. We constructed three empirical variograms (geoR package; Ribeiro Jr. & Diggle 2001):
one for the whole data set (n = 38) and the other two using plots from each forest type (Mixed

Forest: n = 22 and Broadleaf Forest: n = 16). This division approximately corresponds to
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areas of higher and lower elevations, which may affect autocorrelation analysis (Legendre &
Legendre 1998). Significantly spatial dependence was inferred according to variogram
envelopes (determined by permutations of data values on the spatial locations) (Legendre &
Legendre 1998).

Statistical analyses were carried out in Systat 12.0 (Systat 2007) and R (geoR
package) and maps were developed in ArcGIS (ESRI Inc. 2006).

Results

Climate variables were highly correlated among each other and were reduced to three
principal components that explained 92.3% of the variation in the data. Out of nine variables,
four were significantly associated to axis one of the PCA: maximum temperature (loading
component: 0.98), average temperature (0.98) and longitude (0.86) were positively correlated
and elevation was negatively correlated (-0.88; Fig. 2). The first PCA axis explained 52.3%
of the total variance and described a gradient related to elevation (hereafter referred to as the
elevation axis). The second axis associated the variables rainfall coefficient of variation (CV;
0.98) and number of dry months (0.96). This axis explained 26.6% of the total variance and
described a gradient of rainfall throughout the year (henceforth called rainfall variability
axis). Finally, the third axis was correlated with just one variable (latitude: -0.98, hereafter,
the latitude axis). Plots located in areas of Mixed Forests concentrated to the left of the
elevation axis, indicating a positive relationship with altitude and a negative association with
temperature and longitude (Fig. 2). On the other hand, plots located in areas of Broadleaf
Forest concentrated to the right of the ordination space, indicating a positive association with
the elevation axis: with higher values of average and maximum temperature and lower values
of elevation.

Principal Component Analysis for soil data generated four significant components
that explained 88.1% of data variation: 60.1% explained by axis one and two (Fig. 3). The
first axis was positively correlated to the variables exchangeable bases (0.91) and KI
coefficient (0.89) (hereafter referred to as weathering axis). The second axis had negative
association with shallow soils (-0.90) and good drainage (-0.88) and positive association with
moderate drainage (0.87) (henceforth called depth/drainage axis). The last two axes were
positively correlated to only one variable each: poor drainage (0.93) in axis three (poor

drainage axis) and organic matter (0.86) in axis four (organic matter axis).
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Fig. 2. Ordination by PCA used to summarize climate variables. White circles (0) indicate Broadleaf
Forest plots and black circles (®) correspond to Mixed Forest plots. PCA1 explained 52.3% of the
total variance, associated the variables mean and maximum temperature, longitude and elevation,
describing a gradient related to elevation; PCA2 explained 26.6% of the total variance, described a

gradient of rainfall throughout the year and associated the variables rainfall coefficient of variation

and number of dry months.
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Overall above ground biomass estimates ranged from 38.2 to 494.5 Mg ha™ (mean +
SD =194.3 + 116.8 Mg ha', N = 38; 1 Mg = 10° kg) and average carbon stock derived from
biomass estimates resulted in 97.2 + 58.4 MgC ha”. Biomass of Broadleaf Forests plots
(118.0 + 58.4 Mg ha) was smaller than biomass of Mixed Forests plots (249.8 + 118.1 Mg
ha'; = - 4.598, df= 36, P< 0.001; Fig. 4).
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Fig. 4. Aboveground biomass data distribution (values transformed in log;o) for Broadleaf and Mixed

Forest types. Dots (*) indicate outliers.

The explanatory multiple regression model selected five variables associated with
biomass production, explaining 49.8% of the total variation in AGB (adjusted-R*=0.498).
Biomass estimates were positively related to tree density and the latitudinal axis and
negatively related to the elevation axis, diversity and the organic matter axis (Yiog biomass =
0.03(0.49)x5qr00t density T 0.11(0.36)X 1atitudinal axis — 0-22(-0.85)Xclevation axis — 0.03(-0.36)Xgiversity —
0.09(-0.35)Xorganic matter axis T 1.60; Fs3,=8.34, p<0.001; r2=0.498). The elevation axis
contributed more to the model than any other variable, as seen by the values of the
standardized regression coefficients (in the above equation, in parentheses; Fig 5). Density of
individuals was the second variable that had more influence on biomass estimates. Following
density, the latitudinal axis, diversity and the organic matter axis had similar weight and
importance in influencing aboveground biomass estimates. The applied regression model
explained 54% of the total variation in biomass estimates (Yiog biomass = 0.001(0.90)Xcievation +

0.03(0.45)Xsqroot density — 0.03(-0.41 WXaiversity — 2.86(-0.32)Xorganic matter + 1.80; Fa= 11.69, P<
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0.001; 7= 0.536). Aboveground biomass estimates were positively related to elevation and
density of individuals and negatively related to species diversity and organic matter.
Similarly to the explanatory model, elevation was by far the most important variable,
presenting the highest standardized regression coefficient (in the above equation, in
parentheses). One outlier was found in both models, they were not removed from the analysis

since they represent a natural extreme of variation.
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Fig. 5. Distribution of biomass estimates (log;o transformed) according to: Density (sqrt), Latitudinal
Axis (PCA3), Elevation Axis (PCA1), Diversity, Organic Matter Axis (PCA4) and Elevation (m). The
variable of greater importance to the regression model is the elevation axis, which is associated with
greater values of temperature (maximum and mean) and longitude and lower values of elevation.
White circles (©) indicate Broadleaf Forest plots and black circles (@) correspond to Mixed Forest

plots.

The spatial distribution of biomass estimates in the study site is shown in Fig 6. The
spatial analysis did not find any spatial dependency between plots neither in the whole data
set nor in the separate groups (Broadleaf or Mixed Forests), since all samples were located

between the variogram confidence envelopes (Fig. 7).
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Fig. 6. Distribution of study plots in the altitudinal gradient of subtropical Southern Brazil. Circles
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Fig. 7. Empirical variogram performed for the whole data set (All data) and for plots located in areas

of Broadleaf Forests (BF) and Mixed Forests (MF). Dashed lines indicate confidence envelopes.

Discussion

The biomass estimates obtained in this study lie in the range of values obtained of tropical
and subtropical forests. For tropical rain forests, mean total aboveground biomass estimates
are 225 Mg ha™ in Asia, 302 Mg ha™' in Africa and 241 Mg ha™' in the Neotropics (Clark &

Clark 2000). For central Amazonia, mean estimated biomass for trees with DBH > 10 cm was
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318 Mg ha™' (Laurance ez al. 1999) but values for Neotropical forests can reach up to 399 Mg
ha™' (Clark & Clark 2000). For subtropical forests, studies performed in the Atlantic Forest of
Argentina and Brazil found mean estimates ranging from 240 to 334 (Rolim et al. 2005;
Gasparri, Grau & Manghi 2008; Alves et al. 2010). Our study shows mean biomass values
for Mixed Forest (249.8 Mg ha™) in the range found in the studies listed above, as well as the
values of 220 Mg ha™' proposed for subtropical humid forests by the Intergovernmental Panel
on Climate Change (IPCC 2006) and 212 Mg ha! estimated for forests in Brazil by the Food
and Agriculture Organization of the United Nations (FAO 2009). An impoverished biomass
mean estimate (118.0 Mg ha™"), however, apparently out of the range expected was found for
Broadleaf Forests located at lower elevations of southern Brazil.

The high spatial local variability found in our data (Fig. 6) is not unusual for tropical
and subtropical moist forests. Local variability is caused by the presence/absence of large
trees (DBH > 70 c¢m), which may alter AGB estimates at about 30 to 40% (Brown 2002).
Even plots with low tree density may show high biomass estimates due to the presence of
individuals of large and very large DBH (around 100 cm). In our study, the plot that
accounted for the lowest tree density, large trees represented only 4% of all individuals, but
accounted for 37% of the total biomass. Regional variability, on the other hand, is affected by
environmental factors which have strong effects on biomass production. Our results showed
that the elevation axis had a strong negative relationship with elevation and that low values of
this axis reflect in an increase in elevation and a decrease in temperature (as well as
longitude), indicating increasing biomass towards higher elevations (in the northeast). This
condition is responsible for cooler temperatures and frequent monthly rainfall, partially
fulfilling our first expectation of greater biomass being located in areas of homogeneous
rainfall throughout the year. A similar pattern is found in the Amazon forest, where monthly
distribution of rainfall is believed to be the most important factor influencing biomass
(Saatchi et al. 2007).

The results from multiple regression, however, are opposite to other studies which
stated that the increase in altitude reduces biomass production due to decreasing
photosynthesis rates and low wood increment (Tanner, Vitousek & Cuevas 1998; Raich et al.
2006). A recent study performed in southeast Brazil (Alves et al. 2010), however, showed a
positive correlation between aboveground biomass production and increasing elevation,
agreeing with the present study. Alves ef al. (2010) credited this relation to the contribution
of very large stems, growing on steeper slopes of higher altitudes, to the total aboveground

biomass. Slope angle doesn’t seem to be the reason of the variation in our case, but
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contribution of trees with DBH > 50 cm to biomass estimates at higher altitudes did indeed
represent an important factor (data not shown). The increase of biomass estimates towards
higher elevations results in differences between forest types. Apart from the floristic and
structural differences found in Broadleaf and Mixed Coniferous Broadleaf Forests, the most
important contribution to biomass seems to be the occurrence of the species Araucaria
angustifolia, a dominant species in Mixed Forests of the region, fulfilling Expectation (3). As
many conifers, this species produces a great amount of biomass, mainly stored in the wood
trunk (Sanquetta ef al. 2003). Temperate coniferous forests around the world are the most
carbon dense forests, presenting mean values of 377 Mg ha™ in regions of temperate climate
(Keith, Mackey & Lindenmayer 2009). In the study plots where A. angustifolia was
abundant, its biomass accounted for more than 70% of the total AGB of the sample. No
spatial autocorrelation was identified in our dataset, rejecting Expectation (4).

The model proposed for these Subtropical Forests indicated, aside for altitude, the
influence of density, diversity and organic matter. The positive correlation between density of
individuals and biomass was expected (Expectation (2)), since the increase in number of
individuals in a sample elevates biomass due to increased wood volume. The negative effect
of species diversity in estimated biomass is in contradiction with Expectation (2).
Experimental studies performed in grasslands (Tilman ef a/. 2002) identified a positive effect,
not verified in our dataset. For the organic matter negative effect on biomass, one possible
explanation is that plots with elevated biomass present low organic matter due to increased
decomposition and more nutrient availability, which enables higher productivity.

Differences in aboveground biomass estimates found between the two forest types
may have other additional explanation (not taken in account in our study) apart from the
variation explained by altitude. Broadleaf and Mixed Forests have an intrinsic heterogeneity
due to different characteristics of forest structure (canopy height and trunk diameter) and
species composition, differing in potential biomass production. Finally, the presence of more
preserved plots in Mixed Forests (sites located in areas of conservation units) elevated mean
biomass estimates in this forest type, but mainly due to the presence of large individuals of
the species Araucaria angustifolia. The combination and interaction of environmental
conditions, land use history, morphological characteristics of species and disturbance regimes
described above may influence the estimated carbon stock of these forests (Keith, Mackey &
Lindenmayer 2009).

Even though soils are thought to be an important factor influencing biomass

production, the data compiled for this study may not be specific enough for evaluating its
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effect on forest structure. Local samples should be collected and soil analysis ran for
improved results. Sources of errors in biomass estimates due to model selection should also
be considered. Yet as no adequate local alometric equation was available for the studied
forest types, pan-tropical equations can be confidently used to estimate tree biomass (Chave
et al. 2005; Vieira et al. 2008). As described above, limitations in data gathering and model
selection should be accounted for when interpreting our results. Nevertheless, considering the
number of environmental and biotic variables selected for the study, we believe that our
results are consistent and represent some of the variability found in the region.

In the global scenario of climate change, ways to prevent CO, emissions and also
preserve natural sinks are of great importance. The present study suggests the potential for
biomass storage and carbon sequestration of subtropical montane forests and emphasizes the
role of the species Araucaria angustifolia in biomass and carbon storage. This threatened
species (critically endangered according to IUCN (2010)) is one of the most important
features in higher altitudes of the Atlantic Forest and is responsible for maintaining an
elevated number of species of fauna and flora that are associated with A. angustifolia
(Fonseca et al. 2009). With this consideration and given the present land use and commercial
activities, conservation of areas of Mixed Forest (Araucaria Forest) could maintain
biodiversity and improve carbon sequestration (Keith, Mackey & Lindenmayer 2009). In
addition, conservation of these forests could also be done through ecologically-managed
native Araucaria angustifolia monocultures (Fonseca et al. 2009), which have the potential
for conserving biodiversity of different taxa and sequestrating a great amount of CO, from

the atmosphere, mitigating carbon emissions.
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