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Espirito da Mata

Quando em tronco encontrares
teu corpo feito,

Ja teus pés em raizes vao estar
Procurando na terra,

Da 4gua, o leito,

E ndo mais bragos, sim galhos

Pra se abracar!

Em arvore transmutado,
Poderas entender
O que a for¢a do mato

Ja comeca a dizer!

()

Seérgio Cassiano
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Resumo

Titulo: Anéis de crescimento de Araucaria angustifolia (Bertol.) O. Kuntze: bases de
dendroecologia em ecossistemas subtropicais montanos no Brasil.
Palavras-chave: periodicidade de crescimento; anatomia da madeira; cdmbio vascular; Floresta

Ombrofila Mista; Campos.

Determinadas espécies arboreas apresentam ciclos anuais de crescimento e dorméncia,
registrados no lenho por conspicuas estruturas anatdmicas — os anéis de crescimento. Nessas
arvores pode-se determinar a idade e taxas de crescimento, com resolugdo calendaria anual,
através da analise temporal dos anéis de crescimento (dendrocronologia), bem como estudar a
variagdo dessas estruturas segundo as condigdes ambientais (dendroecologia). Pesquisas
recentes tém descrito anéis de crescimento anuais num grande nimero de espécies tropicais e
subtropicais. A exemplo do que ocorre em zonas temperadas e aridas, o desenvolvimento da
dendroecologia pode contribuir substancialmente ao conhecimento da dindmica do clima e da
vegetacdo em ecossistemas tropicais e subtropicais. Nesta tese eu reviso e desenvolvo estudos
dendroecologicos em biomas brasileiros, principalmente, em ecossistemas subtropicais
montanos, visando solidificar a dendroecologia no pais. Segundo ampla revisdo bibliografica,
estudos relacionados a dendroecologia nos biomas brasileiros, em sua maioria, versam sobre a
anatomia e periodicidade de formagdo de anéis de crescimento na flora; poucos efetivamente
relacionam séries anuais de anéis de crescimento com variagdes do ambiente. As pesquisas
estdo concentradas em biomas florestais, notadamente na Amazonia. No intuito de facilitar
estudos futuros, apresento uma compilagao de 124 espécies que formam anéis anuais. Pesquisas
inéditas sobre anéis de crescimento em Araucaria angustifolia, espécie tipica de formagdes
florestais e campestres em regides montanas do sul e sudeste do Brasil, comprovam seu
potencial dendroecolédgico. Através de analise da atividade cambial demonstro que esta espécie
forma anéis de crescimento anuais, relacionados a variagdo sazonal de temperatura e
fotoperiodo. Estudando séries temporais de largura de anéis de crescimento verifiquei a
existéncia de padrdes regionais de crescimento, relacionados a variagdo interanual do clima,
principalmente da temperatura. Regionalmente, 4. angustifolia parece sensivel a déficit hidrico
em Dezembro e Janeiro, bem como responde de forma complexa as condigdes térmicas em
Maio e Junho. Padrdes de crescimento divergente entre arvores de campo e de floresta podem
estar relacionados ao regime de queimada da vegetacdo campestre, por sua vez, moderado pela

precipitagcdo no més de igni¢ao de queimadas (Agosto).
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Abstract

Title: Growth rings of Araucaria angustifolia (Bertol.) O. Kuntze: fundamentals of
dendroecology in subtropical moutain ecosystems in Brazil.
Key-words: growth periodicity; wood anatomy; vascular cambium; Araucaria Forest; Campos

Grasssland.

Certain tree species present annual cycles of growth and dormancy, imprinted in wood as
conspicuous anatomical structures — the growth rings. Temporal analysis of annual growth
rings (dendrochronology) allows the determination of tree age and growth rate, with calendar
year resolution, and to study long-term relationship between tree-growth and environmental
conditions (dendroecology). Recent studies have found annual growth rings in many tropical
and subtropical species. As in temperate and arid zones, dendroecological investigations may
contribute for understanding the dynamics of climate and vegetation in tropical and subtropical
ecosystems. Here, I review and develop dendroecological studies in biomes of Brazil, aiming to
support further advances. According to a broad literature review, dendroecological studies in
Brazilian Biomes have focused mostly on anatomy and periodicity of growth ring formation;
few of them relate growth ring time-series to environmental conditions. The studies are
concentrated in forested biomes, noticebly in Amazonia. In order to assist future studies I
present a compilation of 124 species that produce annual growth rings. Novel studies on
Araucaria angustifolia, a typical conifer growing in forest and grassland ecosystems of south
and southeast Brazilian highlands, confirm its dendroecological potential. By means of
cambium activity examination I show that this species produces annual growth rings, related to
seasonal variations of temperature and photoperiod. Analyses of ring-width time series revealed
regional growth patterns related to inter-annual climate variations. In a regional extent, A.
angustifolia trees are, probably, sensitive the water deficit in December and January, as well
respond to thermal conditions of May and June, in a complex manner. Divergent patterns
between grassland and forest trees may be related to grassland fire regimes, moderated by

rainfall during the fire ignition period (August).
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1. Introducao

Considere as seguintes perguntas acerca de espécies arboreas de florestas
tropicais ou subtropicais: quantos anos vivem? Como sdo suas estruturas etarias? Quais
sdo suas taxas de crescimento? Como estas caracteristicas variam em funcao do espaco
e do tempo? Com excecdo de algumas poucas espécies em determinados locais, ndo ha
hoje respostas precisas para tais perguntas, basicas para o entendimento da dindmica
destas populagdes e ecossistemas.

Em zonas de clima temperado ou arido o estudo de séries temporais de anéis de
crescimento  (dendrocronologia) e sua relacio com variagdes ambientais
(dendroecologia) ¢ a alternativa mais precisa, rapida e econdmica para determinar idade
e a taxa de crescimento de arvores. Nestes ambientes, o crescimento das plantas da-se
em ciclos anuais, em funcao da forte sazonalidade climatica. Estes ciclos, em muitas
espécies lenhosas, sdo demarcados anatomicamente pela formacdo de anéis de
crescimento no xilema. Logo, através da andlise destas estruturas pode-se determinar,
com resolucao calendaria anual, a idade ¢ o incremento diamétrico do tronco de uma
dada arvore (ver Fritts 1976; Schweingruber 1988).

Por que ndo empregar métodos dendroecoldgicos para estudar a dindmica de
populagdes de espécies arboreas em florestas tropicais e subtropicais? Durante longa
data imperou a idéia de que a formacdo de anéis de crescimento nestas plantas estaria
vinculada a restrigdes (ambientais) de crescimento esporadicas ou ciclos endogenos
especificos, pois as variagdes climdticas ndo seriam suficientemente drasticas e
regulares para induzir ciclos anuais de atividade cambial (e.g. Larcher 2000;
Schweingruber 1996). Entretanto, pesquisas recentes tém comprovado a ocorréncia de

anéis de crescimento anuais em varias espécies tropicais e subtropicais, em resposta a
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variagOes ambientais sazonais, corroborando estudos pioneiros do final do século XIX e
inicio do século XX (ver revisdes historicas em Mariaux 1981 e Worbes 2002). Entao,
em determinados casos ¢ possivel estudar a dindmica de espécies de arvores tropicais e
subtropicais através de reconstrugdes dendroecologicas (e.g. Grau 2000; Worbes et al.
2003; Brienen & Zuidema 2006).

Quao drastica tém sido a variagdo do clima do periodo pds-industrial nas regides
tropicais e subtropicais? Considero que esta importante pergunta ndao pode ser
respondida a contento, pois para isso seria necessario comparar as condi¢des climaticas
recentes, das ultimas décadas ou século, as condigdes pretéritas, das quais hd poucos
dados precisos. Novamente, o desenvolvimento de estudos dendroecoldgicos nestas
regides pode trazer importantes contribuicdes. Havendo correlagdo entre séries
temporais de anéis de crescimento (e.g. largura ou densidade) e medicdes
meteoroldgicas instrumentais (e.g. temperatura) € possivel modelar a variagdo climatica
pretérita com base em séries temporais de anéis de crescimento. Esta técnica tém sido
amplamente utilizada em zonas temperada ¢ arida (e.g. Esper et al. 2002) e, em alguns
casos, também nos tropicos e subtropicos (e.g. Jacoby & D’arrigo 1990; Villaba et al.
1998).

Nesta tese eu reviso e desenvolvo estudos dendroecologicos em biomas
brasileiros, principalmente, em ecossistemas subtropicais montanos, visando solidificar
a dendroecologia no pais. O texto consta de duas revisdes bibliograficas, duas pesquisas
inéditas e conclusdes gerais. O primeiro capitulo, “Dendrocronologia em biomas
brasileiros: estado da arte e perspectivas”, com co-autoria de Valério De Patta Pillar e
Fidel Alejandro Roig, revisa a literatura concernente buscando identificar padrdes

recorrentes e lacunas, e propondo agdes para o desenvolvimento da dendroecologia em
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ambito nacional. O segundo capitulo “Fundamentos de biologia, ecologia e
dendroecologia de Araucaria angustifolia® ¢ uma revisdo bibliografica sobre esta
espécie, visando embasar os dois capitulos seguintes. Em “Seasonal cambium activity in
the subtropical rain forest tree Araucaria angustifolia”, com co-autoria de Emiliano
Santarosa, V. D. Pillar e F. A. Roig, estudou-se o ritmo de atividade cambial em A4.
angustifolia, a fim de testar se os anéis de crescimento sdo formados com periodicidade
anual ¢ de determinar o ritmo intra-anual de formacdo de madeira, relacionando-o as
condi¢des climaticas regionais. Em “Climatic signals in growth rings of Araucaria
angustifolia on southern Brazilian highlands”, com co-autoria de F. A. Roig e V. D.
Pillar, estudou-se séries temporais de anéis de crescimento de A. angustifolia com o
objetivo de identificar padrdes espago-temporais ¢ suas relagdes com as variagdes
climaticas regionais durante o ultimo século. O capitulo final reune as principais

conclusdes dos anteriores, discutindo-as a luz do objetivo geral desta tese.
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2. Dendroecologia em biomas brasileiros: estado da arte e

. *
Perspectivas

Resumo

Em biomas temperados e aridos, estudos de séries temporais de anéis de crescimento de
plantas (dendrocronologia) e sua relagdo com varidveis ambientais (dendroecologia)
tém sido uma ferramenta eficiente e amplamente utilizada na descri¢dao e predicao de
padrdes e processos ecologicos, com alta resolugdo e amplitude temporais. Neste
sentido, o recente desenvolvimento de estudos dendroecolégicos em ecossistemas
tropicais e subtropicais t€ém contribuido ao conhecimento ecologico destes, aportando
dados temporais até entdo praticamente inexistentes. Neste artigo, nds apresentamos
uma sucinta descri¢do dos fundamentos da dendrocronologia e revisamos os estudos
relacionados a dendroecologia em biomas brasileiros, buscando identificar padrdes
recorrentes € lacunas, e propondo acdes para o desenvolvimento dessa ciéncia em
ambito nacional. A maioria dos estudos realizados no Brasil versa sobre a ocorréncia e
periodicidade de formagdo de anéis de crescimento na flora. H4 um nimero expressivo
de espécies que formam anéis de crescimento anuais nos biomas Amazonia, Mata
Atlantica e Pantanal, em resposta a ciclos sazonais de inundagdo, precipitagdo ou
temperatura. Ndo encontramos publicagdes de estudos realizados nos biomas Cerrado,
Caatinga e Pampa. A despeito do reconhecido potencial da flora, hd pouquissimos
estudos que efetivamente relacionam séries anuais de anéis de crescimento com
variagdes do ambiente. No intuito de desenvolver a dendroecologia no Brasil
sugerimos: (1) a criagdo de uma rede de cooperagdo entre os grupos de pesquisa

interessados no estudo de anéis de crescimento; (2) a formagdo de especialistas, por

" Com colaboragio de Valério D. Pillar & Fidel A. Roig
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meio de disciplinas especificas em cursos de graduacdo e pds-graduagdo; e (3) a

ampliagdo e criacdo de grupos de pesquisa em dendrocronologia.

Palavras-chave: anéis de crescimento, anatomia da madeira, cambio vascular, arvores

tropicais

Introducio

Conhecer como os fendmenos ecoldgicos variam em fungdo do tempo ¢
fundamental para interpretar tais fendmenos e, principalmente, para predizé-los frente a
diferentes cendrios ambientais. Em biomas temperados e aridos, estudos de séries
temporais de anéis de crescimento de plantas (dendrocronologia) tém sido eficientes na
descricdo e predicdo de variagdes ecoldgicas, com altas resolucdo e amplitude
temporais. Neste sentido, o desenvolvimento da dendrocronologia em ecossistemas
tropicais e subtropicais pode contribuir substancialmente ao conhecimento ecologico
destes, aportando dados temporais até entdo praticamente inexistentes.

No Brasil, estudos relacionados a dendrocronologia sdo recentes, mas ja formam
um corpo tedrico denso, passivel de uma andlise conjunta. A fim de facilitar a
comunicagdo com profissionais e alunos ndo familiarizados com o tema, iniciamos esta
revisdo por uma sucinta descricdo dos fundamentos da dendrocronologia. Em seguida,
apresentamos os principais resultados e conclusdes de estudos conduzidos em biomas
brasileiros, que relacionam anéis de crescimento de plantas a variacdes ambientais,
buscando identificar padrdes recorrentes ¢ lacunas. Por fim, sugerimos algumas agdes

com vistas ao desenvolvimento da dendrocronologia em ambito nacional.
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Fundamentos de dendrocronologia
Um breve historico

Dendrocronologia (dendron, madeira; chronos, tempo; e logus, estudo) ¢
definida como a ciéncia de determinar a idade das plantas por meio de anéis de
crescimento do xilema. Suas bases tedricas remontam ao século XVI, com Leonardo Da
Vinci. Contudo, ¢ somente no inicio do século XX que a dendrocronologia se solidifica
como ciéncia, influenciada principalmente por Andrew E. Douglass, um astronomo
norte-americano. Douglass foi pioneiro em utilizar e desenvolver métodos para:
relacionar séries temporais de anéis de crescimento com fendmenos climaticos e
astronOmicos, reconstruir séries de crescimento milenares e datar madeiras
arqueologicas (ver revisdes historicas em Fritts 1976; Schweingruber 1988, 1996).
Desde entdo, a dendrocronologia tem evoluido de forma multidisciplinar, associada
fundamentalmente as ciéncias ambientais. Desta ligacao surge a dendroecologia, ciéncia
que por meio de seqiiéncias temporais de anéis de crescimento investiga fendmenos

ecoldgicos (Schweingruber 1996).

Formacao de anéis de crescimento

Para qualquer analise dendrocronolédgica é imprescindivel plantas com anéis de
crescimento, formados com periodicidade conhecida. Anéis de crescimento sdo
estruturas anatomicas do xilema secundario que, observadas em corte transversal,
configuram circulos mais ou menos concéntricos e continuos, ao redor da medula.
Dentre os grupos taxonomicos que podem formar anéis de crescimento, destacam-se as

gimnospermas ¢ angiospermas dicotiledoneas (Igbal 1990; Larson 1994).
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Em gimnospermas, os anéis de crescimento sao definidos por diferencas no
limen e espessamento das paredes dos traqueides. Em dicotiledoneas, devido a maior
complexidade da madeira, os anéis de crescimento podem ser definidos por diversas
caracteristicas, tais como: diferencas no lumen e espessamento das fibras (andlogo as
gimnospermas); diferengas no didmetro e na disposicdo dos vasos; ou presenca de
parénquima axial marginal. Estas caracteristicas, ou ainda outras, podem aparecer
conjuntamente. As caracteristicas diagndsticas dos anéis de crescimento sdo
relativamente constantes em uma dada espécie, embora sua conspicuidade possa variar
em fungdo do ambiente (Schweingruber 1996, 2007).

Células de xilema e de floema secundarios sdo originarias do cambio vascular.
Este meristema compde uma bainha continua que recobre o xilema e € recoberta pelo
floema. Por meio de divisdes periclinais, o cdmbio forma novos elementos xilematicos e
floematicos, respectivamente, em direcdo ao interior e exterior do corpo vegetal. Logo,
quanto mais proximo ao cambio mais recentes sdo as células de xilema (Igbal 1990;
Larson 1994). Isso permite ordenar os anéis de crescimento em escala temporal, pois,
quanto mais préximo ao cambio mais recente ¢ o anel, e vice-versa quanto mais
préoximo a medula (Stokes & Smiley 1968). Contudo, para data-los de forma absoluta, ¢
preciso conhecer o ritmo de atividade cambial, j& que a existéncia de anéis de
crescimento numa dada espécie nao implica que estes sejam formados com
periodicidade anual, tampouco regular.

Plantas com ritmo de crescimento anual s3o comuns em biomas temperados ou
aridos, onde a sazonalidade climatica define uma estacdo de crescimento ¢ dorméncia a
cada ano. Em regides temperadas o crescimento secundario da-se nos meses de

primavera e verdo, pois as baixas temperaturas de outono e inverno induzem a
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J4

dorméncia cambial. Em regides aridas ¢ o regime anual de chuva e seca que leva,
respectivamente, a atividade ou a dorméncia do cambio vascular (Kozlowski & Pallardy
1997).

Também nas regides de clima do tipo mediterraneo ha um grande ntimero de
espécies lenhosas que formam anéis de crescimento. Porém, a existéncia de dois
periodos de estresse climatico — invernos frios e verdes secos — freqlientemente levam a
formag¢ao de dois anéis de crescimento num mesmo ano. Esse ritmo de atividade
cambial pode variar entre anos ou locais, dificultando a data¢do acurada dos anéis de
crescimento e, conseqiientemente, a aplicagdo de métodos dendrocronologicos
(Cherubini et al. 2003).

Em biomas tropicais e subtropicais ha pouco conhecimento acerca da ocorréncia
e ritmo de formagdo de anéis de crescimento. Em comparacdo ao observado em biomas
temperados ou aridos, € notorio que um menor niumero de espécies da flora tropical e
subtropical forma anéis de crescimento, e que estes sdo freqiientemente pouco
conspicuos (Jacoby 1989; Stahle 1999). De modo geral, acreditava-se que as variagdes
das condi¢des climaticas nestes ambientes ndo seriam suficientemente drasticas e
regulares para induzir ciclos periddicos de atividade cambial. Logo, a existéncia de
anéis de crescimento denotaria restricdes (ambientais) de crescimento esporadicas ou
ciclos enddgenos especificos, em ambos os casos, impassiveis de datacdo (e.g. Larcher
2000; Schweingruber 1996). Contudo, pesquisas recentes tém comprovado a ocorréncia
de anéis de crescimento anuais em varias espécies tropicais e subtropicais, corroborando
estudos pioneiros do final do século XIX e inicio do século XX (ver revisdes historicas
em Mariaux 1981 e Worbes 2002). Ciclos anuais de dorméncia cambial (ou reducao

drastica do crescimento) em espécies tropicais estdo principalmente relacionados a
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regimes estacionais de seca (Veter & Botosso 1989; Devall ef al. 1995; Worbes 1999;
Enquist & Leffler 2001; Worbes et al. 2003) ou inundagdo (Worbes 1988, 1989;
Callado et al. 2001b; Schongart et al. 2002; Dezzeo et al. 2003). Em regioes de clima
subtropical, as variagdes sazonais de temperatura e fotoperiodo sao apontadas como as
principais determinantes de sazonalidade cambial, levando a formagdo de anéis de
crescimento anuais em determinadas espécies (Jacoby 1989; Villalba et al. 1998,

Yanez-Espinosa et al. 2006; Morales et al. 2004; Venugopal & Liangkuwang 2007).

Arvores como integradoras das condi¢ées ambientais

Inumeros fatores ambientais, bidticos e abiodticos, regulam o crescimento
secundario das plantas, tais como: competi¢cdo ¢ facilitagdo entre organismos; agua; luz;
temperatura; nutrientes; poluentes; vento; fogo; etc. Desta forma, anéis de crescimento
anuais sdo verdadeiros “arquivos histéricos” das condi¢des ambientais, uma vez que
suas caracteristicas (e.g. largura, densidade, quantidade de vasos, composi¢do quimica)
também variam em func¢do do ambiente. Mas, decodificar esta informagao nao ¢é trivial,
principalmente porque os fatores ambientais que regulam o crescimento secundario,
além de multiplos, sdo interativos. A limitagdo ambiental ndo ¢ constante ao longo do
tempo, pois alguns fatores restringem o crescimento de forma relativamente continua
(e.g. temperatura), enquanto outros t€m influéncia esporadica (e.g. fogo). Também, a
resposta das plantas aos fatores de estresse varia em velocidade e duragdo (Kozlowski &
Pallardy 1997; Fritts 1976). Portanto, conhecer a resposta das plantas as condigdes
ambientais ¢ fundamental para interpretar os padroes temporais de variacdo dos anéis de

crescimento.
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Conforme a teoria ecologica dos fatores limitantes, o crescimento vegetal sera
restringido, principalmente, por fatores ambientais que estejam em niveis extremos (ver
Odum 1988). Logo, espera-se que estes fatores estejam também fortemente
relacionados com variagdes temporais na estrutura dos anéis de crescimento. Arvores
sob a influéncia de um mesmo fator limitante, que varie de intensidade ao longo dos
anos, devem apresentar sincronismo na variagdo da largura dos anéis de crescimento.
Por exemplo, numa regido em que o crescimento das plantas ¢ limitado pela
disponibilidade hidrica do ano corrente, espera-se que a maioria das arvores formem
anéis de crescimento estreitos em anos de baixa pluviosidade e anéis mais largos em
anos chuvosos. Nestes casos, comparando séries temporais de anéis de crescimento
entre arvores pode-se aferir e corrigir a datacdo destes, bem como, datar com resolucao
anual amostras de madeira quaisquer, desde que sejam contemporaneas a alguma série
de idade conhecida. Este principio, fundamental na dendrocronologia, ¢ denominado
datagdo-cruzada. Via de regra, o sincronismo de crescimento entre arvores de uma dada
regido ¢ determinado por variagdes climaticas, indicando uma atividade cambial
sazonal. Assim, através da data¢do-cruzada pode-se inferir se uma dada populagdo de

plantas forma anéis de crescimento com periodicidade verdadeiramente anual (Fritts

1976; Schweingruber 1988; Stahle 1999).

Aplicagoes

Uma base metodologica simples e muito eficaz faz da dendrocronologia uma
ciéncia de custo-beneficio favoravel e, por isso, amplamente utilizada. Dentre suas
aplicagdes, destacam-se: reconstru¢des e previsdes climaticas, manejo florestal,

reconstru¢des histéricas de incéndios, de ataques de insetos, de avalanches, de
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atividades vulcanicas, etc. Segue, a sinopse de algumas obras que tratam sobre métodos
de andlise dendrocronologica ou trazem exemplos de sua aplicacdo, com atengdo
aquelas que enfocam plantas tropicais e subtropicais.

Stokes & Smiley (1968) e Schweingruber (1988, 2007) detalham técnicas de
obtencdo, preparacio e datagdo de amostras de madeira para estudos
dendrocronologicos. Fritts (1976) e Cook & Kairiukstis (1990) versam sobre analise
numérica de dados dendrocronologicos, com énfase em dendroclimatologia.
Schweingruber (1996) aborda dendroecologia, trazendo um grande numero de exemplos
e ilustragdes. Roig (2000) apresenta estudos dendrocronolégicos em ecossistemas
neotropicais, em contraponto as obras anteriores, embasadas em pesquisas conduzidas
(principalmente) no hemisfério norte. Bormann & Berlyn (1981), Baas & Vetter (1989)
e Eckstein et al. (1995) registram contribuicdes de trés reunides cientificas devotadas a
dendrocronologia de espécies tropicais. Exemplos relacionados a flora brasileira sdo
dados em Tomazello-Filho ef al. (2001), quanto a principios e aplicagdes da
dendrocronologia; e Botosso & Tomazello-Filho (2001), quanto a métodos de avaliacao

da atividade cambial.

Estudos de anéis de crescimento em biomas brasileiros
Quem, quando e porqué?

Que espécies formam anéis de crescimento? Que fatores determinam a
ocorréncia destas estruturas e o seu ritmo de formac¢do? Como discutido na se¢do
anterior, estas sdo questdes cruciais para a aplicagdo de métodos dendrocronolédgicos.
Portanto, iniciaremos a discussdo sobre dendroecologia no Brasil revisando tais

aspectos. Limitamos nossa busca bibliografica a periddicos cientificos e livros técnicos.
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Organizamos os estudos conforme sua representatividade nos biomas brasileiros,
conforme a classificagdao de IBGE (2004).

Alves & Angyalossy-Alfonso (2000) estudaram a flora brasileira quanto a
ocorréncia de anéis de crescimento e sua relacdo com fatores macro-ambientais (clima,
vegetagdo, altitude e regido geografica). Das 491 espécies (133 géneros; 22 familias)
avaliadas 236 (48%) apresentaram anéis de crescimento. A ocorréncia dessas estruturas
esteve diretamente relacionada a condigdes de marcada sazonalidade térmica, e
inversamente a condi¢des de pouca variacdo intra-anual de precipitacdo e temperatura.

No bioma Amazonia, trés tipos florestais t€ém sido intensamente estudados
quanto a ocorréncia e periodicidade de formacgao de anéis de crescimento: varzea, igap6
e terra firme. Florestas de varzea e igapd ocorrem na bacia aluvial dos grandes rios,
sendo caracterizadas por longas (até 9 meses) inundagdes sazonais, e diferindo entre si
quanto a disponibilidade de nutrientes: alta na varzea e baixa no igap6 (ver Worbes
1989); florestas de terra firme ocorrem em quotas mais elevadas, ndo sujeitas aos pulsos
de inundacdo, mas influenciadas pela sazonalidade de precipitagdo (ver Vetter &
Botosso 1989). Worbes (2002), revisando estudos anteriores na Amazonia Central,
listou a ocorréncia de anéis de crescimento em 98% de espécies em floresta de varzea
(44 de 45 espécies avaliadas) e 68% em floresta de igapd (23 de 34). Em regido
proxima, mas em florestas de terra firme, Vetter (2000) observou que das 35 espécies
avaliadas anatomicamente, 20 (57%) apresentavam anéis de crescimento, mas apenas 9
(26%) com limites bem definidos.

Embora varias espécies apresentem anéis de crescimento, mais ou menos
distinguiveis, cabe ressaltar que as caracteristicas anatomicas que os definem podem

variar consideravelmente entre individuos de uma mesma espécie, € mesmo numa
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mesma planta. Em individuos de Tabebuia barbata de floresta inundéavel, o limite dos
anéis de crescimento ¢ geralmente delimitado por uma camada de parénquima axial
terminal. Entretanto, em arvores com grande incremento radial nota-se também
diferenga entre lenhos inicial e tardio. Nestas, os anéis formados contém grande
quantidade de tecido parenquimatico de reserva em relacdo ao tecido fibroso de
sustentagdo. O inverso ¢ observado em arvores com incremento radial reduzido, onde os
anéis s3o menos nitidos. Esta variagdo anatomica denota diferentes estratégias de
crescimento em fun¢do do ambiente: anéis largos sdo tipicos de individuos crescendo
em solo fértil e/ou bem iluminados, enquanto anéis estreitos sdo formados em
individuos crescendo em solo pobre e/ou sombreados (Worbes 1988). Também em
Meliaceas de floresta de terra firme, diferentes estruturas anatdmicas delimitam anéis de
crescimento numa mesma espécie. Em Swietenia macrophylla e Carapa guianensis os
limites dos anéis na fase juvenil ddo-se, principalmente, por faixas marginais de vasos
ou de canais de resina; e por parénquima axial marginal na fase adulta. J4 em Cedrela
odorata, os limites dos anéis de crescimento ndo variam entre as fases de
desenvolvimento, sendo constantemente delimitados por uma seqiiéncia de zonas
fibrosa e porosa com parénquimas paratraqueal ¢ marginal (Diinisch et al. 2002). Em
muitas espécies amazonicas, a nitidez dos anéis de crescimento aumenta com a idade da
planta (Worbes 1989, 2002), indicando que os ciclos de crescimento sdo menos
marcados no inicio do seu desenvolvimento. Possivelmente, a formagao de anéis de
crescimento pouco conspicuos durante as fases iniciais de desenvolvimento esteja
associada as baixas intensidades luminosas do sub-bosque (Détienne 1989) e a

mudangas na fenologia foliar (Brienen & Zuidema 2005).
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Algumas espécies ocorrentes nestas tipologias florestais foram avaliadas quanto
ao ritmo de atividade cambial, sua relacdo com fenologia e com varidveis ambientais.
Em florestas alagdveis, a formacdo de anéis de crescimento anuais ¢ geralmente
atribuida as inundagdes sazonais, que induzem a dorméncia ou a grande reducdo da
atividade cambial, devido a condi¢des edaficas anaerobicas (ver Worbes 1995, 1997).
Worbes (1989) listou 28 espécies de florestas inunddveis da Amazonia Central com
anéis de crescimento anuais, 16 ocorrendo em varzea e 13 em igap6. Dezzeo et al.
(2003), por meio de andlise isotopica e datagdo-cruzada mostraram a existéncia de anéis
de crescimento anuais em quatro espécies — Campsiandra laurifolia, Acosmiun nitens,
Pouteria orinocoensis e Psidium ovatifolium — de floresta inunddavel na Amazobnia
Ocidental (Rio Mapire, Venezuela). Schongart et al. (2002), estudando espécies de
floresta de varzea (Manaus, AM) quanto a variacdes mensais na circunferéncia de
tronco (15 espécies) e fenofases (23 espécies), demonstraram que plantas de diferentes
ecoOtipos funcionais — perenifolias, breve-deciduas, deciduas e caule-suculentas (ver
Borchert 1994; Borchert & Rivera 2001) — renovam a folhagem, florescem e nao
apresentam incremento de tronco durante o periodo de inundagdo, indicando que ciclos
sazonais de atividade cambial e fenologia sdo fortemente influenciados pelo regime
fluvial de cheia-vazante.

Em florestas de terra firme, a formag¢do anual de anéis de crescimento ¢é
geralmente atribuida ao regime sazonal de chuvas, onde a baixa precipitacdo durante a
estagdo seca reduz a disponibilidade de 4agua no solo, induzindo & dorméncia ou a
reducdo da atividade cambial (Vetter & Botosso 1989). Na Amazdnia Central (Manaus,
AM), Botosso et al. (2000) demonstraram que a atividade cambial em Cedrela odorata,

Calophyllum angulare e Eperua bijga esta associada ao regime de chuvas, uma vez que
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o incremento em circunferéncia do tronco, nas trés espécies, concentrou-se no periodo
chuvoso, sendo pouco intenso no periodo seco. Brienen & Zuidema (2005), através de
datagdo-cruzada e analise isotopica, comprovaram a formagdao anual de anéis de
crescimento em seis espécies — Amburana cearensis, Bertholletia excelsa, Cedrelinga
catenaeformis, Cedrela odorata, Peltogyne cf. heterophylla e Tachigali vasquezii — na
Amazoénia Ocidental (Riberalta, Bolivia). Na Amazonia Meridional (Aripuana, MQG),
dados de avaliagdes dendrométricas semanais e¢ datacdo-cruzada mostraram que as
Meliaceas Cedrela fissilis, Cedrela odorata e Swietenia macrophylla formam anéis de
crescimento anuais, com um periodo de dorméncia cambial na estacdo seca (Diinisch
2005; Diinisch et al. 2003). Contudo, em condigdes de seca menos severa (em Manaus,
AM), espécies de Meliaceas apresentam grande variagdo na periodicidade de formagao
de anéis de crescimento. Nessas condigdes, conforme dados de contagem de anéis de
crescimento em individuos de idade conhecida ¢ medi¢des dendrométricas mensais,
Cedrela odorata forma anéis de crescimento anuais; Swietenia macrophylla forma anéis
anuais somente quando adulta; nas fases iniciais de desenvolvimento esta espécie pode
formar mais de um anel por ano, em decorréncia de pequenas reducdes na
disponibilidade hidrica durante o periodo (normalmente) chuvoso; em Carapa
guianensis, tanto individuos jovens quanto adultos, respondem ao déficit e excesso
hidricos durante a estagdo chuvosa formando anéis supra-anuais (Diinisch et al. 2002).
Para avaliar que fator ambiental — clima (inundacdo ou precipitagdo) ou
fotoperiodo — ¢ o principal determinante de padrdes sazonais de fenologia e atividade
cambial em florestas tropicais, Schongart ef al. (2002) compararam seus resultados, em
floresta inundavel (Manaus, AM), com os de Worbes (1999), em floresta ndo alagavel

(Estado Barinas, Venezuela). Diferentes relacdes entre padrdes fenologicos e de
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atividade cambial com o comprimento do dia nos locais avaliados indicam que os
respectivos ciclos hidricos anuais (inundagdo e precipitagdo) sdo os principais
determinantes da sazonalidade fenoldgica em espécies arbdreas naquelas florestas.

No bioma Mata Atlantica, os estudos sobre ocorréncia e periodicidade de
formagao de anéis de crescimento, embora pouco numerosos, representam diferentes
formagoes: Floresta Ombrofila Densa, Floresta Estacional Semi-decidual, Floresta
Estacional Decidual e Floresta Ombrofila Mista. Em area alagavel de Floresta
Ombroéfila Densa (RJ), Callado et al. (2001a) encontraram anéis de crescimento
anatomicamente distinguiveis em 10 das 13 espécies avaliadas. Padrdes anatdmicos dos
anéis de crescimento indicaram associagdes com a filogenia, a fenologia e as condig¢des
ambientais: diferentes estruturas definem os anéis entre as espécies avaliadas, sendo
similares a outras espécies filogeneticamente proximas; espécies deciduas formaram
anéis distinguiveis, independentemente do regime hidrico; enquanto espécies
semideciduas ou perenifolias tenderam a formar anéis distinguiveis em individuos
submetidos a regimes sazonais de inundag¢do, e anéis pouco distinguiveis ou
indistinguiveis em individuos permanentemente inundados.

Nagquela area de estudo de Floresta Ombrofila Densa (RJ), Callado et al. (2001b)
avaliaram a periodicidade de formagdo de anéis de crescimento e sua relacio com
fenologia e com fatores ambientais em quatro espécies: Tabebuia cassinoides, Tabebuia
umbellata, Symphonia globulifera e Alchornea sidifolia. Em todas, a formagdo de anéis
de crescimento foi anual. Entretanto, as espécies diferiram quanto aos periodos de
atividade cambial (segundo a formagdo de lenho tardio) e quanto aos padrdes
fenoldgicos; bem como no sincronismo destas variaveis e sua relagdo com o regime

hidrico. Seus resultados indicam que diferentes fatores estdo associados a ciclos
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sazonais de desenvolvimento nessas espécies, possivelmente, fotoperiodo, em T.
umbellata; estratégias reprodutivas, em A. sidifolia; ritmos endogenos, em S.
globulifera; e alagamento, em T. cassinoides. Por meio de medi¢gdes dendrométricas
mensais, Callado et al. (2004) concluiram que 7. umbellata ¢ tolerante a inundagao,
apresentando incremento de tronco durante o periodo de cheia.

Em Floresta Estacional Semidecidual (SP), Tomazello-Filho et al. (2004)
avaliaram anatomia da madeira de 41 espécies, encontrando anéis distinguiveis em 9
espécies (22%) e anéis pouco distinguiveis em 10 espécies (24%). Nao houve relacio
evidente entre o grau de distinguibilidade dos anéis e a fenologia foliar (perene,
semidecidua e decidua) das espécies. Nesta mesma regido, Lisi et al. (2007) avaliaram
24 espécies de floresta semidecidua quanto a ocorréncia e ritmo de formagdo de anéis
de crescimento, e a fenologia. Conforme dados de medi¢des dendrométricas mensais e
de marcacdo cambial, todas espécies apresentaram ritmos anuais de crescimento, mas
nem todas apresentavam anéis de crescimento distinguiveis com facilidade; 68% das
espécies formaram anéis visiveis, 16% formaram anéis moderadamente visiveis e 16%
formaram anéis visiveis com dificuldade. O estresse hidrico, decorrente da baixa
pluviosidade invernal, foi apontado como o principal fator determinante dos ritmos
sazonais de atividade cambial e fenologia foliar.

Em Floresta Estacional Decidual (Misiones, Argentina), Boninsegna et al.
(1989) encontraram anéis de crescimento em 10 das 13 espécies avaliadas. Baseados em
estudos anteriores, os autores concluem que em 5 destas — Cedrela (fissilis,
Parapiptadenia rigida, Cordia trichotoma, Chorisia speciosa e Aspidosperma
polineuron — a periodicidade de formacdo dos anéis de crescimento ¢ anual, mas nio

esclarecem quais fatores estariam relacionados a atividade cambial sazonal.
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Em Floresta Ombroéfila Mista, dados de datacdo-cruzada (Seitz & Kanninen
1989; Oliveira et al. 2007ab) e dendro-isotopicos (Lisi et al. 2001) comprovam que
Araucaria angustifolia forma anéis de crescimento anuais. Nesta espécie, o ritmo intra-
anual de formag¢ao de anéis crescimento esta diretamente associado a variagdo sazonal
de fotoperiodo e temperatura, ndo havendo relacdo aparente com a precipitagdo
(Oliveira et al. 2007b). Também em Cedrela fissilis, dados de datacdo-cruzada e
medi¢des dendrométricas mensais comprovam a formacdo de anéis de crescimento
anuais, possivelmente, influenciada pela variagdo sazonal de fotoperiodo e temperatura
(Diinisch 2005). Medi¢des dendrométricas trimensais em 7 espécies arboreas —
Araucaria angustifolia, Nectandra gradiflora, Campomanesia xanthocarpa, Ocotea
porosa, Matayba elaeagnoides, Cinnamomum vesiculosum e Prunus brasiliensis —
mostram incremento radial alto no verdo, baixo na primavera ¢ outono, € préximo a
zero no inverno (Figueiredo-Filho et al. 2003), corroborando a influéncia da variagao
sazonal (fotoperiodo e/ou temperatura) sobre a atividade cambial neste tipo florestal.

Nos demais biomas, estudos sobre ocorréncia e periodicidade de formagao de
anéis de crescimento sdo escassos (ou mesmo inexistentes). No bioma Pantanal, Mattos
et al. (1999) encontraram anéis de crescimento anuais em ramos de 35 espécies,
crescendo em Floresta Estacional Semidecidual, ndo inundavel. Os autores nio

discutem fatores ambientais relacionados a sazonalidade cambial. Ndo encontramos

estudos realizados nos biomas Caatinga, Cerrado ¢ Pampa.

Dendroecologia em biomas brasileiros

Estudos que buscam relagdo entre séries temporais de anéis de crescimento e

fatores ambientais locais foram desenvolvidos no bioma Amazo6nia, fundamentalmente.
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Em florestas inundéaveis, Worbes (1988, 1989) utilizou séries temporais de largura de
anéis de crescimento para estudar a dindmica de estabelecimento de Tabebuia barbata
em ilhas fluviais. Na ilha da Marchantaria, proximo a margem do rio, as arvores se
estabeleceram recentemente (ca. 1960), com alto incremento radial, denotando boas
condi¢des luminosas; no centro desta ilha as arvores se estabeleceram anteriormente
(ca. 1920), apresentando padrdo de incremento radial que evidencia estabelecimento em
area aberta, seguido de intensa competi¢do. Na ilha do Carreiro, com maior extensao,
arvores na regido central se estabeleceram ainda anteriormente (ca. 1870), apresentado
incremento radial estaciondrio, indicando auséncia de maiores distirbios antrépicos.
Worbes (1989) apresenta dados de idade (maxima) e incremento radial anual (médio)
para 28 espécies arboreas ocorrentes nestas florestas. Este tipo de informacao ¢ de suma
importancia para planejar ciclos sustentdveis de exploracdo madeireira em espécies
tropicais (e.g. Stahle et al. 1999; Worbes et al. 2003). Brienen & Zuidema (2006)
analisaram padrdes de crescimento em seis espécies de terra firme na Amazonia
Ocidental (Riberalta e Beni, Bolivia). Seus resultados mostram que a relagdo entre idade
e didmetro de tronco apresentou grande variacdo, reforcando a importincia da
dendrocronologia na determina¢ao de idade de arvores tropicais; analises temporais de
supressao e liberagdo de crescimento indicam que diferentes padrdes de acesso ao
dossel estdo relacionados a estrutura etaria; e variagdes interespecificas sugerem a
existéncia de diferentes estratégias de vida em espécies ndo-pioneiras.

A busca por sinais climaticos em anéis de crescimento tem sido, provavelmente,
o principal motivador de estudos dendrocronoldgicos nos tropicos e subtropicos.
Conforme apresentado anteriormente, em florestas inundaveis do bioma Amazonia a

atividade cambial ¢ fortemente regulada pelo pulso de inundagdo, determinando um
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periodo de dorméncia cambial durante a fase alagada. Estudos dendrocronolégicos
nestas areas demonstram que a duragdo da estagdo de crescimento, medida pelo nimero
de dias emersos, esta diretamente relacionada ao incremento radial anual em varias
espécies, tais como Tabebuia barbata (Worbes 1988) e Piranhea trifoliata (Schongart
et al. 2004) na Amazodnia Central; e Campsiandra laurifolia, Acosmiun nitens, Pouteria
orinocoensis ¢ Psidium ovatifolium na Amazoénia Ocidental (Dezzeo et al. 2003).
Conforme demonstrado por Schongart et al. (2004) em Piranhea trifoliata, espécies de
florestas inundaveis na amazénia podem ser empregadas em reconstrugdes
dendrocronologicas de fendmenos climaticos globais, como o El Nifio Oscilagao Sul.

Em floresta de terra firme, onde o déficit hidrico durante o periodo de baixa
pluviosidade ¢ o principal limitante sazonal da atividade do cambio, a variagdo
interanual da largura de anéis de crescimento estd diretamente relacionada a
precipitacdo, durante o inicio da estagdo de crescimento corrente, conforme observado
em Swietenia macrophylla (Diinisch et al. 2003), Amburana cearensis, Cedrelinga
catenaeformis e Tachigali vasquezii (Brienen & Zuidema 2005), ou ao final da estacdo
de crescimento do ano anterior, como em Cedrela odorata (Diinisch et al. 2003;
Brienen & Zuidema 2005) e Cedrela fissilis (Diinisch 2005). Tais variagdes refletem
diferentes estratégias de crescimento das espécies (Brienen & Zuidema 2005).

No bioma Mata Atlantica, espécies em Floresta Ombrofila Mista foram
avaliadas quanto a suas caracteristicas dendroclimatoldgicas. Neste ambiente de clima
subtropical umido, a variacdo na largura dos anéis de crescimento em Araucaria
angustifolia (Oliveira et al. 2007a) e Cedrela fissilis (Diinisch 2003) estd associada as

condig¢Oes térmicas durante a estacdo de crescimento corrente e anterior.
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Discussao

A maioria dos estudos realizados no Brasil, ou em ecossistemas ocorrentes no
seu territdrio, versa sobre a ocorréncia e periodicidade de formagdo de anéis de
crescimento na flora. H4 um numero expressivo de espécies passiveis de andlise
dendrocronologica: 58 espécies no bioma Amazonia, 32 no bioma Mata Atlantica e 35
no bioma Pantanal formam anéis de crescimento comprovadamente anuais (Anexo 1).
Isso nao significa que este tema esteja ultrapassado, pelo contrario. Somos
completamente ignorantes a respeito dos biomas Cerrado (segundo maior no Brasil),
Caatinga e Pampa. Mesmo naqueles biomas mais intensamente investigados, hd uma
gama de espécies e condigdes ambientais que sequer foi avaliada quanto a existéncia de
anéis de crescimento. Ademais, tdo importante quanto identificar uma espécie com
anéis de crescimento anuais, ¢ descobrir quais fatores estdo associados a sua
sazonalidade cambial, pois espécies co-ocorrentes podem formar anéis de crescimento
anuais em resposta a diferentes fatores (e.g. Callado ef al. 2001b), bem como uma
mesma espécie pode mudar a periodicidade de formagao destas estruturas ao longo do
seu desenvolvimento (e.g. Diinisch 2002). Também, os fatores relacionados a variacao
na distinguibilidade dos anéis de crescimento entre individuos de uma espécie, ou
mesmo entre espécies, merece maior investigacdo, principalmente quanto a influéncia
da fenologia foliar e da filogenia (ver Callado et al. 2001a).

A despeito desta variabilidade na dinamica de atividade cambial, os estudos
realizados permitem distinguir trés grandes fatores ambientais relacionados a formagao
de anéis de crescimento anuais em biomas brasileiros: inundagdo, precipitacdo e
temperatura. Pulsos sazonais de inundacdo determinam sazonalidade cambial na

planicie de inundacdo dos grandes rios Amazodnicos (ver Worbes 1995, 1997) e,
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provavelmente, em areas inunddveis na planicie do Pantanal. O regime sazonal de
precipitagdo estd associado a formagao de anéis de crescimento anuais em florestas
tropicais dos biomas Amazonia (e.g. Vetter & Botosso 1989), Mata Atlantica (Lisi et al.
2007) e, possivelmente, também no Pantanal (Mattos et al. 1999) e Cerrado. A variagao
anual da temperatura esta relacionada a ciclos sazonais de crescimento em florestas
subtropicais do bioma Mata Atlantica (e.g. Oliveira et al. 2007b) e, provavelmente, em
formagdes lenhosas do bioma Pampa.

Certamente, a maior virtude da dendrocronologia é prover dados temporais
sobre condigdes ambientais que influenciaram o desenvolvimento de uma dada arvore.
Em contraponto as investigagdes sobre ocorréncia e periodicidade de formagao de anéis
de crescimento em espécies ocorrentes nos biomas brasileiros, ha pouquissimos estudos
que efetivamente relacionam séries anuais de anéis de crescimento com variagdes do
ambiente. Uma vez comprovada a anualidade de formagao dos anéis de crescimento
numa dada espécie, a simples contagem ¢ medigdo destas estruturas pode prover dados
precisos (ou pelo menos boas estimativas) sobre a estrutura etaria e padrdes temporais
de crescimento daquela espécie (e.g. Brienen & Zuidema 2006). Por outro lado, a
aplicagdo de anéis de arvores no estudo de relagdes entre clima e crescimento exige,
adicionalmente, maior rigor na datacdo dos anéis, i.e. que as arvores sejam passiveis de
datagdo-cruzada (e.g. Schongart et al. 2004).

A dendrocronologia tem se mostrado uma ferramenta adequada a investigacao
de fendmenos ecologicos em diversos biomas brasileiros, ressaltando-se sua
contribuicdo ao entendimento de processos ecoldgicos em florestas alagaveis
amazonicas. Contudo, o potencial desta ciéncia deve ser melhor explorado. Sugerimos,

entdo, algumas acdes com vistas ao desenvolvimento da dendroecologia no Brasil: (1)
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criacdo de uma rede de cooperacdo entre os grupos de pesquisa interessados no estudo
de anéis de crescimento; (2) formacdo de especialistas, por meio de disciplinas
especificas em cursos de graduagdo e pds-graduacdo; e (3) ampliacdo e criagdo de

grupos de pesquisa em dendrocronologia.
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Apéndice

Apéndice 1: Espécies de plantas ocorrentes em biomas brasileiros que formam anéis de

crescimento anuais. A classificacdo de biomas e tipos de vegetacao segue IBGE (2004).

Referénciamos estudos que mostram evidéncias de formagdo sazonal de anéis de

crescimento nestas espécies. Legenda: FVA, floresta de varzea; FIG, floresta de igapo;

FTF, floresta de terra firme; FOD, Floresta Ombrofila Densa; FES, Floresta Estacional
Semidecidual; FED, Floresta Estacional Decidual; e FOM, Floresta Ombrofila Mista.

Taxa

Bioma (vegetacio)

Referéncia

ANACARDIACEAE
Astronium fraxinifolium Schott
Astronium graveolens Jacq.

ANNONACEAE
Duguetia uniflora Mart.
Pseudoxandra polyphleba (Diels)

APOCYNACEAE
Aspidosperma polineuron Mull.

AQUIFOLIACEAE
Ilex inundata Reissek

ARAUCARIACEAE
Araucaria angustifolia (Bertol.) O.
Kuntze

BIGNONIACEAE

Crescentia amazonica Ducke
Jacaranda cuspidifolia Mart.
Tabebuia aurea (Manso) B. et H.
Tabebuia barbata (E. Mey.) Sandwith

Tabebuia cassinoides (Lam.) DC
Tabebuia heptaphylla (Vell.) Tol.
Tabebuia impetiginosa (Mart.) Standl.
Tabebuia ochracea (Cham.) Stdl.
Tabebuia serratifolia (Vahl.) Nichols.
Tabebuia roseo-alba (Rid.) Sandw.
Tabebuia umbellata (Sond.) Sandwith
Zeyheria tuberculata (Vell.) Bureau

BOMBACACEAE

Chorisia speciosa St. Hill.
Pseudobombax marginatum (St. Hil.)
Rob.

Pseudobombax munguba

Scleronema micranthum (Ducke) Ducke

BORAGINACEAE
Cordia glabrata (Mart.) A. DC.

Pantanal (FES)
Mata Atlantica (FES)

Amazobnia (FIG)
Amazonia (FVA)

Mata Atlantica (FES, FED)

Amazonia (FVA)

Mata Atlantica (FOM)

Amazobnia (FVA)
Pantanal (FES)
Pantanal (FES)
Amazonia (FVA, FIG)

Mata Atlantica (FOD)
Pantanal (FES)
Pantanal (FES)
Pantanal (FES)
Mata Atlantica (FES)
Pantanal (FES)
Mata Atlantica (FOD)
Mata Atléantica (FES)

Mata Atléantica (FED)
Pantanal (FES)
Amazobnia (FVA)

Amazonia (FTF)

Pantanal (FES)

Mattos et al. (1999)
Lisi et al. (2007)

Worbes (2002)
Worbes (2002)

Boninsegna et al. (1989); Lisi et al.

(2007)

Worbes (1989)

Seitz & Kanninen (1989); Lisi et al.

(2001); Oliveira et al. (2007ab)

Worbes (2002)

Mattos et al. (1999)

Mattos et al. (1999)
Worbes (2002); Schongart et al.
(2002)

Callado et al. (2001b)
Mattos et al. (1999)

Mattos et al. (1999)

Mattos et al. (1999)

Lisi et al. (2007)

Mattos et al. (1999)
Callado et al. (2001b, 2004)
Lisi et al. (2007)

Boninsegna et al. (1989)
Mattos et al. (1999)
Worbes (2002); Schongart et al.

(2002)
Vetter & Botosso (1989)

Mattos et al. (1999)
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Apéndice 1: continuagdo

Taxa

Bioma (vegetacio)

Referéncia

Cordia trichotoma Vell.

BURSERACEAE
Protium heptaphyllum (Aubl.) March.

CAPPARIDACEAE
Crataeva benthamii Eichler

CECROPIACEAE
Cecropia latiloba Miq.

CHRYSOBALANACEAE
Licania heteromorpha Benth.

CLUSIACEAE
Rheedia macrophylla Planch. & Triana
Symphonia globulifera L.

COMBRETACEAE
Terminalia argentea Mart. et Zucc.

EUPHORBIACEAE
Alchornea sidifolia Miill. Arg.
Hevea guianensis Aubl.
Mabea nitida Spruce ex Benth.
Margaritaria nobilis L. f.
Piranhea trifoliata Baill.

Securinega guarayuva Kuhlm.

FLACOURTIACEAE

Casearia decandra Jack.

Casearia sylvestris Sw.

Laetia corymbulosa Spruce ex Benth.

Laetia suaveolens Benth.

HOUMIRIACEAE
Humiriastrum cuspidatum (Benth.)
Cuatrec.

LAURACEAE

Endlichera arunciflora (Meisn.) Mez &
C. K. Alenn

Ocotea porosa (Nees & Mart. ex. Nees)
L. Barroso

Ocotea suaveolens Hassl.

Nectandra amazonum Nees

LECYTHIDACEAE
Bertholletia excelsa H.B.K.

Cariniana estrellensis (Raddi) Kuntze
Cariniana legalis (Mart.) Kuntze

Mata Atlantica (FED)

Pantanal (FES)

Amazoénia (FVA)

Amazonia (FVA)

Amazonia (FIG)

Amazoénia (FVA)
Mata Atlantica (FOD)

Pantanal (FES)

Mata Atlantica (FOD)
Amazoénia (FIG)
Amazodnia (FIG)
Amazonia (FVA)
Amazobnia (FVA)
Mata Atlantica (FES)
Pantanal (FES)
Pantanal (FES)
Amazonia (FVA)

Amazonia (FIG)

Amazobnia (FIG)

Amazonia (FIG)
Mata Atlantica (FES)

Pantanal (FES)
Amazodnia (FVA)

Amazonia (FTF)

Mata Atléantica (FES)
Mata Atléantica (FES)

Boninsegna et al. (1989)

Mattos et al. (1999)

Worbes (2002)

Worbes (2002)

Worbes (2002)

Worbes (2002)
Callado et al. (2001b)

Mattos et al. (1999)

Callado et al. (2001b)

Worbes (2002)

Worbes (2002)

Worbes (2002)

Worbes (2002); Schongart et al.
(2002; 2004)

Lisi et al. (2007)

Mattos et al. (1999)

Mattos et al. (1999)

Worbes (2002); Schongart et al.
(2002)

Worbes (2002)

Worbes (2002)

Worbes (2002)
Lisi et al. (2007)
Mattos et al. (1999)

Worbes (2002); Schongart et al.
(2002)

Vetter & Botosso (1989); Brienen &

Zuidema (2005)
Lisi et al. (2007)
Lisi et al. (2007)
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Apéndice 1: continuagdo

Taxa Bioma (vegetacio) Referéncia

Eschweilera albiflora Miers Amazobnia (FVA) Worbes (2002)

LEGUMINOSAE

Acosmiun nitens (Vog.) Yakoul Amazobnia (FIG) Dezzeo et al. (2003)

Amburana cearensis Amazonia (FTF) Brienen & Zuidema (2005)

(Allemao) A.C.Smith

Albizia niopioides (Spruce) Burk. Pantanal (FES) Mattos et al. (1999)

Anadenanthera columbrina Bren Pantanal (FES) Mattos et al. (1999)

Anadenanthera macrocarpa (Benth.) Mata Atlantica (FES) Lisi et al. (2007)

Brenan

Andira cuyabensis Bth. Pantanal (FES) Mattos et al. (1999)

Bowdichia virgilioides H.B.K. Pantanal (FES) Mattos et al. (1999)

Caesalpinia ferrea Mart. ex. Tul. Mata Atlantica (FES) Lisi et al. (2007)

Campsiandra laurifolia Benth. Amazobnia (FIG) Dezzeo et al. (2003)

Centrolobium tomentosum Guill. ex. Mata Atlantica (FES) Lisi et al. (2007)

Benth

Copaifera langsdorffii Desf. Mata Atlantica (FES) Lisi et al. (2007)

Dipterix alata Vog. Mata Atlantica (FES); Lisi et al. (2007); Mattos et al.
Pantanal (FES) (1999)

Cedrelinga catenaeformis Amazonia (FTF) Brienen & Zuidema (2005)

(Ducke) Ducke

Hymenaea courbaril L. Mata Atlantica (FES) Lisi et al. (2007)

Hymenaea stigonocarpa (Mart.) Hayne  Pantanal (FES) Mattos et al. (1999)

Inga uruguensis H. et A. Pantanal (FES) Mattos et al. (1999)

Macrolobium acaciifolium Benth. Amazoénia (FVA, FIG) Worbes (2002); Schongart et al.

(2002)

Myroxylon balsamum Harms Mata Atlantica (FES) Lisi et al. (2007)

Parapiptadenia rigida Benth. Mata Atlantica (FED) Boninsegna et al. (1989)

Parkia auriculata Spruce ex. Benth. Amazonia (FIG) Worbes (2002)

Peltogyne cf. heterophylla Amazonia (FTF) Brienen & Zuidema (2005)

M.F.Silva

Peltophorum dubium (Spreng.) Taub. Mata Atlantica (FES) Lisi et al. (2007)

Piptadenia gonoacantha (Mart.) J. F. Mata Atlantica (FES) Lisi et al. (2007)

Macbr.

Pithecolobium inaequale Benth. Amazonia (FVA) Worbes (2002)

Platycyamus regnellii Benth Mata Atlantica (FES) Lisi et al. (2007)

Poecilanthe amazonica (Ducke) Ducke ~ Amazonia (FIG) Worbes (2002)

Pterogyne nitens Tul. Pantanal (FES) Mattos et al. (1999)

Schizolobium parahyba (Vell.) Blake Mata Atlantica (FES) Lisi et al. (2007)

Sclerolobium aureum (Tul.) Bth. Pantanal (FES) Mattos et al. (1999)

Stryphnodendron obovatum Bth. Pantanal (FES) Mattos et al. (1999)

Swartzia argentea Spruce ex. Benth. Amazoénia (FIG) Worbes (2002)

Swartzia laevicarpa Amshoff Amazonia (FIG) Worbes (2002)

Swartzia macrocarpa Spruce ex. Benth.  Amazonia (FIG) Worbes (2002)

Swartzia polyphylla DC. Amazoénia (FIG) Worbes (2002)

Tachigali vasquezii Amazonia (FTF) Brienen & Zuidema (2005)

J.J.Pipeloy

Vatairea macrocarpa (Bht.) Ducke Pantanal (FES) Mattos et al. (1999)

Vatairea guianensis Aubl. Amazonia (FVA) Worbes (2002)

MELASTOMATACEAE

Mouriri elleptica Mart. Pantanal (FES) Mattos et al. (1999)

Mouriri guianensis Aubl. Amazonia (FVA) Worbes (2002)
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Apéndice 1: continuagdo

Taxa Bioma (vegetacio) Referéncia
MELIACEAE
Cedrela fissilis Vell. Amazoénia (FTF) Diinisch (2005)
Mata Atlantica (FOM, Diinisch (2005); Boninsegna et al.
FED) (1989)
Cedrela odorata L. Amazobnia (FTF) Dinisch et al. (2002, 2003); Brienen
& Zuidema (2005)
Swietenia macrophylla King in Hook. Amazonia (FTF) Diinisch et al. (2002, 2003)
Trichilia elegans A. Juss. Pantanal (FES) Mattos et al. (1999)
Trichilia singularis C. DC. Amazonia (FVA) Worbes (2002)
MORACEAE
Sorocea duckei W. C. Burger Amazonia (FVA) Worbes (2002)
MYRTACEAE
Calyptranthes spruceana O. Berg Amazonia (FVA) Worbes (2002)
Myrciaria amazonica O. Berg Amazonia (FVA) Worbes (2002)
Psidium acutangulum DC. Amazoénia (FVA) Worbes (2002)
Psidium ovatifolium Berg. ex Desc. Amazoénia (FIG) Dezzeo et al. (2003)
POLYGONACEAE
Triplaris surinamensis Cham. Amazonia (FVA) Worbes (2002); Schongart et al.
(2002)
RHAMNACEAE
Colubrina glandulosa Perkins Mata Atlantica (FES) Lisi et al. (2007)
Rhamnidium elaeocarpum Reiss. Pantanal (FES) Mattos et al. (1999)
RUTACEAE
Balfourodendron riedelianum Engl. Mata Atlantica (FES) Lisi et al. (2007)
Esenbeckia leiocarpa Engl. Mata Atlantica (FES) Lisi et al. (2007)
Zanthoxylum compactum (Albug.) P.G.  Amazoénia (FVA) Worbes (2002)
Waterman
Zanthoxylum hasleriana Chod. Pantanal (FES) Mattos et al. (1999)
SALICACEAE
Salix humboldtiana Willd. Amazonia (FVA) Worbes (2002)
SAPINDACEAE

Matayba macrolepis Radlk.
Matayba steinbachii Melch.

SAPOTACEAE

Dilodendron bipinnatum Radlk.
Elaeoluma glabrescens (Mart. & Eichl.
ex Miq) Aubrév.

Labatia glomerata Pohl ex Miq.

Neoxythece elegans (A.DC.) Aubrév.
Pouteria orinocoensis (Aubrév.) Penn.
ined.

Pouteria ramiflora (Mart.) Radlk.

STERCULIACEAE
Guazuma ulmifolia Lam.
Sterculia apetala (Jack.) Karst.

Amazonia (FVA)
Amazoénia (FVA)

Pantanal (FES)
Amazonia (FVA)
Amazonia (FVA)

Amazodnia (FIG)
Amazodnia (FIG)

Pantanal (FES)

Mata Atléantica (FES)
Pantanal (FES)

Worbes (2002)
Worbes (2002)

Mattos et al. (1999)

Worbes (2002)

Worbes (2002); Schongart et al.
(2002)

Worbes (2002)

Dezzeo et al. (2003)

Mattos et al. (1999)

Lisi et al. (2007)
Mattos et al. (1999)
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Apéndice 1: continuagdo

Taxa

Bioma (vegetacio)

Referéncia

TILIACEAE

Luehea cymulosa Spruce ex Benth.

Luehea paniculata Mart.

VERBENACEAE
Aegiphilla sellowiana Cham.
Vitex cymosa Bert. ex Spreng.

Amazonia (FVA)
Pantanal (FES)

Mata Atlantica (FES)
Amazonia (FVA); Pantanal
(FES)

Schongart et al. (2002)
Mattos et al. (1999)

Lisi et al. (2007)
Worbes (2002); Schongart et al.
(2002); Mattos et al. (1999)

VOCHYSIACEAE
Erisma calcaratum Warm. Amazoénia (FIG) Worbes (2002)
Qualea grandiflora Mart. Pantanal (FES) Mattos et al. (1999)
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3. Fundamentos de biologia, ecologia e dendroecologia de

Araucaria angustifolia

Araucaria angustifolia (Bertol.) O. Kuntze (popularmente pinheiro-brasileiro,
pinho ou pinheiro-do-parana) ¢ uma conifera arborea da familia Araucariaceae. Essa
familia de origem Mesozoica [ca. 250 milhdes de anos antes do presente (AP)], ¢
caracterizada por arvores de grande porte, tanto no registro fossil como contemporaneo.
Na flora atual, as araucariaceas estdo distribuidas, fundamentalmente, no hemisfério
austral (América do Sul, Australia, Nova Caledonia, Nova Zelandia e outras ilhas do
Pacifico Sul), sendo composta por trinta e trés espécies, subdivididas em trés géneros:
Araucaria, dezenove espécies; Agathis, treze espécies; e Wollemia, uma espécie (Hill
1995; Setoguchi et al. 1998).

Tipicamente, individuos adultos de 4. angustifolia t€ém entre 20 e 40 m de altura;
tronco unico, ereto, cilindrico, com diametro de 1 a 2 m; casca de aproximadamente 15
cm de largura, resinosa, com desprendimento externo em placas; copa umbeliforme,
com pseudo-verticilos agrupados na porcao apical; ramos agrupados nas extremidades
distais dos pseudo-verticilos; e aciculas verde-escuras, coriaceas, lanceoladas, com até 6
cm de comprimento por 1 cm de largura, com espinho apical. Individuos jovens
freqiientemente apresentam copa conica, com pseudo-verticilos também em porcdes
mais basais do tronco. O sistema radicular caracteriza-se por uma raiz pivotante bem
desenvolvida e raizes finas proximas a superficie (Reitz & Klein 1966; Carvalho 2003).

Seu lenho ¢ formado principalmente por traqueides, que medem em média 3874
um de comprimento ¢ 39 um de largura, e por raios medulares unisseriados, cujas

células medem em média 209 um de comprimento ¢ 28 um de largura. Praticamente,
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ndo ha outro tecido parenquimatico ou canais resiniferos. Ha pouca distingdo entre
alburno e cerne, sendo este mais rdseo ou pardacento e aquele mais esbranquicado. As
camadas de crescimento sdo macroscopicamente visiveis (Mattos 1972). A densidade
média ¢ de aproximadamente 0,50 gxcm™, com pouca variacgio radial e entre individuos
de diferentes estratos (Wehr & Tomazello-Filho 2000).

A. angustifolia é didica, raramente monodica por trauma ou ataque de patogenos,
e polinizada pelo vento. Os graos de pdlen sdo esféricos, de aproximadamente 61,5 um,
com taxas de flutuacio em torno de 15 cmxs” (Sousa & Hattmer 2003). As flores
masculinas sdo escamas coriaceas, agrupadas num microestréobilo cilindrico, de 10 a 22
cm de comprimento por 2 a 5 cm de diametro (mingote). As flores femininas sdo
bracteas escamiformes coridceas, agrupadas num macroestrobilo (pinha). O
macroestrobilo maduro tem de 10 a 25 cm de diametro, com 5 a 150 sementes carnosas
(pinhdes), de 3 a 8 cm de comprimento, 8,7 g em média, ricas em amido (Reitz & Klein
1966; Carvalho 2003). O desenvolvimento do microestrobilo da-se entre fevereiro e
agosto, com a liberagdo do polen em agosto e setembro. O macroestrobilo inicia sua
formagdo, possivelmente em fevereiro, estando visivel em maio. Apos a fecundagdo,
entre agosto e setembro, o crescimento do microestrobilo segue uma fun¢do logistica,
com forte acelera¢do entre o décimo segundo (agosto) e o décimo nono més (margo).
Depois desse periodo, de aproximadamente dezenove meses, ocorre a maturagdo € a
queda das sementes, entre abril e julho (Mantovani et al. 2004). As sementes sdo
recalcitrantes, perdendo completamente a viabilidade quando atingem menos de 25% de
umidade (Panza et al. 2002).

A dispersdo primaria das sementes ¢ barocorica, principalmente, ou ornitocorica,

neste caso ressaltando-se a importancia das gralhas (Cyanocorax spp.). A dispersao
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secundaria ¢ fundamentalmente mastozoocorica, com destaque para a cutia (Dasyprocta
azarae) e pequenos mamiferos (Vieira & lob 2007). 4. angustifolia representa uma
importante fonte de alimento para fauna e para as populagdes humanas, uma vez que
produz grande quantidade de sementes de alto valor nutritivo, ademais num periodo de
baixa disponibilidade de recursos alimentares similares (Paise & Vieira 2005).

A area de ocorréncia de A. angustifolia no inicio do século XX totalizava ca.
200 mil Km?, em regides montanas compreendidas entre 19°15” ¢ 31°30° Sul e 41°30’ e
54°30° Oeste, principalmente no Sul do Brasil (ca. 46 mil km” no Rio Grande do Sul, 57
mil km® no Santa Catarina ¢ 74 mil km® no Parand), e no Sudeste do Brasil (Sdo Paulo,
Minas Gerais, Rio de Janeiro e Espirito Santo), Nordeste da Argentina (Missiones) e
Sudeste do Paraguai (Alto Parand). Seus limites altitudinais s3o de 200 m acima do
nivel do mar (anm), ao Sul, e 2300 m anm, ao Norte; em geral entre 500 ¢ 1800m anm
(Hueck 1972; Machado & Siqueira 1980; Carvalho 2003).

A distribuicdo geografica de A. angustifolia esta fortemente relacionada a um
clima subtropical mesotérmico Umido ou superimido, caracterizado pela
estacionalidade térmica, com verdes amenos e invernos frios, e pela precipitaciao
abundante e bem distribuida ao longo do ano. Contudo, na area setentrional da sua
distribuicdo (SE do Brasil) o regime de precipitacdo ¢ também estacional, com seca
invernal fraca & moderada (Nimer 1989). As condigdes térmicas sdo apontadas como
fatores determinantes da sua distribui¢do. Na regido de ocorréncia dessa espécie as
médias anuais de temperatura sdo de 22,1 °C as maximas, de 11,5 °C as minimas ¢ de
15,9 °C as normais; as temperaturas médias nos solsticios de verdo e inverno sdo
inferiores a 18 e 15 °C, respectivamente; e ha pelo menos trés meses consecutivos com

temperaturas médias minimas inferiores a 10 °C (de Julho a Agosto, normalmente). Em
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areas de maior altitude, principalmente no Sul do Brasil, podem ocorrer geadas e, por
vezes, nevadas. A precipitacdo total anual média é de 1829 mm, variando regionalmente
entre 1414 e 2397 mm (Backes 1999).

A. angustifolia se estabelece em diferentes condi¢des edaficas, desde de
Cambissolos Humicos aluminico, com baixa fertilidade e teores elevados de aluminio,
como em Latossolos Vermelhos distroférricos, com alta fertilidade. Todavia, sua
produtividade ¢ maior em solos com horizonte A bem desenvolvido, com alto conteudo
de calcio e magnésio, ou saturagdo de bases, profundos, friaveis, porosos, bem
drenados, com boa capacidade de retencdo de agua e de textura franca a argilosa
(Camargo 2003).

A. angustifolia ocorre principalmente em habitat florestal, associada a diversas
espécies arboreas latifoliadas (ca. 350 espécies) e a uma conifera, Podocarpus lambertii
Klotzsch ex Endl. (Podocarpaceae). Essa flora ¢ formada por elementos de origem
temperada, como por exemplo, Winteraceae, Cunoniaceae, Berberidaceae, bem como as
proprias coniferas; e elementos de origem tropical, tais como Lauraceae, Myrtaceae,
Meliaceae, Elacocarpaceae e Dicksoniaceae. Devido a sua alta densidade, freqiiéncia e
cobertura, A. angustifolia exerce forte dominancia nessas florestas, formando um estrato
emergente ou um dossel denso, sobre estratos inferiores dominados por espécies
latifoliadas, onde se destacam, pela riqueza de espécies e dominancia, Myrtaceae,
Lauraceae e Aquifoliaceae (Rambo 1951, 1953, 1956ab; Jarenkow & Baptista 1987,
Silva et al. 1997; Leite 2002; Weachter 2002; Souza 2007). Nessas florestas, A.
angustifolia tem papel fundamental na produtividade e ciclagem de nutrientes,
totalizando mais da metade da produgdo anual de serrapilheira (Backes et al. 2005).

Dado suas caracteristicas floristicas e ecoldgicas, as florestas com A. angustifolia
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compde uma tipologia vegetacional singular, denominada Floresta Ombrofila Mista
(popularmente pinhais ou mata com araucaria) (Veloso et al. 1991). Principalmente em
regides elevadas, a Floresta Ombrofila Mista estd associada a Campos, caracterizados
por um estrato herbaceo denso, com dominancia de gramineas cespitosas altas, onde 4.
angustifolia ocorre de forma isolada ou em pequenos agrupamentos (Klein 1960).

Segundo estudos fitogeograficos (Rambo 1951, 1953, 1956ab; Klein 1975) e
paleopolinicos (Behling 2002; Behling ef al. 2004; Behling & Pillar 2007) esse mosaico
de formagdes campestres e florestais decorre da dindmica de comunidades, influenciada
por alteragdes climaticas do Quaternario. Registros de pélen em turfeiras indicam que
desde o ultimo periodo glacial até 4.000 anos AP, inicialmente sob condi¢des climaticas
mais frias e secas (de 50.000 a 10.000 anos AP) e posteriormente mais quentes com
precipitagdo estacional (de 10.000 a 4.000 anos AP), dominavam na regido formagdes
campestres, estando as floretas restritas a refugios umidos como vales de rios. Desde
entdo, sob condi¢des climaticas similares as contemporineas, as florestas tem se
expandido sobre as formagdes campestres, processo que se intensificou a partir de 1.500
anos AP.

Principalmente em Campos protegidos de queima e pastejo, se observam
atualmente indicios de expansdo da Floresta Ombrofila Mista (Oliveira 2003; Pillar
2003; Oliveira & Pillar 2004; Pillar et al. 2007), onde A. angustifolia tem papel
destacado, colonizando areas campestres ¢ facilitando o estabelecimento de outras
espécies florestais (Klein 1960; Duarte et al. 2006). A regenera¢dao de A. angustifolia
em habitat florestal ¢ um tema controverso. Observagdes fitossociologicas em florestas
indicam baixa densidade de regenerantes dessa espécie em relacdo as espécies

latifoliadas, o que tem sido interpretado como indicio de declinio populacional daquela
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espécie em favorecimento de elementos tropicais (Klein 1960; Silva et al. 1997, Silva et
al. 1998). Contudo, plantulas de 4. angustifolia se estabelecem e desenvolvem sob
diferentes niveis de luminosidade, demonstrando que este fator ndo limita sua
regeneragdo (Inoue & Torres 1980; Duarte & Dillenburg 2000; Duarte et al. 2002),
contrapondo a classificacdo de 4. angustifolia como espécie pioneira heliofila (Klein
1960). Ainda, dados sobre estruturas diamétricas embasam a hipotese de que A.
angustifolia ¢ uma espécie pioneira de vida longa, com regeneracdo dependente de
disturbios de larga escala espacial (Souza 2007), possivelmente incéndios, dado que
determinadas caracteristicas morfologicas desta espécie (e.g. fuste alto e cortex espesso)
indicariam adaptagdes para resistir a essa perturbacdo (Soares 1980, 1990).

A. angustifolia ¢ considera criticamente ameacada de extingdo (Farjon 2006),
devido a drastica reducdo do seu tamanho populacional causada pela exploracio
madeireira e pela conversdo de areas de Floresta Ombrofila Mista e Campos em plantios
agricolas e cidades. Os remanescentes de Floresta Ombrofila Mista totalizam menos de
6% da superficie original, sendo raras as manchas com estrutura primitiva (Koch 2002).
Possivelmente, essas modificacdes ambientais tém alterado a estrutura diamétrica
(Souza 2007) e reduzido a variabilidade genética (Auler et al. 2002) das populagdes
remanescentes.

A andlise de séries temporais de anéis de crescimento de plantas
(dendrocronologia) e sua relagdo com condi¢des ambientais (dendroecologia) tém sido
amplamente empregada em estudos de auto-ecologia, de dinamica de populagdes e de
reconstru¢des ambientais diversas (Schweingruber 1996). Avangos no conhecimento da

ecologia de A. angustifolia e das formagdes vegetais onde esta ocorre podem ser obtidos
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através de estudos dendroecoldgicos, a exemplo de outras Araucariaceae (Burns 1993;
Fowler et al. 2000; Gonzales et al. 2005; Gonzales & Veblen 2006).

Em A. angustifolia, os anéis de crescimento sdo delimitados por uma fina
camada de lenho tardio, com traqueides achatados radialmente e de paredes celulares
grossas (Roig 2000). Evidéncias dendroisotdpicas e dendrocronoldgicas demonstram
que a periodicidade de formagdo dos anéis ¢ anual, requisito fundamental para estudos
dendroecologicos. Lisi et al. (2001) encontraram forte associacdo entre variagdes
temporais de '*CO* atmosférico e de A'™C nos anéis de dois individuos de 4.
angustifolia. Uma vez que a fixacio de '*C pelas plantas ¢é proporcional as
concentracdes de '*CO? atmosféricas, estes resultados indicam que os anéis em A.
angustifolia sao formados anualmente. Seitz & Kaninnen (1989) estudaram séries
anuais crescimento (baseadas na largura dos anéis) de dez individuos de A. angustifolia,
encontrando alta associagdo entre arvores (correlacdo média = 0.6, para um periodo de
54 anos). Este sincronismo, além de corroborar a anualidade dos anéis, sugere a
existéncia de um fator ambiental, possivelmente climatico, determinando variagdes

temporais de crescimento comuns as arvores analisadas.
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4. Seasonal cambium activity in the subtropical rain forest

tree Araucaria angustifolia*T

Abstract

The information on the timing and dynamics of tree ring formation is essential to assess
the seasonal behavior of secondary wood growth and its associated environmental
influences. Araucaria angustifolia is a dominant species in highland pluvial ecosystems
of southeastern South America. Previous investigations indicated that their growth rings
are formed annually, but no information exists about the timing of growth ring
formation and the environmental triggers influencing cambium activity. In this paper we
examine inter- and intra-annual cambial activity in A. angustifolia, through anatomical
and dendrochronological evidences at two study sites, and model the relationships
between regional climate variation and intra-annual tree-ring formation. The results
confirm the annual growth ring formation in 4. angustifolia and indicate that its growth
season extends from October to April. Day length and temperature were the main
environmental factors influencing the seasonal cambium activity. Our results point out
evidences of the dendrochronological potential of 4. angustifolia for ecological and

climatological studies in southeastern South America.

Keywords: cambium activity, growth ring, secondary growth, wood anatomy.

" With collaboration of Emiliano Santarosa, Valério D. Pillar & Fidel A. Roig.
" Formatted according to guidelines for publication in “Trees Structure and Function”.
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Introduction

The information on growth rates and age structure in a population of trees offers
insights on the dynamics of the system in space and time, which is essential for climate
inferences, forest ecology interpretation, ecosystem conservation and sustainable
management, especially in a global change scenario (IPCC 2001). Dendrochronological
investigations in temperate and arid woodlands have provided valuable information in
that sense. In these ecosystems, due to a strong dependence of tree growth to seasonal
climate, distinct growth rings of annual resolution allow the construction of age
structures and growth rates histories for many species. Furthermore, many of these
growth ring series have been largely applied to reconstruct past environmental
conditions, allowing for a better understanding of the modern climate variation in a
long-term perspective (Schweingruber 1996; Frittz 1976).

In tropical and subtropical woodlands such studies are harder to implement,
since the basic research on wood anatomy and cambium activity is scarce, resulting in
lack of knowledge about the timing of tree-ring formation and hence, in realistic
calculations of tree age and radial growth (Martinez-Ramos and Alvarez-Buylla 1998;
Clark and Clark 1999; Worbes and Junk 1999). Nevertheless, an increasing number of
studies have attested the existence of annual growth rings in many tropical tree species
and pointed out environmental conditions triggering the seasonal growth (Jacoby 1989;
Worbes 2002). The recognition of periodical wood layer formation has increased the
use of dendrochronological techniques in the tropics and subtropics with many
ecological and environmental applications, particularly in studies of plant dynamics and
relationships between growth and environmental conditions (Stahle et al. 1999;

Schongart et al. 2002; Morales et al. 2004).
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Seasonality of cambial activity in the tropics has been mostly reported in water
stressed environments (Boninsegna et al. 1989; Devall et al. 1995; Worbes 1999;
Enquist and Leffler 2001; Worbes et al. 2003; Lisi et al. 2007) and flooded forests
(Worbes 1988, 1989; Callado et al. 2001; Schongart et al. 2002; Dezzeo et al. 2003).
However, cyclic production of wood may occur also on mesic and moderately warm
environments, such as wet forests (Vetter and Botosso 1989; Fichtler et al. 2003).
Despite the evidence of annual growth ring formation in a variety of tropical and
subtropical ecosystems, we should reliably demonstrate that cambium activity is
seasonally affected by particular environmental factors to avoid misinterpretations
arising from growth ring chronologies (Stahle 1999; Worbes 1995, 2002).

Araucaria angustifolia (Bertol.) O. Kuntze (Araucariaceae) is a subtropical
conifer, considered as target for dendrochronological studies in the Neotropics (Roig
2000). This is a dioecious tree, characterized by an umbel-like crown and a long straight
cylindrical trunk, reaching up to 40 m of height and 2 m of trunk diameter. It occurs in
the southern and southeastern Brazilian mountains (also in the NW of Argentina and SE
of Paraguay), from 19°15” and 31°30° S and 41°30’ to 54°30” W; and between 400 and
1800 m a.s.l., forming the emergent or canopy strata in dense forest stands (commonly
know as Araucaria forest; Mixed Ombrophylus Forest sensu Veloso et al. 1991) and
also colonizing natural grasslands at higher altitudes (Klein 1960, Hueck 1972; Reitz
and Klein 1966; Carvalho 2003). This species is fundamental for ecosystem structure
and functioning, since it achieves high stem density and biomass, and it is directly
involved in many ecosystem processes (Klein 1960; Backes et al. 2005; Paise and

Vieira 2005; Duarte et al. 2006). Regardless of its great ecological relevance it is
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critically endangered due to timber exploitation and habitat depletion (Farjon 2006;
Koch 2002).

A. angustifolia forms growth rings, which anatomical boundaries are marked by
a thin latewood layer of thick-walled radial flattened tracheids. Dendrochronologic and
isotopic evidence support the annual formation of growth rings. Seitz and Kanninen
(1989) developed a ring-width chronology with high average correlation among trees
(= 0.6 for a 54 yr period), indicating an annual growth synchronism between trees of a
forest stand in S3o Jodo do Triunfo (Parana State). Lisi et al. (2001) found the A™C
concentrations on growth rings of 4. angustifolia, growing in Camanducaia (Minas
Gerais State) and Arapoti (Parana State), to be in conformity with temporal changes of
atmospheric A'*C concentrations by nuclear bomb effects during the 60’s, also
advocating for an annual ring formation. Growth ring counting reveals this is a long-
living species, attaining several hundred years (ca. 400 yr; J.M. Oliveira personal
observation).

Despite several indications of seasonal cambium activity in A. angustifolia, the
timing and the ecological factors involved in the ring formation are not known. In this
paper we examine the timing of growth ring formation in A. angustifolia, through
anatomical and dendrochronological evidence, and investigate relationships between

regional environmental variation and intra-annual wood formation
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Methods
Ecological setting

The study sites are located in the southern extreme of the species’ geographical
distribution, at altitudes around 900 m a.s.l. (Fig. 1a). The climate in the study region,
as in the entire species distribution, is mild-mesothermic with well-distributed rainfall
along the year. The mean annual temperature is 14.5 °C and the mean total annual
precipitation is over 2000 mm (Nimer 1989). During the study period (between 2004
and 2006) the monthly mean temperature and total monthly precipitation records were
statistically different from long-term weather averages, with warmer and less rainy

conditions, especially from October 2004 to February 2005 (Fig. 1b).

Inter-annual cambium activity

The study of annual cambium activity was carried out in eighteen A. angustifolia
trees, growing in an old-growth forest stand at the Floresta Nacional de Sdo Francisco
de Paula (FSP) (Fig la; Appendix la). We selected single-stemmed canopy trees with
no evidence of external damages, in order to reduce growth variations caused by
competition and injuries. For each tree, transversal wood sections (cores) were extracted
with an increment borer (5.1 mm diameter) in May 2004, August 2005 and August
2006. These cores were taken along the longitudinal axis of the trunk, bottom-up
oriented and spaced 5 cm from one another. The cores were mounted in wooden
supports, air-dried and mechanically polished with sandpaper of gradually finer grades
of grain (from 60 to 600 grains). We inspected and dated the growth rings (rings) with a
stereomicroscope following the methods described by Stokes and Smiley (1968). The

calendar ages of the rings were assigned according to the Schulman’s method (1956).
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The rings were measured with the help of a Velmex® measurement system, precision of
0.01 mm (Appendix 2). The dating accuracy was checked by cross-synchronization of
the obtained time-serie patterns of narrow and wide rings from each tree (Holmes 1983;

Stokes and Smiley 1968).

Intra-annual cambium activity

The study of monthly cambium activity was carried out at the Centro de
Pesquisas e Conservacao da Natureza Pr6-Mata (CPM) (Fig 1a). Six canopy trees were
selected from areas in forest interior (Appendix 1b) and six from forest-grassland border
(Appendix 1c) habitats, following the same criteria selection used on the inter-annual
cambium activity study. Wood cores were taken monthly, from April 10™ 2005 to

August 11"

2006. The cores were extracted, prepared, dated and measured (Appendix
3) as in the inter-annual cambium activity study, but were shorter in order to include the

outermost ten growth rings, approximately. In each tree, we compared successive cores

to observe changes in wood-anatomy related to cambium activity.
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Fig. 1: Location of the study sites and meteorological stations in respect to the natural
distribution of Araucaria angustifolia (A); monthly averages of temperature and
precipitation in the study region (B), comparing years of study (2004, 2005 and 2006) to
95% confidence limits of long-term averages (1961-2003). Study sites: Floresta
Nacional de Sdo Francisco de Paula (FSP, 880 m a.s.l.) and Centro de Pesquisas e
Conservagdo da Natureza Pro-Mata (CPM, 900 m a.s.l.); meteorological stations:
Caxias do Sul (CSU, 760 m a.s.l.), Cambara do Sul (CAM, 905 m a.s.l.), Bom Jesus
(BJE, 1048 m a.s.l.) and Sao Joaquim (SJO, 1415 m a.s.l.)
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We described the cambium activity in terms of beginning and ending production
of earlywood and latewood zones, by checking the tracheid morphology in terms of the
relative differences in cell wall thickness on the core’s margin. Then, we described the
cambium activity quantitatively by comparing the width (w,) of the outermost ring
between successive cores (i.e., f = 1 to 17" month). The following conceptual model
was considered to explain differences in ring width:

W, —wW,=C+M+E
where w is the width of the outermost ring for times ¢ and ¢+/; C is a component related
to actual cambium activity (radial growth); M is related to morphological characteristics
on the coring positions along the trunk (e.g. ring eccentricities and reaction wood); and
E is related to unexplained (random) variation. If determination of the growing period is
feasible, we may define a k; coefficient describing the probability for C to be effective,
varying from 0 to 1. When the cambium is inactive, k£~=0 and C has no influence; when
the cambium is active, k, >0 and C does have some influence. It is important to note that
k, may differ between trees and along time. In order to reduce the influence of the M
component a standardization procedure of w; was performed as follows:

W,

_ t
7=k x 1 zp
B j:lqtj

where the denominator of the second term is the average width of p reference rings (g;),
defined as the inner rings present and complete in all the cores of a given tree. In this
case we used as reference rings those corresponding to 1999 to 2003, which were
present in all cores of all trees. Through examination of earlywood and latewood cell
production, we determined dormant and growing periods, and considered k=0 on

dormant periods and k=1 on growing periods.
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We also partitioned the z, series into growing seasons (in this case 2004-2005
and 2005-2006). In order to remove inter-annual variability, z,, widths belonging to
each growing season series y were standardized by the maximum value within the

corresponding y series and a standardized radial growth at each time ¢ was computed as:

u = Ziy
' SUPgz,

where y varied from 1 (2004-2005) to 2 (2005-2006). The radial growth rate (g;) for a

given time ¢ was then calculated as:

l"It|y+l - ut|y

0= A

t

The dependence of cambium activity to regional environmental conditions was
investigated through exploratory and linear modeling methods. The factors influencing
growth were described as monthly (from March 2005 to July 2006) series of day length
(in hours), mean air temperature (temperature; in Celsius degrees), total potential
evapotranspiration (evapotranspiration; in millimeters) and total precipitation
(precipitation; in millimeters). The day length was calculated for the CPM study site,
while the remaining (climatic) variables were regional means integrating records of four
meteorological stations near to CPM, obtained at the Instituto Nacional de Meterologia
(Fig 1b). Based on correlations between variables, a Principal Component Analysis was
performed to highlight environmental trends in time.

Triplot projections (Digby and Kempton 1994) were used to investigate general
responses of cambium activity to environmental variation, by computing correlations
between ordination axes and cambium activity time series, described for each tree in
terms of earlywood production (binary data) and growth rate (continuous data). Linear

regression models of cambium activity were fitted on environmental descriptors, using
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time series of relative frequency of earlywood production and average radial growth
rate (g;) as predicted variables. Randomization tests were applied to evaluate the
statistical significance of the regression models (Manly 1991). The ordination,
regression and randomization tests were computed on Multiv software (Pillar 2006).
Since injuries caused by wood coring may influence tree growth characteristics
of successive wood cores, a field experiment was performed to evaluate this possible
effect. Cores of “injured” trees (sampled for cambium activity research) and “non-
injured” trees (canopy 4. angustifolia trees growing as close as possible to each
“injured” tree) were obtained on March 10™ 2007. The wood cores were taken,
prepared, dated and measured as previously described. Annual radial growth rate series
from 1995 to 2006 were calculated for each tree by dividing each ring width by the ring
width of the previous year. Based on this data set (24 trees: 12 “injured” and 12 “non-
injured”; record time span between 1995 and 2006), we performed correlation analyses
to evaluate the coring effect on tree growth, by comparing “injured” and “non-injured”
trees. Error probabilities for correlation were generated via randomization, according to

methods described in Pillar and Orloci (1996).

Results
Inter-annual cambial activity

Fourteen out of eighteen trees sampled at FSP were used to evaluate the annual
ring production in A. angustifolia. The remaining trees did not cross-dated due to wood
irregularities (e.g. missing rings, unclear ring boundaries, reaction wood and damaged
cores) and were not considered on further analyses. Those fourteen trees had high

correlation coefficients between their corresponding ring-width time series. The mean
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cross-correlation within trees was =0.87 (sd=%0.14) for a period of 37 yr (sd=%8). All
these trees formed one ring between May 2004 and August 2005, and another between
August 2005 and August 2006. In all the cores, the outermost ring presented well-
developed latewood, indicating that the termination of the growing season occurred in

autumn-winter months for the years 2004, 2005 and 2006.

Intra-annual cambial activity

The cambial activity described in terms of earlywood and latewood production
shows that all trees studied at CPM had finished the formation of the 2004 ring (2004-
2005 growing season) and formed the entire 2005 ring (2005-2006 growing season).
Nevertheless, the ring development timing had great variation among trees (Fig. 2a).
During the 2004-2005 growing season, the ending of earlywood production was
between March and May 2005 (April mostly). According to the first appearance of
earlywood tracheids in the core’s margin, the 2005-2006 growing season initiated
between September and December 2005 (October mostly). The production of the
earlywood zone ended between February and April 2006 (February mostly). During this
growing season, the average time of earlywood formation was five months (minimum 3
months; maximum 7 months). On both growing seasons and trees the earlywood-
latewood transition was gradual and the total latewood zone was rather narrow, with a
layer of approximately three cells in width. We estimated less than two months of
latewood development in all trees and growing seasons. Latewood production occurred
between April and July 2005 (May-June mostly) and March-June 2006 (March-April

mostly). The dormant period extended between June and November 2005 (July-
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September mostly), with average duration of four months (minimum 2 months;

maximum 5 months).
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Fig. 2: Temporal variations of cambium activity described by earlywood-latewood
production (A) and average growth rate with 95% confidence limits (B). Legend: forest-

grassland border trees (b); forest interior trees (i).

The temporal variation of growth rate is in agreement with the earlywood-
latewood development. In April 2005 and from October 2005 to March 2006, periods of
earlywood production, the average growth rate was positive; while from May to June
2005 and April to June 2006, periods of latewood production, the average growth rate
was null or marginally positive. During the 2005-2006 growing season, the growth rate

curve was smooth and unimodal, attaining higher values from December 2005 to March
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2006. Marginally negatives growth rates were observed on some trees, indicating that
some effect of morphological irregularities persisted despite the standardization

procedures (Fig. 2b).

Links between cambial activity and environmental factors

The first ordination axis (68% of the total variance) defined a gradient of day
length, temperature and evapotranspiration from winter to summer months (for those
variables 7>0.9), and the second axis (25%) defined a gradient of precipitation (+=1.0)
(Fig. 3). Triplot projections indicated a homogeneous response of cambium activity
among trees to regional environmental variation. The trees presented a positive
association of earlywood production to the first axis (mean »=0.74; sd=+0.12) and no
association to the second axis (mean 7=-0.08; sd=t0.11) (Fig. 3a). Growth rate showed
similar trends to the first axis (mean »=0.59; sd=+0.18), but a negative association to the
second axis (mean =-0.30; sd=20.11) (Fig. 3b). These results indicated a strong direct
response of cambium activity (plus increase in cell size), reflected in earlywood
production and growth rate, to evapotranspiration, temperature and day length; while a

weak inverse response was observed in relation to precipitation.
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Fig. 3: Principal Component Analysis of months (from March 2005 to July 2006) on
regional environmental variables (DAY, day length; TEM, temperature; EVA,
evapotranspiration; PRE, precipitation) and correlation between ordination axes and
trees, described by temporal series of earlywood production (A) and growth rate (B).
The ordination (same on A and B) was computed on correlations between

environmental variables. Legend: forest-grassland border trees (b); forest interior trees

(D).

Since day length, temperature and evapotranspiration were highly correlated
(see Fig. 3) we applied a co-factorial modeling to describe cambium activity in terms of
environmental variables. According to that analysis, day length and temperature (only
the fraction not associated to day length; 47% of its total variance) are the factors that
better explained cambium activity, while evapotranspiration (only the fraction not

associated to day length and temperature; 4% of its total variance) and precipitation did
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not add relevant information to the model. Earlywood production and growth rate were
therefore explained by the following adjusted regression models:

g =-0.955+0.12x d, +0.094 x h,

g, =-0.148+0.019 x d, +0.017 x h,
where ¢, is the relative frequency of trees producing earlywood tracheids in a given
month #; d, is the day length; 4, is the variance of temperature not explained linearly by
d, (the residuals of h~=a+pd,); and g, is the growth rate. Those models explained ca.
80% of earlywood production (R*=0.81; p=0.0001) and growth rate (R’=0.79;
p=0.0001), confirming the growth-environment relationship evidenced on the first

ordination axis.

Coring effect on tree growth

The analyses of coring effect on tree growth revealed that the association
between “injured” and “non-injured” trees was scale dependent. Considering annual
growth rates of each individual from 1995 to 2003, a period prior to wood coring, there
was no significant correlation between “injured” and “non-injured” nearby trees. This
pattern persisted during the 2004-2006 period, after wood coring started. However,
when relating the average time series of “injured” and “non-injured” trees, we found a
positive correlation pattern that was not apparently modified after coring started (Fig. 4;

Table 1).
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versus non-injured trees (B). The points identify calendar year observations.

Table 1: Association between annual radial growth rate of “injured” (I) and ‘“non-
injured” (N) trees in different periods, considering individual nearby tree series and
average series of “injured” and “non-injured” trees. Correlation coefficient, ; sample

size, n; and error probability, p.

Period Individual nearby series Average series

"GN) n p(rder) nN) n p(r™ er)

1995-2006 0.05 144 0.6209 0.68 12 0.0174
1995-2003 0.11 108  0.2004 0.57 9 0.1060

2004-2006 0.23 36 0.1852 0.95 3 0.3238
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Discussion

High cross-correlation of ring-width series within trees at FSN demonstrates that
patterns of narrow and wide rings in A. angustifolia could be used as reference to the
synchronization between cores, allowing for the determination of the ring formation
timing, in a similar way of cambial wounding methods (Mariaux 1967; Détienne 1989).
This method was formerly used to determine annual ring formation on other tropical
and subtropical species such as Cedrela angustifolia and Juglans australis growing in
northeast Argentina (Villalba et al. 1985). Ash (1983) evaluated the annual formation of
rings in two Araucariaceae in Autralia, Agathis robusta and Araucaria cunninghamii,
and found that most of the trees formed one ring per year, but also many anomalies
were observed, such as false and missing rings. Missing rings are know to occur in A.
angustifolia (Seitz and Kanninen 1989), and were also verified in some of our cores.

Our results, in agreement to previous dendrochronological (Seitz and Kaninnen
1989) and dendroisotopical (Lisi et al. 2001) studies, are a reliable indication of
seasonal ring formation in 4. angustifolia. All the analyzed trees at FSP (14) and CPM
(12) produced one ring per year during their respective study period (from May 2004 to
August 2006 in FSP and from April 2005 to August 2006 in CPM). Such extensive
confirmation of seasonal wood-layer formation is needed to support the development of
tree-ring chronologies with tropical and subtropical species (Stahle 1999; Worbes 1995,
2002).

Monthly coring of trees at CPM provided a better assessment of the ring
development timing. In general terms, the first earlywood tracheids were formed in
October; earlywood production persisted until March, with higher growth rates from

December to March; the growth rate became to be lower and a narrow band of latewood
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tracheids was formed between April and May, finishing the growth ring formation.
Similar growing periods were reported elsewhere in tropical and subtropical species, but
showing a variety of environmental triggers of seasonal growth. Cedrela fissilis,
growing in subtropical rain forests of Parand (Brazil), forms growth rings between
October and March, probably in response to the temperature variation (Diinisch 2005).
Cedrela odorata and C. fissilis growing in tropical forests of Mato Grosso (Brazil)
develop growth rings from September to May and October to April, respectively, in
response to the seasonal rainfall regime (Diinisch et al. 2003; Diinisch 2005). The same
pattern has been observed in many tree species from tropical forests with seasonal
rainfall in Sdo Paulo, Brazil (Lisi et al. 2007). Seasonal growth was determined by
temperature and day length variation on three tree species growing in a subtropical
forest with seasonal rainfall regime in Veracruz (Mexico) (Yafiez-Espinosa et al. 2006).
Cambium activity in Dillenia indica, growing in subtropical wet forest of Northeast
India, is influenced by seasonal temperature cycles (Venugopal and Liangkuwang
2007). In a wet tropical rain forest of Costa Rica, the secondary growth in many species
has annual periodicity, but the seasonal environmental triggers are still unknown
(Fichtler et al. 2003). Agathis australis, a subtropical Araucariaceae of New Zealand,
forms seasonal growth rings between September and May (Buckley et al. 2000).
Seasonal growth of Araucaria cunninghamii seems to be manly determined by
temperature, while in Agathis robusta precipitation might also be a relevant factor over
growth (Ash 1983). Despite the great ecological variation, many tropical and
subtropical tree species do present seasonal growth and have similar growth timing. The

major differences between tropical and subtropical seasonal-growing trees lie on the
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environmental determinants of the periodic growth: temperature and precipitation seems
to be the major triggers in subtropical and tropical forests, respectively.

According to our findings, a complex of day length and temperature is the major
environmental factor determining secondary growth seasonality in A. angustifolia. Since
evapotranspiration is highly associated to those variables it is also a good predictor of
cambial activity. Precipitation is not relevant in determining seasonal growth periods in
A. angustifolia, but water availability might be a relevant factor on tree growth when
inter-annual variation is considered. The relationships we found between seasonal
cambium activity and regional environment are consistent with long-term climate
variation within the species range, where well defined annual cycles are observed for
temperature, but not for precipitation. Furthermore, investigations carried out in a
Mixed Ombrophylus Forest in Parana (Brazil) found the day length and temperature as
important environmental triggers of seasonal phenological patterns among many plant
life-forms (Marques et al. 2004). A broad anatomical study of woody species in Brazil
indicated that the growth rings are positively associated to subtropical climatic
conditions (Alves and Angyalossy-Alfonso 2000). Since phenology and cambium
activity are associated, we may conjecture that many other species in the Mixed
Ombrophylus Forest produce seasonal growth rings in response to the intra-annual
climate variation.

Our results corroborate previous studies concerning annual growth rings in A.
angustifolia, and thus conform a strong prove of reliable seasonal growth. The
analytical methodology developed was efficient in determining the intra-annual timing
of growth ring formation and the monthly radial increment. Furthermore, comparisons

of annual growth rates on “injured” and “non-injured” trees suggest that wood coring
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had no effect on the annual tree-growth rate, or at least, the effect was not stronger than
any other source of variation not considered in this analysis. Thus, the coring procedure
was not likely to bias the estimations of cambium activity.

The resulting growth time series could be used to evaluate growth-
environmental relationships, regardless some negative growth rates suggesting that the
standardizations we used probably did not completely remove non-growth related
factors (M and E). For the first time we show the regional environmental factors
triggering the seasonal cambium activity in A. angustifolia, indicating that
evapotranspiration, temperature and day length are highly correlated factors to seasonal
wood growth. Experimental research under natural and controlled conditions may
provide answers for individualistic effects of those variables on cambium activity. The
great variation on onset and ending dates among trees, as well as on growth rates,
indicate that timing of cambium activity in 4. angustifolia is a complex phenomenon,

which deserves more ecological investigation.
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Appendix

Appendix 1: Study sites. Floresta Nacional de Sdo Francisco de Paula: taking wood
cores of an Araucaria angustifolia tree (A). Centro de Pesquisas e Conservagdo da
Natureza Pro-Mata: road crossing the area where we sampled trees in forest interior
habitat (B) and area where we sampled trees in forest border habitat (C).

In the next page.
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Appendix 2: Ring-width series (in milimiters) of trees sampled annually at Floresta
Nacional de Sao Francisco de Paula (fourteen cross-dated trees). Codes identify trees
(FSPO1 to FSP20) and sample dates (a or b: May 2004; x or y: August 2005; and z:
August 2006). The cores are stored reccorded at the Quantitative Ecology Laboratory,
Ecology Department, UFRGS.

Growth ring FSPO1b FSP02a FSP03a FSP04a FSP05a FSP06a FSP08b FSP11b FSP12a FSP13a FSP14b FSP17b FSP19a FSP20a

2003 13 2,1 2,5 1,1 09 09 1,1 1,2 34 1,6 1,1 1,9 2,6 1,1
2002 1,6 29 5,6 1,2 1,1 09 1,1 04 3,0 24 24 29 1,2 08
2001 1,8 32 6,2 1,1 03 1,6 04 1,0 3,6 3,1 35 50 1,4 1,3
2000 2,7 22 38 22 0,5 32 1.8 0,9 3,6 3,1 32 6,0 1,6 1,9
1999 53 33 1,1 1,2 1,0 2,7 0,8 1,8 39 5,9 32 7.4 1,4 49
1998 37 3,0 1,2 1,3 0,7 2,2 1,7 1,9 2.8 4,0 2,1 8,7 0,7 53
1997 2,7 1,5 1,1 1,3 04 5,1 04 23 29 1,2 1,3 9.2 1,7 4,0
1996 34 1,9 1,4 1,2 1,3 37 1,0 1,9 3,6 2,7 24 11,1 22 09
1995 29 1,7 1,7 1,0 0,9 0,8 1,3 1,3 35 23 2,8 9,2 1,9 0,7
1994 24 2,0 1,6 1,0 35 03 0,6 1,3 3,6 2,6 32 7,7 1,9 1,2
1993 38 1,9 2,1 1,0 43 0,2 0,9 14 34 35 42 6,5 1,4 13
1992 5,1 2,0 3,0 1,3 3,1 0,8 1,0 29 39 39 5.0 2,2 1,5 3,7
1991 2,7 0,7 3,0 1,2 5.0 0,4 1,7 6,7 34 32 45 0,6 1,5 39
1990 1,6 0,8 3,1 1,3 4,5 1,1 1,6 6,3 3,6 43 2,7 1,0 1,9 3,0
1989 1,8 1,0 1.8 0,9 4.6 13 0,7 6,9 3,1 5,1 1,9 0.8 1,3 1,2
1988 1,8 0.8 23 1.4 22 1,5 04 8,1 4,0 6,7 1.4 1,9 1,6 0.8
1987 1,5 0,7 37 1,1 1,2 1,9 0,5 6,7 32 6,4 1.8 29 1,3 0.8
1986 1,7 L1 23 1,0 0.8 1,1 13 6,6 4,0 7,0 1,1 L1 1.9 0,9
1985 2,5 23 37 1,0 0.8 0,7 1,9 6,4 4,1 8.4 13 38 3,5 23
1984 24 2,7 1.8 1,1 1,6 0.8 22 6,1 39 7.4 1.8 44 34 49
1983 3,6 32 1,2 13 34 1,0 1,0 72 43 52 1,6 5,6 29 82
1982 4,7 2,5 08 2,1 1,9 09 0,6 57 38 4,6 2,6 1,8 32 48
1981 24 2,0 08 1,2 23 1,1 1,3 42 33 34 24 1,0 4,0 3,6
1980 54 2,1 1,2 1,6 33 2,1 2,0 4,1 35 2,1 1,9 0,6 6,6 1.4
1979 9.2 2,5 1,8 1.4 4,6 2,1 1,5 3,0 38 24 2,5 0,7 4,6 0,6
1978 6,9 3,0 1,3 23 7,5 34 34 38 2,6 1,6 1,8 1,7 42 0,7
1977 5,6 2,7 2,6 2,5 0,0 1,8 4,7 32 23 1,1 1,7 24 6,2 1,7
1976 5,8 2,6 6,4 24 24 1,7 3,0 4,0 3,0 1,5 3,1 32 7,1 23
1975 53 37 9,1 3,1 1,9 1,8 38 8,8 2,7 1,4 3,0 38 8,0 39
1974 5,6 39 82 23 32 2,1 32 10,6 35 1,6 49 35 8,7 43
1973 29 4,0 29 1,6 3,0 1,9 1.8 9.5 3,0 1,6 5.4 3,0 8,7 4,5
1972 45 39 2,1 1,6 34 22 0,7 9.8 33 1,7 7.2 1,0 10,7 5.4
1971 48 33 0,7 12 39 1,9 14 8,0 38 1,8 8,7 4,6 6,6 52
1970 34 3,7 22 14 48 1,7 0,2 5.9 34 22 5.9 4,1 6,4 5.9
1969 4,7 3,7 1,9 23 42 13 03 4,1 38 2,1 53 23 6,5 5.9
1968 48 3,6 1,3 1,3 3,0 1,9 0,6 2,8 4,1 2,1 5.5 39 6,0 33
1967 3,6 3,6 18 24 2,5 1,5 03 1,0 37 23 6,4 38 82 42
1966 32 2,5 2,7 1,3 1,3 32 L1 2,1 44 3,6 9,1 23 6,5 49
1965 1,9 32 1,7 1,7 2,5 23 1,8 45 4,0 38 7.4 1,2 6,8 5.4
1964 4.6 2,5 1,2 24 3,1 29 13 29 37 44 6,7 22 8.4 7,5
1963 54 3,6 0,9 2,1 47 23 1,7 33 4.6 4,0 9.4 42 7.4 83
1962 59 24 1,5 2,1 29 0.8 2,6 23 2,7 10,3 4,1 7.2 6,1
1961 4,6 2,5 2,5 3,6 3,7 1,0 4,1 5.1 1,7 11,6 39 5.3 32
1960 4.4 2,0 33 33 5.9 1,1 52 6,4 1,8 11,8 45 52 22
1959 22 1.8 34 35 2,6 2,1 50 57 1,6 8.8 22 44 1,8
1958 5,1 3,1 4,1 2,1 22 29 28 52 1,8 9,1 0,6 5,1 1,7
1957 6,1 50 6,4 2,1 32 5.8 34 49 23 8.4 1,1 6,9 1.8
1956 1,3 4,5 6,6 1,9 4,7 5.7 4,1 5,1 54 11,6 3,6 6,3 2,7
1955 1,2 4,5 8,6 2,1 4.4 6,7 3,0 0,7 5.2 82 7,1 9.2 5,6
1954 4.8 4,6 53 24 3,0 42 38 1,5 5,6 7,6 11,1 7.3 4.8
1953 4.8 5.6 53 32 2,2 5.9 3,0 39 33 6,7 11,8 8,8 6,4
1952 5.6 5,6 33 3,0 5,0 4,6 6,1 4,0 6,1 10,4 12,0 6,6
1951 6,3 4,6 2,6 29 34 2,5 7,6 6,4 5.2 9,1 11,1 5,6
1950 6,7 2,5 1,5 4,1 2,0 37 7,0 6,7 9.2 10,6 6,2
1949 58 3,6 1,0 6,2 1,9 12 10,5 32 9.4 12,0 6,0
1948 5.1 2,0 2,9 84 22 1.8 12,7 5,0 9,0 4,0
1947 4.6 34 4,1 6,5 3,0 1,0 9.5 6,2 93 35
1946 53 22 42 43 2,1 24 6,6 47 10,7 2,1
1945 3,6 23 4.8 0,9 5.4 6,7 23 3,7 10,2 32
1944 4.9 23 47 03 6,9 9,0 43 3,6 11,1 4,6
1943 54 4,7 4,1 13 7.5 35 4,1 16,5 6,7
1942 54 6,6 37 2,7 5.5 35 49 58 7.7
1941 4.7 8,1 2,7 4,1 5.7 5,6 6,1 10,0
1940 58 8,9 2,5 5,1 6,4 6,6 8,1
1939 49 7,1 24 35 33 9,7 6,5
1938 4,6 28 1,2 5.2 6,7 6,7
1937 50 34 23 4,0 6,8 5,0
1936 6,0 35 2,7 2,5 8,0

1935 58 2,6 35 52

1934 54 4,1 42 34

1933 3,6 48 79

1932 29 6,5 14,2

1931 1,7 6,8 8,4

1930 3,1 6,6 5.2

1929 32 5.2 9,6

1928 4,1 5,0 19

1927 3,6 49 4,1

1926 5.2 6,3 3,0

1925 53 6,1 35

1924 28 2,5

1923 35

1922 18

1921 1,6

1920 24

1919 2,1

1918 2,1

1917 43

1916 33

1915 5,6

1914 1,5

1913 4,6

1912 10,7

1911 75

1910 34

1909 3.9
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Appendix 2: continued.

Growth ring FSPO1x FSP02x FSP03x FSP04x FSPOSy FSPO6x FSP08x FSP11x FSP12x FSP13x FSP14y FSP17y FSP19x FSP20x

2004 40 29 37 28 1.0 17 2.0 24 5.1 46 45 23 8.1 43

2003 14 26 1,9 13 11 0,7 0,9 15 34 2,0 0.8 2,0 26 14
2002 14 3,0 36 0.8 0.2 1,0 1,0 0.8 34 24 26 29 11 08
2001 2,0 28 59 17 07 1,6 05 1,1 3,6 3,1 33 50 1,6 1,0
2000 2,7 23 35 2,0 05 34 18 0,9 34 3,7 35 59 14 13

1999 5,1 35 0,6 1.8 1,0 3,0 12 18 3,6 54 3,0 6,0 1,1 17
1998 3,6 25 1,1 1,3 0,6 18 18 1,9 2,9 37 2,0 7,9 1,1 12
1997 26 1,0 0,9 1,1 04 48 1,0 1,9 2,9 14 1,3 8,7 1,6 1,0
1996 3,1 18 1,0 14 12 32 12 2,0 37 26 22 11,9 18 1,5

1995 2,9 14 11 11 12 0,7 13 1,0 34 24 28 10,9 17 1,3

1994 22 16 1,0 1,0 34 0,6 0,5 0,9 36 28 2,9 93 1,6 1,7
1993 38 2,0 17 14 43 0,5 0.8 14 37 36 39 43 1,3 2,0
1992 46 18 3,0 14 13 0,7 11 26 37 43 5,6 17 1,6 15

1991 24 1,0 36 12 43 0,7 13 55 35 39 44 11 15 0,6
1990 17 0,7 35 14 47 1,0 1,9 58 35 35 3,0 12 1,7 08
1989 1.6 1,0 1.9 15 57 L1 1.6 72 32 48 2,0 0.8 1,6 0,5

1988 1.6 0,9 26 17 25 13 04 8.1 36 6.2 15 13 15 12
1987 17 0.8 33 12 2,0 2,0 0,5 6,5 37 6,1 18 3,0 14 13

1986 14 12 2,0 15 2,1 12 14 6,5 4,1 6.8 13 14 2,1 0,5

1985 22 22 27 13 0,9 08 2,0 57 44 7.7 14 49 24 07
1984 22 26 12 1,0 2,0 0,6 22 6,1 43 6,4 1,6 49 32 14
1983 37 33 12 1.9 43 0,9 04 6.4 46 4,1 2,1 53 32 12
1982 48 24 0.8 24 23 08 0,9 6,6 38 33 25 13 28 12
1981 24 1.9 0,9 12 1,9 0,9 1.9 5.1 33 22 23 13 43 0,7
1980 4,1 23 12 1.8 2,9 1.8 23 47 34 17 2,0 0.8 6,6 04
1979 9,0 26 14 14 44 22 1.8 3,1 39 14 25 0.7 46 0,6
1978 72 2.8 1,3 23 79 3,0 33 35 25 1,0 2,1 1,9 4,0 05

1977 55 28 22 3,0 13 15 47 35 24 0.8 17 18 5,7 15

1976 54 2,5 5,7 22 0.8 15 38 34 29 1,0 3,0 3,0 75 22
1975 438 35 8,8 33 1,5 1,5 44 78 28 0,9 32 26 79 39
1974 49 36 9,5 1,9 3,1 18 2.8 10,4 33 12 50 25 8,2 38
1973 3,1 4,0 39 15 37 1,6 25 103 3,0 14 54 3,1 8,7 4,1

1972 47 36 15 13 35 22 11 10,1 34 14 73 14 104 24
1971 50 32 0,6 12 42 17 15 9,2 39 17 8,9 48 6,7 2,0
1970 39 34 24 13 49 15 0,9 6,3 36 16 6.2 59 6,1 2,9
1969 48 32 23 23 46 11 0,5 43 39 1.8 54 45 63 4,9
1968 50 3,1 17 11 24 23 04 3,0 38 18 6,0 43 6,6 43

1967 36 3,1 2,0 23 25 13 03 11 36 24 6,0 39 8,0 53

1966 32 2,1 33 12 15 3,1 1,0 17 44 3,1 9.4 24 6,7 5.6
1965 18 3.1 28 17 22 22 1.9 44 4,1 3.6 6,9 11 6,7 49
1964 45 25 13 23 34 3,1 13 3,0 4,0 5.1 6.2 2,1 8.8 5.8
1963 54 35 13 2,1 45 23 1.9 29 48 43 93 38 7.4 49
1962 54 25 15 2,1 3,0 08 27 28 36 95 37 7.0 46
1961 47 25 22 35 37 11 38 53 26 10,7 46 56 46
1960 48 22 3,0 36 12 11 55 6,5 22 10,5 38 49 38
1959 24 1.9 34 34 23 2,1 49 6,5 25 8.8 17 43 3,0
1958 5.1 3.1 39 25 22 3,1 3,0 52 1.8 9,1 0,6 52 23

1957 6,0 48 5,0 2,1 28 53 32 48 32 8.2 1.6 6,6 35

1956 13 46 53 1.9 39 55 50 54 7,0 122 35 63 36
1955 14 44 6,4 26 4,1 638 438 0,7 59 8,4 6,5 8,7 49
1954 45 46 4,0 23 2,9 4,1 47 14 55 7,7 93 74 46
1953 54 53 58 29 2,1 5,6 50 3,6 3,0 58 10,2 8,8 6,5
1952 53 74 33 3,1 45 6,5 6,1 34 55 10,0 11,4 79
1951 6,1 58 2,6 33 29 3,1 7.6 7,0 6,0 8,8 10,5 8,1

1950 64 038 15 47 1.8 2,0 75 6,5 93 10,5 8,6
1949 55 3,0 13 6.8 17 14 102 32 9,7 11,8 102
1948 50 49 26 9.8 2,0 22 9,6 54 94 8,7
1947 47 37 4,1 8,3 24 1,9 7,0 6,0 94 79
1946 55 4,0 43 5.8 17 38 42 53 11,5 73
1945 36 28 49 12 50 75 2,0 43 11,1 6,4
1944 48 24 45 03 7.0 73 32 4,0 11,9 7.1

1943 54 27 45 12 72 4,0 45 16,4 9.4
1942 54 4,1 38 2,7 52 44 5.6 26 112
1941 56 50 2,7 42 57 6.2 28 149
1940 55 6.8 24 50 6,6 6,9 9,1

1939 48 8.2 25 3,0 35 9,1 5.6
1938 45 29 0.8 58 6,1 9,0
1937 50 33 13 44 6,1 78
1936 63 35 1,6 45 7.5

1935 55 27 3,1 6,7

1934 54 36 32 52

1933 36 38 8.8

1932 32 49 132

1931 1,9 55 75

1930 25 58 43

1929 37 46 8,0

1928 4,1 5,1 22

1927 4,0 54 48

1926 50 74 3,1

1925 57 7,0 47

1924 33 47

1923 54

1922 35

1921 23

1920 38

1919 26

1918 38

1917 42

1916 34

1915 43

1914 1,0

1913 43

1912 8,5

1911 6.5

1910 39

1909 64
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Appendix 2: continued.

Growth ring FSPO1z FSP02z FSP03z FSP04z FSP05z FSP06z FSP08z FSP11z FSP12z FSP13z FSP14z FSP17z FSP19z FSP20z

2005 45 49 42 29 36 37 3,1 42 35 6.4 45 2.4 57 28
2004 19 3,7 45 12 038 L1 1.9 17 2,7 22 32 1,9 6.1 1.9
2003 15 28 1.8 11 0,7 11 12 1,0 29 2,0 12 2,0 25 13
2002 16 30 45 1,1 04 08 10 0,7 30 23 23 29 14 1,0
2001 2,0 3,0 62 16 0,5 16 09 11 35 32 33 50 16 14
2000 3,1 25 3,7 13 0,5 34 1,9 11 33 38 32 63 1,0 13
1999 53 3,6 0,7 15 038 2,7 11 17 33 55 2,7 6,1 12 16
1998 39 24 09 12 0,7 2,1 19 20 2,7 38 22 09 15
1997 26 0,7 11 05 03 53 04 2,0 28 14 11 15 0,7
1996 28 1,9 13 13 14 3,0 13 1,9 3,0 23 16 1,9
1995 2,9 L5 14 L5 13 0.6 13 11 18 2,1 18 14
1994 22 16 14 0,7 3,0 0.6 038 09 32 L5 16
1993 34 17 22 0,7 39 05 1,0 L5 41 13 2,0
1992 45 17 3,0 09 11 0,7 1,0 24 54 L5 15
1991 23 038 34 0,7 46 09 18 62 48 17 09
1990 15 0.9 35 L5 438 12 17 63 3,1 1,9 05
1989 0.9 17 16 6.1 11 0.4 73 23 1,7 0.7
1988 038 26 18 0,0 2,1 0.4 17 15 09
1987 0.6 3.6 14 2,7 15 0.5 15 18 11
1986 26 16 18 0.4 13 16 22 0,7
1985 32 1.8 0,7 09 1.8 11 28 09
1984 L5 16 1.8 0,7 23 3,0 11
1983 14 13 42 0.8 03 33 13
1982 038 2,0 22 05 1,0 28 12
1981 09 13 1.8 09 15 40 08
1980 038 24 28 17 16 05
1979 0,6 23 1,9 16 0,7
1978 11 23 33 3,1 03
1977 14 29 1,6 52 15
1976 16 2,8 13 33 2,7
1975 28 34 14 45
1974 1.8 41
1973 15 43
1972 18 3,0
1971 17

1970 15
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Appendix 3: Ring-width series (in milimiters) of trees sampled monthly at Centro de
Pesquisas e Conservacao da Natureza Pro-Mata. Codes identify trees (CPMOI1 to
CPMO6, forest border trees; CPMO07 to CPM12, forest interior trees) and sample dates
(from a: April 2005 to q: August 2006). The cores are reccorded at the Quantitative
Ecology Laboratory, Ecology Department, UFRGS.

Growth ring

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
CPMOla 82 5.1 5.4 4.5 49 3,0
CPMO1b 9,6 7.9 8,0 5,6 5,7 4.8 4.8 3,0
CPMOlc 9.4 7.9 8,1 5,6 5,7 4.8 49 3,0
CPMO1d 10,4 9.2 7.8 8,1 5.5 5.8 4.8 5,0 3,1
CPMOle 8,0 8,7 6,9 6,0 4.3 9.5 10,1 9,1 7.3 7,7 5,6 6,1 52 5,0 3,0
CPMO1f 8,5 6,8 7,1 53 5,6 49 5,0 3,1
CPMOlg 9.9 82 6,8 6,9 5.5 6,1 52 52 3,0
CPMO1h 6,0 4,6 9,7 9.4 83 6,7 6,9 5.6 6,2 55 52 34
CPMO1i 4,6 82 9,1 8,5 6,6 6,5 5.6 6,5 57 55 33 0,2
CPMO1j 8,7 6.8 6,2 5.4 6,6 57 57 32 0,4
CPMO1k 9,0 6,9 5.8 52 6,6 59 57 34 0,5
CPMO11 6.8 5.6 5.0 6,6 58 5.8 34 0,8
CPMO1m 6.8 57 49 6,5 59 5.8 3,7 1,0
CPMO1bn 5,6 4.6 6,4 58 5.6 3,7 1,1
CPMOlo 8,5 6,8 5.6 4.6 6,5 6,0 5.9 3,7 1,2
CPMO1p 8,9 8,6 6,9 5.8 47 6,3 57 5.7 35 1,0
CPMO1q 79 8.9 83 7,0 5.8 4.4 6,2 6,4 5.7 4,0 1,3
CPMO02a 6,9 58 48 3,0 1,0 6.4 9,0 5.7 6,8 6,6 7.3 6,9
CPM02b 9,1 6,7 49 42 32 1,2 6,7 9.5 6,3 6,8 6,0 6,9 75
CPMO02¢ 49 4,1 32 13 6,9 9,6 6.4 6,7 59 6,9 7,7
CPMO02d 4.8 4,0 32 13 7,1 9.6 6,6 6,6 59 6,9 79
CPMO02e 52 6,8 9,0 6,9 4,6 4,1 35 1,5 7.3 9.6 7,1 73 5.8 6,7 78
CPMO2f 73 53 42 37 8,5 10,2 7.4 7,1 59 6,9 8,0
CPMO2g 8,9 7,1 4,5 4,0 37 1,6 7.5 9.8 7.6 78 6,0 6,0 75
CPMO02h 9,0 7.2 35 39 35 1,8 7.8 9,7 8,1 8,5 6,4 6,3 7,6 0,1
CPMO2i 7,0 9.3 7,7 3,6 37 33 1,6 8,7 9,5 8,1 8,7 6,5 5.8 6,7 04
CPMO02j 7.8 35 32 3,6 2,6 8,6 9.2 7.7 8,8 6,4 57 6,4 0,7
CPMO02k 8,9 7.5 8,7 6,3 5,6 6,3 1,0
CPMO021 8,5 7.3 8,7 6,2 55 6,3 1,4
CPM02m 8,7 7.5 8,9 6,4 53 6,0 1,8
CPMO02bn 3,1 8,9 8.8 7.5 92 6,4 5.6 6,2 1,8
CPMO020 34 34 24 8.4 9,5 8,0 9,2 6,7 5.8 6,4 23
CPMO02p 8,7 45 35 3,6 2,5 8,1 9.4 7.3 8,7 6,4 5.6 6,2 23
CPMO02q 4,5 33 3,7 2,6 8.4 8,9 7.2 8,6 6,4 57 6,4 2,6
CPMO03a 78 6,6 9.2 7,5 6,9 7.3 7,7 6,9 53
CPMO3b 78 6,4 9,1 7.2 59 6,5 7.0 6,6 55
CPMO03c 7,6 6,4 9.2 7.3 6,1 6,6 7,1 6,7 57
CPMO03d 74 6,4 9.3 7.4 6,2 6,6 73 6,9 58
CPMO03e 73 5.9 9,0 7,5 5.9 6,6 7,6 6,6 6,2
CPMO3f 6,8 72 5.4 8,9 7.3 5.9 6,1 74 7.4 6,2
CPMO03g 7,0 5,6 8,6 6,9 5.7 6,1 7,0 6,1 59
CPMO3h 7,0 6,8 5.7 8,5 6,9 5.8 6,2 74 5.8 5,6 0,2
CPMO3i 7.4 7.9 72 7,1 7,1 5.7 82 7.2 5.9 6,2 7,1 6,3 6,0 03
CPMO03j 6,0 8.4 7.5 6.4 6,7 72 6,6 6,2 0,7
CPMO3k 82 7.3 6.4 6,3 6,9 6,0 6,3 1,5
CPMO31 6,2 7.5 7.6 5.9 6,0 72 6,5 6,8 23
CPM03m 6,7 7.9 8,1 6,2 6,3 7,5 7,0 6,9 2,0
CPMO03bn 8,5 7,1 8,0 83 5.9 6,3 73 7,5 7,1 24
CPMO030 7,1 7.9 8,1 6,4 6,4 7.8 7.4 7.4 3,0
CPMO3p 7,1 8,7 8,0 6,3 6,0 72 6,6 7,1 24
CPMO03q 6,9 8,4 8,1 6,3 6,2 72 7.2 6,9 29
CPMO04a 7.8 8,2 8,6 9.9 5.7 1,9 5,7 7,5 83 6,7
CPMO04b 74 7.8 8,7 5,0 1,8 53 73 8,7 6,7
CPMO04c 72 7.9 9,1 5.1 1,7 4,5 7,0 8,1 7,1
CPMO04d 7,0 8,0 9.4 5.1 1,7 38 6,7 7.6 75
CPMO04e 6,5 8,7 9.3 9.4 84 6,9 6,8 8,7 4,6 32 4,0 7,1 7.8 8,6
CPMO4f 9.4 83 6,8 6,2 8,5 49 1,4 2,8 6,5 7.0 73
CPM04g 6,7 6,1 7.9 4,7 1,5 29 6,7 6.8 7,0
CPMO04h 9,9 8,9 6,8 5.4 7.2 5,1 1,8 2,5 59 53 5,6 0,2
CPMO04i 5,5 8,6 8.4 10,1 9,0 6,9 53 7.2 5,0 1,6 2,6 6,5 53 53 0.4
CPMO04j 6,9 49 7,1 5,0 1.8 2,6 5.8 5.5 5,0 0,6
CPMO04k 53 1,9 2,7 5.6 42 49 08
CPMO041 8,5 7,0 48 6,6 5.4 2,0 2,7 58 5.2 48 0,9
CPM04m 72 5,1 7,1 5.3 1.8 2,6 59 45 50 1,1
CPMO04bn 72 53 6,8 6.2 1,8 23 55 4,6 49 1,3
CPMO0O4o 8.9 7,7 5.4 6.4 53 1,8 2,5 57 6,0 52 1,5
CPMO04p 8,7 78 5.5 6,6 53 1,9 28 59 5.9 54 1.4
CPM04q 8.4 8,7 78 5.8 6.8 5.5 1,8 29 5.6 6,1 50 1,5
CPMO05a 10,4 12,2 10,5 6,0 9,5 7.0 6,6 50
CPMO5b 10,4 6,3 8,7 6,9 6,9 54
CPMO5¢ 10,4 6,4 8,9 6,9 6,8 5.6
CPMO5d 12,9 10,6 6,5 9,1 6,9 6,7 58
CPMO5¢ 11,2 11,2 134 10,7 6,8 8,9 6,9 7,0 54
CPMOSf 10,6 6,7 8,8 72 6,9 5.6
CPMO5g 10,1 7,5 9,1 7.1 6,8 57 0,1
CPMOsh 10,4 6,8 9,0 72 6,8 5.6 0,2
CPMO5i 10,9 10,8 10,7 12,5 10,2 6.8 8.4 7,1 6,6 5,6 0,5
CPMO5j 10,4 6,7 8,7 7,0 6.8 58 0,9
CPMO5k 10,4 6,7 8,9 6,9 6,5 58 13
CPMO51 10,4 6,9 92 72 6.8 58 1,6
CPMO05m 10,0 7,1 93 75 7.4 6,0 24
CPMO5bn 10,4 7.0 93 7.8 6.8 6,0 24
CPMO50 104 7.2 9,5 79 7,0 6,1 32
CPMO5p 104 7,0 8.8 7,5 6,8 59 2,7
CPMO05q 104 6,8 8,7 7,1 6,7 55 32
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Appendix 3: continued.

Growth ring

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
CPMO6a 95 10,9 8,2 71 9,5 10,1 103
CPMO6b 10,6 8,1 73 9.4 10,1 11,2
CPMO6c 10,6 8,0 72 9,5 9.9 11,0
CPMO6d 10,5 79 7,1 9,6 9,7 10,8
CPMO6e 14,1 132 15,5 16,2 12,2 9,9 10,5 94 9,0 10,8 79 72 93 9,4 10,4
CPMO6f 9,6 10,2 9,1 8,9 10,7 8,0 72 93 9.7 10,6
CPMO6g 8,9 10,5 8,0 7,0 9,5 9.3 10,8
CPMO6h 9,0 10,8 8,1 7.6 9.8 9.8 113 02
CPMO6i 9,7 10,0 93 8,9 10,9 8,2 7,7 10,0 9,5 11,1 0,5
CPMO6j 8,7 8,7 10,9 8.3 7.8 9,9 102 11,1 0,9
CPMO6k 8,7 10,6 8,4 79 10,1 103 11,5 14
CPMO61 8,6 1,1 8,8 8,6 10,1 11,0 11,5 26
CPMO6m 8,7 113 8,7 8,5 104 11,0 12,0 34
CPMO6bn 10,8 8,2 8,1 10,8 10,6 122 35
CPM060 10.8 9,2 8.8 11,2 10,9 129 42
CPM06p 108 9,0 8.8 10,6 10,9 129 48
CPM06q 10.8 8.3 77 9.9 10,9 133 47
CPMO07a 42 29 52 6.9 49 48 49 1.9 3,0 25 23 14 2,1 39 34
CPMO7b 29 47 6.4 46 46 45 18 29 26 23 11 1.8 41 36
CPMO7c 28 45 6.4 45 47 45 17 3,0 2,7 23 1,0 1,9 39 35
CPMO7d 36 2,7 43 63 43 47 45 1,6 3,0 2,7 22 0,9 2,0 3,7 34
CPMO07e 37 29 48 6,6 48 5.1 47 1,9 3,0 2,7 24 12 1,9 3,6 32
CPMO7f 48 6,6 47 50 46 1.8 33 2,7 26 11 22 4,0 35
CPM07g 11 0,9 1,9 33 26 36 29 22 23 1,6 15 1,0 1.8 2,6 22
CPMO7h 38 3,1 50 7.1 52 49 5.0 2,1 32 29 25 L1 2,1 42 36 03
CPMOT7i 35 3,1 4,9 6,6 4,9 49 46 23 32 29 24 13 22 42 35 04
CPMOT7j 39 34 4,9 638 46 47 44 22 3,1 3,0 2,6 14 2,6 47 40 0,5
CPMO7k 39 35 5,1 7,0 50 438 47 22 33 3,1 2,6 1,3 24 48 41 0,7
CPMO7! 39 33 52 69 48 5,0 438 23 35 33 28 17 3,0 52 42 1,1
CPMO07m 32 5,6 69 4,9 49 46 2,1 32 32 25 1,5 2,7 48 42 12
CPMO07bn 38 3,1 48 69 48 52 438 25 34 34 2,7 1,6 32 5,1 42 1,3
CPM070 40 3,1 53 70 53 53 48 25 35 35 28 1,6 34 52 42 14
CPMO7p 52 70 46 53 52 25 39 4,1 3,0 1,9 34 54 47 14
CPM07q 39 34 5,1 6.5 46 51 5,0 25 4,1 42 2,9 22 33 55 47 2,0
CPMO08a 0,9 0,7 0,6 23 2,0 2,9 3,1 1.8 11 15 0,6 08 0.8 11 0,7
CPMO08b 14 1,6 1,3 3,1 3,0 33 32 2,1 12 15 1,0 1,0 0,9 1,3 1,0
CPMO08c 15 1,6 12 3,1 2.8 33 3,1 2,0 13 L5 1,0 11 1,0 13 12
CPMO08d 15 1.6 1,0 3,1 26 32 3,0 19 13 15 L1 12 L1 14 15
CPMo08e 15 1,6 L1 3,1 2,7 34 32 2,0 13 14 L1 1,0 1,0 13 13
CPMOSf 1.6 17 1,0 32 2.8 32 3,0 2,0 11 1,6 0,9 L1 L1 L5 12
CPMO08g 14 1.8 L1 3,0 2,7 3,0 29 17 L1 15 0,9 1,0 1,0 14 1,0
CPMO08h 16 18 1.3 3,0 2,7 32 29 1.9 L1 16 12 L1 1,0 14 1,0 0,1
CPMO8i 14 17 1,0 3,1 2,7 2.8 28 1,6 1,0 1,6 0,9 0,9 L1 1.3 11 0.2
CPMO8; 17 17 0,9 32 2,7 3,0 29 1.8 0,9 1,6 0,9 0,9 L1 13 0,9 04
CPMO8K 14 1.8 0,9 33 2,7 3.1 3,0 17 11 14 1,0 11 1,0 1.3 11 0,6
CPMO8I 15 1.8 1,0 45 3,0 32 32 17 0,9 15 0,9 11 1,0 13 1,0 0,6
CPM08m 1.6 17 11 34 32 37 32 2,0 11 17 1,0 11 1,0 14 11 0,6
CPMO08bn 13 1.8 1,0 3,6 33 39 36 22 13 17 11 11 L1 14 1,0 0,5
CPMO8o 13 17 1,0 3,7 32 37 34 2,1 1,3 1,7 1,0 1,1 1,1 14 1,0 0,6
CPMO08p 14 1,7 1,0 34 3,0 34 33 2,0 14 1.8 1,0 1,0 1,1 15 09 05
CPM08q 14 15 0,9 34 2,6 37 3,0 1,9 1,5 1,7 1,0 12 1.2 15 1,0 0,6
CPM09a 54 40 5,6 7.6 64 50 2,0 038 13 15 15 0,6 1,6 42 3,0
CPMO09b 56 40 55 7,4 6,1 46 22 0,8 1,0 14 1,5 0,9 2,0 44 37
CPMO09c 5,7 40 55 7,4 63 48 24 1,1 1,2 15 1,7 11 24 46 39
CPM09d 58 4,0 54 7.4 6.4 49 25 13 1,3 1,6 18 13 2.8 48 4,1
CPMO09e 55 338 48 6,7 5.8 49 25 12 14 15 1,9 14 34 5,7 45
CPM09f 54 39 47 7.1 6,0 50 23 12 14 16 1,9 13 3,1 52 46
CPM09g 46 22 11 1,3 14 1,9 14 3,6 57 49
CPM09h 55 35 46 63 53 44 24 13 15 1,7 2,0 17 4,1 6.1 51
CPMO09i 35 42 5.7 48 4,1 23 12 13 L5 2,0 15 42 63 55
CPMO09; 5.5 45 38 2,1 12 14 15 1,9 18 43 62 54 03
CPM09k 55 3,7 39 5.6 45 39 2,1 11 14 1,6 2,0 1.9 48 62 55 07
CPM091 54 3.8 41 6.0 47 36 2,0 08 12 16 1.8 1,6 4,0 5.8 53 0,7
CPM09m 4,0 44 5.9 48 34 1.9 0,9 17 1,6 1,9 1.8 43 6.0 50 0,9
CPM09bn 37 47 6.1 48 36 22 1,0 14 16 18 1.9 43 5.9 49 1,0
CPM090 46 6,5 50 38 2,1 0,9 14 1,6 17 17 42 6,0 49 1,0
CPM09p 6,0 42 45 6.4 52 40 22 13 13 15 1,9 1,9 42 5.8 46 1,0
CPM09q 59 46 48 63 52 37 2,1 11 1,6 1.8 1.8 1.8 45 5.8 48 12
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Appendix 3: continued.

Growth ring

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
CPM10a 1.4 1,3 24 1,7 1,5 1,3 1,6 1,0 2,1 44 3,1 50 9,5 10,0 10,0
CPM10b 2,0 1,2 1,1 0,9 23 1,7 1,4 1,1 0,9 1,7 1,7 2,5 74 7,0 7.8
CPM10c 1,7 1,2 1,0 1.4 2,1 1,5 1,2 09 0,9 1,6 1,6 24 7.1 6,6 7.8
CPMI10d 1.4 1,1 08 1,9 1,9 1,3 0,9 0,6 0,9 1,4 1,6 24 6,7 6,2 7,7
CPMI0e 1.7 11 11 19 15 11 0,5 0,5 0,6 1,0 12 1.8 47 55 6,2
CPMI10f 2,4 1,6 1,1 1,1 1,8 1,6 1,1 0.8 1,1 1,0 1,3 1,9 4,9 5,1 59
CPM10g 1.8 13 1,1 2,1 1.8 11 0,5 0,5 0,5 0,9 1,1 1.5 4,1 47 54
CPM10h 1,5 1,0 1,1 1,8 1,6 1,0 0,7 04 0,6 1,0 1,3 1,3 3,6 4,0 43
CPM10i 1,7 1,1 1,1 1.8 1.8 1,1 0,7 0,5 0,6 1,0 12 1,3 3.7 39 4.2
CPM10j 1.8 1,1 1,0 1.8 2,0 12 0,7 0,5 0.5 0,9 12 13 38 39 4.2 03
CPM10k 1,7 1,1 1,0 1.8 1.6 1,1 0,6 0,5 0,6 0,7 0.9 12 34 42 4,1 0,5
CPM101 1.9 12 1,0 1.8 1.6 1,1 0.4 0,5 0,6 0,9 1,1 1,1 3.6 39 4.1 0,6
CPM10m 2.4 1,6 1,0 1.0 1.8 1,7 1,0 0,5 0,6 13 1,0 1,1 35 4,0 38 1,6
CPM10bn 2,5 1,6 1,1 1.0 1.8 1,7 1,1 0,5 1,1 1,0 1,1 13 37 39 3.7 1,7
CPM10o 1.6 1,0 12 1.9 1.9 12 0.6 0,6 0.6 0,7 1,0 1,2 3.9 4.2 38 1,1
CPM10p 1.7 1,0 0.9 1.7 1.7 11 0.7 0.8 0.7 0.9 1.1 14 4.1 4.1 3.7 1.4
CPMI10q 2,0 13 1,1 1.9 1.8 12 0.7 0.9 0.8 1,0 1.1 1,2 4.4 4,0 35 1,1
CPMlla 3.6 34 4.8 43 29 3.7 29 1.8 2.3 37 3.1 2.1 3.0 43 43
CPM11b 4,1 38 5.1 4.5 33 4.0 3.0 2,1 2.6 3.6 32 2,0 2.8 4.1 4.5
CPMllc 42 39 5,1 4.8 34 4,1 3,0 22 2,6 37 32 2,1 29 4,1 4,5
CPMI11d 42 4,0 5,1 5.0 34 4,1 29 22 2,6 38 33 22 3,1 4,1 4,6
CPMlle 43 42 5,1 5.1 35 42 29 2,1 2,7 39 33 22 29 42 4,5
CPMI11f 38 4,6 33 22 29 4,0 33 23 3,0 39 38
CPMllg 29 4,1 33 23 3,1 43 4.4
CPMI11h 5,1 37 2,7 34 4,5 3,6 23 3,0 39 4,1
CPM11i 4,0 5.4 52 4,1 50 37 2.8 32 4,6 3,5 2,6 3,1 43 4,5
CPM11j 5,5 5.4 4,1 50 37 2.8 35 4.8 37 2,7 3,1 42 4.4 0,2
CPMI1k 42 5,1 38 29 3,6 4,7 3,7 2.8 33 4,5 4,7 04
CPMI111 5.8 4.4 53 4,1 3,0 39 49 38 2,9 35 43 4.4 08
CPMI1m 32 4,0 5,5 4,0 33 39 4,6 4.5 1,0
CPM11bn 52 4,2 52 4,1 32 4,1 53 42 35 4,0 49 5.1 1,4
CPMllo 33 4.0 5.4 4,5 34 4.1 5.1 53 1,5
CPMl11p 4.1 5.6 4,6 38 4.1 5.1 5.1 1,3
CPMl1q 50 39 3,1 4.1 5.5 4,5 38 4.6 4,9 53 23
CPMI2a 4.2 4,0 5.4 6,1 4.8 24 2,1 0,5 1.5 0,8 0,5 1,1 1.6 22 1.9
CPMI12b 39 4,1 4,9 59 4.8 2,6 24 0,6 1.6 0,9 0,6 12 1.6 2,0 2,0
CPMI2¢ 3.9 4.1 4.9 59 4.9 2.6 23 0.4 1.5 0,7 0,7 1.3 1.6 2,0 2,0
CPMI12d 38 4.1 4.8 59 4.9 2,6 22 0,5 1.5 0,5 0,7 14 1.7 2.1 2,0
CPMI2e 3.9 4,0 4.9 6,1 4.9 29 23 0.8 1.7 0,7 0.8 1.7 1.8 23 2,0
CPMI12f 3.7 4.1 4.6 6.3 5.0 3.0 23 0.4 1.7 0,7 0.8 1.6 1.6 29 1.9
CPMI2g 38 4.4 6,2 5.1 2.6 2,0 1.6 0,5 0.9 15 0.8 1.6 0.7 2,0 1.6
CPM12h 3.4 4.4 59 52 32 2,0 1.7 0,7 1.0 1,7 0.8 1.7 0.9 2,0 1.7
CPM12i 3.6 43 5.9 5.1 3,1 2,0 1,7 0,5 1,0 1,8 0,9 1,7 0,9 2,1 1,7
CPM12j 38 42 5.9 4,9 3,0 1,9 1,7 04 1,0 1,9 0,9 1.8 1,0 2,1 1,6 08
CPMI12k 35 43 5.8 5.0 3,0 2,0 1,7 03 1,1 1,9 1,0 1,9 1,0 22 1.8 0,5
CPMI12] 34 4,0 5.5 4,9 3,0 2,1 1,7 0,5 1,1 2,0 1,0 1,9 0,9 2,0 1,8 08
CPMI12m 3,1 39 5.4 5.1 3,1 2,0 1,7 0,5 1,2 2,1 1,0 2,1 1,0 22 1,9 1,3
CPM12bn 32 38 52 4,9 32 1,9 1,6 0,5 1,2 22 0,9 1.8 1,1 2,1 2,0 1,5
CPMI20 32 4,0 53 52 32 2,0 1.5 0,7 1,6 2,6 0.9 1.9 12 22 2,1 1,6
CPM12p 32 37 5.4 5.0 34 2,0 1,4 0,5 1,7 2,1 1,2 23 1,2 2,2 2,0 1,7
CPMI2q 33 4.2 4.9 53 3,1 2,1 1,6 0,5 1,7 2,2 1,1 2,2 1,2 23 2,3 1.4
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5. Climatic signals in growth rings of Araucaria angustifolia

on southern Brazilian highlands*T

Abstract

Araucaria angustifolia (Bertol.) O. Kuntze (Araucariaceae) is a Neotropical tree, widely
distributed in subtropical mountain rain forests and nearby natural grasslands of
Southern Brazil. Previous investigations confirm that A. angustifolia produces seasonal
growth rings, but its dendroclimatic and dendroecological potential is barely known. In
this paper, we investigate long-term growth patterns of 4. angustifolia using high-
resolution growth ring time series and the association to climate over the last century.
Wood cores of A. angustifolia trees, growing in forest (30 trees) and grassland (30 trees)
stands, were obtained with increment borer. The cores were surfaced, measured and
cross-dated. The dated ring-width time series were standardized and submitted to
correlation and ordination analyses to verify growth trends among sites and trees.
Growth-climate relationships were investigated using correlation and regression
analyses, comparing the ordination axe scores to time series of precipitation and
temperature recorded at four meteorological stations in the study region. Due to
anatomical irregularities, mainly wedging rings, only 35 out of 60 trees could be cross-
dated and used in further analyses. Correlation analyses comparing individual series
showed common tree-growth trends within and between sites, indicative of a regional
environmental forcing determining inter-annual cambial activity variation in A.
angustifolia. Ordination analyses supported that pattern, showing a convergent trend

among all trees on the first axis. Moreover, the second axis presented divergent trends

" With collaboration of Fidel A. Roig & Valério D. Pillar.
" Formatted according to guidelines for publication in “Austral Ecology”.
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between trees in forest and grassland sites. The convergent trend was moderately
associated (R’=0.32; P=0.0001) to temperature during summer and autumn months,
while the divergent trend was weakly associated to winter precipitation (R*=0.08;
P=0.0088). Despite growing in distinct habitats and disturbance regimes, 4. angustifolia
trees share a common long-term growth pattern, which is significantly related to thermal
conditions during the current and previous growing seasons. Moreover, site-specific
characteristics may influence opposite growth responses and association to climate

conditions between forest and grassland trees.

Keywords: dendrochronology, wedging ring, subtropical rain forest, Campos, fire.

Introduction

Growth rings of woody plants are a major high-resolution data source for studies
of long-term environmental changes, especially in regions under strong seasonal
climatic conditions (Fritts 1976; Schweingruber 1996; Vaganov et al. 20006).
Dendrochronological studies are scarce in tropical and subtropical ecosystems, despite
promising results that have been obtained since the late 19™ century (see historical
review in Mariaux 1981; and Worbes 2002). Some reasons of the limited development
of this science in the tropics can be attributed to the low frequency of tree species
forming well-defined growth rings compared to temperate and arid floras (Stahle 1999).
This situation motivated an increasing number of studies dealing with the growth ring
formation, particularly their wood anatomical features, the timing and dynamics of the

tree ring formation and its links with phenological changes and climate seasonality (e.g.
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Boninsegna et al. 1989; Détienne 1989; Alves & Angyalossy-Alfonso 2000; Borchert
1999; Roig 2000; Callado et al. 2001; Roig et al. 2005; Lisi et al. 2007)

The tropics represent a key piece in the understanding of the planetary climatic
system. Since few long-term instrumental or proxy climatic data exist for this zone,
most of the dendrochronological studies in subtropical and tropical regions have
focused on the identification of climate-sensitive species and further development of
growth ring chronologies that could be used as proxy data for climatological
investigation (e.g. Villalba et al. 1998; Bhattacharyya & Yadav 1999; Buckley et al.
2000; Fowler et al. 2000; Biondi 2001; Morales et al. 2004; Speer et al. 2004; Brienen
& Zuidema 2005; Diinisch 2005). Few studies developed tree ring chronologies for
other ecological applications (e.g. Stahle et al. 1999; Grau et al. 2003; Worbes et al.
2003; Brienen & Zuidema 2006; Martin & Fahey 2006).

Araucaria angustifolia (Bertol.) O. Kuntze (Araucariaceae) is a Neotropical
species that produces seasonal growth rings, but its dendrochronological potential is
barely known. According to Oliveira et al. (2007) the growth rings in A. angustifolia are
formed between spring (October) and autumn (May) months, being the day length and
temperature the main environmental factors influencing the seasonal cambium activity.
Seitz & Kanninen (1989), based on stumps of ten trees, developed a ring-width
chronology with a high mean correlation among trees (+=0.6 for a 54 yr period),
indicating annual growth synchronism among individuals for a subtropical forest in
south Brazil. Lisi ef al. (2001) found A"C concentrations in dated growth rings of A.
angustifolia in conformity with temporal changes of atmospheric A'*C concentrations
by nuclear bomb effects during the 60’s, also advocating for an annual growth ring

formation. Nevertheless, basic questions had not been addressed yet, such as: to what
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degree the tree-ring chronologies are correlated among different sites? How tree-ring
variability is related to climate?

A. angustifolia occurs naturally in south and south-eastern Brazilian highlands
(also in the NW of Argentina and SE of Paraguay) from 19°15” to 31°30” S and 41°30°
to 54°30° W, and between 400 and 1800 m a.s.l. (Hueck 1972; Carvalho 2003). Its
spatial distribution is associated to a subtropical climate, characterized as mild-
mesothermic with abundant and evenly distributed rainfall (Nimer 1989). The South
Atlantic Convergence Zone (SACZ) and El Nifio Southern Oscillation (ENSO) are the
main atmospheric circulation features influencing those climatic characteristics. Above
average rainfall and temperature tend to occur during the ENSO warm phase (el Nifio),
and lower rainfall and temperature during the cool phase (la Nifa) (Aceituno 1988;
Fontana & Berlato 2003; Grim et al. 2000; Montecinos et al. 2000). During the spring
(October-November) there is a clear spatial coherence in the SE sector of South
America facing the manifestation with either warm-humid or cold-dry signals
(Montecinos et al. 2000). Also, the alternate conditions of drought and humidity during
the summer are related to the migration and strengthening of SACZ (Nogués-Paelge &
Mo 1997). SACZ intensification is associated with a precipitation deficit over the South
American subtropics. Instead, when the SACZ weakens, the precipitation in the region
is abundant (Casarin & Kousky 1986; Diaz & Aceituno 2003).

In the region of natural occurrence of Araucaria angustifolia, the indigenous
vegetation is composed of a forest-grassland mosaic. The forests, commonly known as
Araucaria forests, are distinct associations among tropical and austral-antarctic floras
(Rambo 1951, 1953, 1956ab; Waechter 2002), in which A. angustifolia forms an

emergent or canopy stratum, mostly on mountain slopes and upper river valleys (Veloso
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et al. 1991; Jarenkow & Baptista 1987). On the uplands, Araucaria forest patches
intermingle with grassland (Campos), characterized by a dense stratum of tall tussock
grasses (Klein 1960; Duarte et al. 2006b). Palacopollen and charcoal evidences
(Behling 2002; Behling et al. 2004; Behling & Pillar 2007), supporting earlier
phytogeographical studies (Rambo 1951, 1953, 1956ab; Klein 1975), show that Campos
was the dominant vegetation type during the last glacial and post-glacial phases.
Campos have been progressively colonized by Araucaria forest elements since 4000 yr
before present. This forest expansion process has been facilitated by changes in climate,
with prevailing wetter and cooler conditions, but also restricted by fire and, later,
grazing regimes (Pillar & Quadros 1997; Behling 2002; Behling ef al. 2004; Behling &
Pillar 2007). Under current climate conditions, Araucaria forest expansion over Campos
can be detected, especially in mosaic areas undisturbed by fire and cattle grazing
(Oliveira & Pillar 2004; Oliveira 2003; Pillar 2003). Moreover, 4. angustifolia is
frequently found as a pioneer tree colonizing grasslands, and it is likely acting as an
attractor to animals dispersing other forest diaspores (Duarte et al. 2006a).

A better understanding of climate and vegetation dynamics in southern Brazilian
highlands can be substantially improved by the information derived from the application
of dendrochronological techniques. In this paper we investigate long-term growth
patterns of A. angustifolia through high-resolution growth ring time series and its

association to climate over the last century.
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Methods
Study location and climate

The study region is the highland plateau (around 1000 m a.s.l.), corresponding to
the south-eastern limit of the species distribution. The indigenous vegetation is a mosaic
of Campos and Araucaria forest. Cattle grazing, logging, agriculture and silviculture
have been the main land use. The study sites are an Araucaria forest stand, at Floresta
Nacional de Sao Francisco de Paula (FSP; 29°25°44”S, 50°23°31”W; 866 m a.s.l.;
Appendix 1), a federal conservation unit (since 1945) in Sdo Francisco de Paula
municipality; and a group of A. angustifolia trees growing over Campos, at Fazenda
Monte Negro (FMN; 28°35°37”S, 49°48°56”W; 1265 m a.s.l.; Appendix 2), a private
farm with extensive cattle grazing in Sao José dos Ausentes municipality (Fig. 1A).

Both sites presented rock outcrops, indicating shallow soils. The terrain
inclination was ca. 5 and 20 degrees at FSP and FMN, respectively. According to FSP
managers, selective logging of few A. angustifolia trees occurred at the studied stand in
the mid of 1940’s. At FMN, the grassland have been managed with fire by decades, as
reported by local farmers and evidenced by carbonized barks and fire scars in several
studied trees.

The climate in the study region, as in the entire species distribution, is mild-
mesothermic with well-distributed rainfall along the year (Nimer 1989). According to
regional meteorological data, the mean annual temperature is 16 °C and the mean total
annual precipitation is 1805 mm. Frosts on open areas and sporadic snowfall on higher
altitudes may occur, especially in winter. Monthly normal temperature and precipitation

for the study region are shown on Fig. 1B.
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Sampling and analysis of wood cores

Thirty living A. angustifolia trees were selected per site. The average trunk
diameter at breast high of these trees was 70 cm (sd+14) at FSP and 46 cm (sd*+14) at
FMN; and the average total high was 18 m (sd*1) at FSP and 14 m (sd+3) at FMN. For
each tree, between 2 to 5 transversal wood cores were obtained with the help of an
increment borer (&=5.1 mm), adding up to 114 and 108 cores at FSP and FMN,
respectively. The sampling was performed in May 2004 and August 2005 at FSP, and in
June 2004 and November 2004 at FMN.

The cores were mounted on wooden supports, air-dried and mechanically
polished with sandpaper of gradually finer grades of grain (from 60 to 600 grains). The
growth rings were inspected with a stereomicroscope and dated according to the
methods described in Stokes & Smiley (1968). The calendar age of the growth rings
was assigned according to the Schulman’s criteria (1956), and widths measured with a
measurement device (precision of 0.01 mm). In order to check dating accuracy, the
resulting ring-width time series were compared within and among trees at each
collection site, by synchronizing patterns of wide and narrow growth ring (cross-
dating), with the help of printed graphics and COFECHA software (Stokes & Smiley
1968; Holmes 1983) (Appendix 3). Cross-dating is only possible if tree-growth is
similarly influenced by a macroclimatic signal. This gives a similar pattern of growth in
a defined tree population, allowing the verification of annual tree ring formation and
correction of primary dating errors caused by partial or false rings. After cross-dating,
the width of partial growth rings was estimated according to the growth trends observed

in complete cores of the same tree.
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Fig. 1. In A, location of the study sites (triangles), meteorological stations (dots) and the
geographical distribution of Araucaria angustifolia (grey patches; modified from Hueck
1972); in B, long-term monthly averages of mean temperature (line) and total
precipitation (bars) for the study region. See Table 2 for meteorological data
specifications. FSP, Floresta Nacional de Sdo Francisco de Paula; FMN, Fazenda Monte

Negro; SFP, Sao Francisco de Paula; CSU, Caxias do Sul; BJE, Bom Jesus; and VAC,

Vacaria.
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Standardized series and site chronologies

Ecological factors influencing tree-growth may be better identified after
partitioning the time series of ring-width in different frequency-responses. In order to
emphasize the year-to-year growth variation the cross-dated series were averaged for
each tree and then standardized (Appendix 4). For each tree series we fitted a cubic
smooth spline function, 50% frequency-response cut-off for 50 yr segment length, and
computed the ratios between observed and predicted values (Cook & Kairiukstis 1990).
In ratio series the autocorrelation was filtered using autoregressive linear modelling
(Cook 1985). The resulting series (standardized series) were dimensionless, with unit
mean and linear autocorrelation close to zero.

Site chronologies were obtained by combining the standardized series on a bi-
weighted robust mean series (Cook 1985; Cook & Kairiukstis 1990). The chronologies’
quality was evaluated by the mean correlation between series — T, and the mean
sensitivity index — S (Cook & Kairiukstis 1990). The association between chronologies
was verified using correlation analysis, computed for the common time-span and for
moving windows of 30 yr length lagged 1 yr. Standardizations, chronologies, T and S

were computed on ARSTAN software (Cook 1985; Cook & Krusic 2005).

Tree-growth patterns and relationships with climate

To explore growth patterns among trees we carried out ordinations (Principal
Component Analysis), based on correlation matrices comparing trees by their
standardized growth series. Ordinations were performed for the 1911 to 2000 time

period and for moving windows of 30 yr length lagged 15 yr, within that period. In each
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ordination, only series longer than 75% of the window length were considered. These
analyses were computed on MULTIV software (Pillar 2006).

Tree-growth and climate associations were investigated applying correlation and
regression analyses. As regional descriptors of tree-growth we considered the first two
principal components generated for the 1911 to 2000 time period. The climate variables
were annual series of total precipitation and mean temperature, recorded monthly in
four meteorological stations nearby the sample sites, but spanning different periods
(Fig. 1A; Table 1). After centring, the climate series were averaged among sites to
generate a single regional annual series for each monthly variable, covering the 1913 to
1998 period. The tree-growth series (principal components) were then correlated to each
of these series of monthly variables, matching the series by the same year (lag = 0) or
by the previous year (lag = 1, e.g., tree-growth of 1990 matching the climate data of
1989). By ordering the resulting correlation coefficients in chronological order we
generated a correlation profile, highlighting monthly periods of stronger climatic
influence on tree-growth. Those periods were used as factors in regression models

predicting the annual tree-growth variation described by the principal components.

Table 1. Location and data record period of the meteorological stations.

SFP CSU BJE VAC
Municipality Sao Francisco  Caxias do Sul Bom Jesus Vacaria
de Paula
Latitude 29°20’S 29°10’S 28°40’S 28°33’S
Longitude 50°31°’W 51°12°W 5026°W 50°42°W
Elevation a.s.1. 912 m 759 m 1047 m 954 m
Record period 1913-1961 1931-1998 1948-1998 1931-1997
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Results
Site chronologies

The synchronization of the tree ring width series indicates a common growth
trend among A. angustifolia trees within both study sites: seventeen trees at FSP and
eighteen at FMN were successfully cross-dated. Anatomical irregularities, mainly
wedging rings and periods of fuzzy growth ring boundaries caused difficulties for cross-
dating, leading to a smaller sample size in the chronology (Appendix 4). The occurrence
of those tricky anatomical features increased with tree age, especially at FMN. Hence,
at that site some older trees were not completely cross-dated, been the outermost
portions excluded from further analyses. The period represented by five or more trees
spanned from 1882 to 2003 at FSP, and from 1861 to 2003 at FMN. Descriptive
statistics and graphical representation of FSP and FMN chronologies are shown on
Table 2 and Fig. 2, respectively. The correlation between FSP and FMN chronologies
considering the total common period (122 yr) was r=0.31. However, according to the
moving window analysis the strength of this association increased from earlier to latter
periods (Fig. 3).

Table 2. Descriptive statistics of Araucaria angutifolia ring-width chronologies.

FSP FMN
Time span 1882-2003 1861-2003
Number of trees 17 18
Number of cores 54 62
Number of growth rings 1621 1911
Mean series length 122 yr (sd+16) 90 yr (sd+25)
F 0.25 (sd+0.04)  0.34 (sd+0.06)
S 0.24 0.16

FSP, Floresta Nacional de Sdo Francisco de Paula; FMN, Fazenda Monte Negro; T,

mean correlation between series; and S, mean sensitivity index.
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Fig. 2. Ring-width chronologies of Araucaria angustifolia (grey line) and sample size
(number of trees) from FSP and FMN. The black lines show standardized series per

tree.
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Fig. 3. Correlation between FSP and FMN chronologies on 30 yr moving-windows.
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Tree-growth patterns and relationships with climate

The ordination analysis for the overall period (1911 to 2000) revealed

convergent and divergent growth trends between FSP and FMN trees. The first principal

component (PC1) defined a direct association between FSP and FMN trees — a

convergent trend, while the second principal component (PC2) showed opposite relation

between the sampled sites — a divergent trend. The growth-variance explained by PC1

(25%) was ca. twofold higher than PC2 (13%), indicating that the convergent trend was

more relevant than the divergent one. Ordination analyses in shorter time periods (30 yr

windows) indicated that these patterns were consistent through time (Fig. 4).
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Fig. 4. Ordination analyses of years (dots) described by standardized growth series of

FSP (s) and FMN (m) trees, in different time windows.
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The profiles describing the correlation between the principal components and
climate variables show monthly periods with relevant climatic influence on annual tree-
growth. Therefore, distinct climatic signals were linked to PC1 and PC2 (Fig. 5).
Convergent growth trends (PC1) were mostly related to thermal conditions during
autumn and summer months. The correlation between PC1 and mean temperature was
negative for previous May, negative for current December and January, and positive for
current May and June. These climate variables combined in a linear model explained
32% (P=0.0001) of PC1 variation (Fig. 6). Divergent growth trends (PC2) were weakly
associated to climate; the most relevant trend was a negative correlation to total
precipitation in August preceding current growing season. Thus, August rainfall was
directly associated to growth on FMN and inversely on FSP. Nevertheless, this variable

explained only 8% (P=0.0088) of PC2 variation (Fig. 6).
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Fig. 5. Correlation between annual tree growth (ordination axes) and monthly climate
variables (departures of total precipitation and mean temperature). Shaded periods

identify the previous and current growing seasons and dashed lines the 95% confidence
limits.

109



0.8 -

0.4 -

PC1

0.0 -

-0.4

-0.8 T T .
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

y =-0.0008P,,, —0.0004
0.6 -

PC2

-0.6 + T T T T T T T T
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Calendar year

Fig. 6. Observed (black lines) and predicted (grey lines) annual tree-growth, described
by the first (PC1) and second (PC2) principal components. Predictive models based on
climate variables are shown above each graphic, where T and P are, respectively,
departures of mean temperature and total precipitation in a given month of the current

(c) or previous (p) year.

Discussion
Tree-ring time series and growth patterns

Tree-ring series of Araucaria angustifolia were successfully cross-dated and
combined in site chronologies. However, wedging rings made cross-dating a very
difficult task at both analyzed sites. These abnormal growth rings, resulting from
discontinuous cambium activity over the meristematic sheath (Kozlowski 1971; Larson
1994), represent an important limitation for dendrochronological development in many
tropical and subtropical species (Dunwiddie 1979; Ogden 1981; Ash 1983; Norton et al.
1987; February & Stock 1998; Bergin 2000; Worbes 2002; Brienen & Zuidema 2005).

Wedging rings had been reported in A. angustifolia (Seitz & Kaninnen 1989; Oliveira et
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al. 2007) and other Araucariaceae, such as Araucaria cunninghamii (Ogden 1981; Ash
1983), Agathis robusta (Ash 1983), Agathis moorei (Détiene 1989), Agathis australis
(Dunwiddie 1979; Norton et al. 1987) and Wollemia nobilis (Heady et al. 2002). As in
A. angustifolia, wedging rings are frequent in Agathis australis and Pinus ocidentalis
but careful cross-dating allowed long-term ring-width chronologies to be developed
with these species (Buckley et al. 2000; Fowler et al. 2000; Boswijk et al. 2006; Speer
et al. 2004). Further studies concerning the occurrence and morphology of wedging
rings in A. angustifolia would improve the cross-dating efficiency, particularly from
increment borer samples.

Growth synchronization within trees at FSP and FMN corroborates preliminary
dendrochronological investigation showing a common growth trend for A. angustifolia
trees growing in a subtropical forest at Sdo Jodo do Triunfo (SJT), in the Parana state,
Brazil (Seitz & Kanninen 1989). The growth correlation within sites was similar at FSP
and FMN (T7~0.3), but lower than found in SJT (T=0.6). Such difference may indicate a
stronger common growth signal at SJT, but also may be related to particular sampling,
standardization and correlation computation (series length) methods. Rather than
differences, those results indicate that growth ring chronologies of 4. angustifolia may
be developed over a large extent, since SJT is about 380 km north from FSP and FMN.

Indeed, correlation and ordination analyses comparing growth time-series
demonstrate that trees at FSP and FMN, distant ca. 100 km and growing under distinct
habitat and disturbance regimes, share a relevant year-to-year growth signal. Such
regional growth trend is a strong evidence of seasonal cambium activity (Fritts 1976;

Stahle 1999), confirming annual growth ring production in A. angustifolia (Seitz &
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Kanninen 1989; Lisi et al. 2001; Oliveira et al. 2007) and suggesting the existence of
regional environmental factors forcing inter-annual growth trends.

Ordination analysis evidenced spatial patterns related to long-term growth of 4.
angustifolia. The first principal component (PC1) highlighted convergent tree-growth
between FSP and FMN, while the second principal component (PC2) showed divergent
growth between those sites. We conjecture that these patterns were linked to
environmental forcings operating in different spatial scales: convergent trends should be
related to regional environmental factors and divergent trends to local environmental
factors influencing the tree-growth response to macro-environmental conditions.
According to these hypotheses, year-to-year growth variation of 4. angustifolia would
be more influenced by regional than local scale factors, since PC1 represents a larger

growth variation in the system than PC2.

Tree-growth links to climate

Based on these hypotheses, when compared to regional climate variables, PC1
will present stronger association to climate than PC2. Our correlation and regression
analyses describing the linear association between ordination axes and climate variables
confirm that expectation and support the hypotheses. Moreover, our results reinforce the
relevance of climatic conditions for inter-annual variation of secondary growth in A.
angustifolia.

Convergent growth trends were related to temperature conditions during summer
and autumn months. The negative growth response to temperature for current December
and January may indicate water stress due to increased evapotranspiration in hotter

months. Similar growth response was found in Araucaria araucana (Molina) K. Koch
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growing in xeric Patagonian sites (Villalba et al. 1989). In high-elevation subtropical
Andean sites, under a seasonal precipitation regime, some tree species presented a
negative growth response to summer temperature, synchronous to a positive response to
precipitation (Morales et al. 2004). In A. angustifolia, however, correlations between
PC1 and precipitation during current growing season months were not statistically
significant (despite being positive). Growth relationships to autumn temperature,
negative for previous May and positive for current May and June, suggests that
temperature determines whether A. angustifolia will mobilize carbohydrate for wood
formation (Kozlowski & Pallardy 1997) in late growing season or store it for the next
growth period. It means that high autumn temperature would influence the current
growth ring, under development since the previous spring (Oliveira et al. 2007), to be
wide. Whereas May and June correspond the late growing season (Oliveira et al. 2007),
stored carbohydrates must be the main energy source for wood formation related to that
temperature stimulus. High autumn temperature imply that a lower level of stored
carbohydrate would be available for the next growing season, determining the new
growth ring to be narrower. Opposite relations are expected under low autumn
temperatures.

Dendroclimatic research in Agathis australis (Buckley et al. 2000) revealed that
its annual radial growth is mostly dependent on rainfall during the previous growing
period, but growth-temperature relations were similar to those we observed in 4.
angustifolia: negative correlations with temperature on current growing season (mainly,
December and January) and previous autumn (May). According to those authors, clear,
sunny days in early summer (October to December) may be associated with cold nights,

which bring down mean temperatures. Thus, negative correlation to current summer
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temperature must reflect a direct influence of sunshine hours on radial growth. The
authors did not discuss the growth association to previous autumn temperature.

Convergent growth variation of A. angustifolia was associated to temperature
but not to precipitation. A dendrochronological study of Cedrela fissilis Vell., a
deciduous Meliaceae tree, growing in Araucaria forest in Parand (Brazil), revealed a
significant long-term correlation to temperature and no correlation to precipitation
(Diinisch 2005). Moreover, intra-annual cambial activity of 4. angustifolia, and
apparently, C. fissilis is mainly influenced by seasonal temperature and photoperiod
variation (Oliveira et al. 2007; Diinisch 2005). These evidence point to temperature as a
major regional factor determining seasonal and inter-annual cambium activity of trees in
subtropical mountain rain forests of southern Brazil.

Divergent growth trends were inversely related to total precipitation in August
of the previous growing season, that is, the correlation was negative in FSP (forest) and
positive in FMN (grassland). This pattern suggests an interaction between regional
climate (rainfall) and local disturbance (fire regimes in grassland) affecting tree-growth.
In traditional cattle raising farms, Campos are burned systematically (every two or three
years) in order to remove dead herbaceous biomass and stimulate grass resprounting in
spring. Anthropogenic fires on Campos are usually ignited between August and
September (Heringer & Jacques 2001). August rainfall must influence fire
characteristics, being inversely related to fire intensity (Pillar 2003). Fire management
may influence A. angustifolia trees established over Campos by reducing tree-growth
due to injuries on plant tissues; or improving tree-growth by making available mineral
nutrients resulting from burned Campos biomass. Our evidences indicate that the former

situation is a more likely explanation for the positive relation between tree growth and
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precipitation in August for the grassland site (FMN). More intense grassland fires, due
to lower rainfall during the ignition period (August), would cause damages to A.
angustifolia trees established on grasslands (FMN), reducing tree-growth two years

latter.

Outlook to further dendroecological investigations

The formation of annual and climate-sensitive growth rings in A. angustifolia
allow new opportunities to derive useful information for ecological studies in pluvial
mountain ecosystems of subtropical South America. The counting of growth rings
provides an estimation of tree age. Therefore, additional cross-dating of ring-width
patterns may enhance age determinations to calendar year resolution. Studies on
population structure of A. angustifolia, focused mostly on tree-size parameters (e.g.
Souza 2007), would be improved in temporal scale by simple application of
dendrochronological techniques.

Hypotheses concerning the growth response of 4. angustifolia to changes in
environmental conditions, based on short-term experiments (e.g. Mdsena & Dillenburg
2004), could be verified using analyses of longer ring-width time series. Further,
ecophysiological investigations could clarify our hypotheses concerning mechanisms of
regional climate and site-specific influence on tree growth.

New tree-ring chronologies would help us to better understand the influence of
regional climate conditions on A. angustifolia growth in the Brazilian highlands.
Moreover, the existence of multi-centennial A. angustifolia trees (ca. 400 yr old, J. M.
Oliveira personal observation) would bring a unique opportunity for climate

reconstructions in eastern subtropical South America.
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Appendix

Appendix 1: Study site at Floresta Nacional de Sdo Francisco de Paula.
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Appendix 2: Study site at Fazenda Monte Negro.
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Appendix 3: Ring-width series (Tuckson format) of cores taken from trees at Floresta

Nacional de Sao Francisco de Paula (FSP) and Fazenda Monte Negro (FMN). Codes

identify trees (capital letters and numbers) and cores (small capital letters). The cores

are stored reccorded at the Quantitative Ecology Laboratory, Ecology Department,

UFRGS.
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FSP02¢
FSP02¢
FSP02¢
FSP04a
FSP04a
FSP04a
FSP04a
FSP04a
FSP04a
FSP04a
FSP04a
FSP04a
FSP04a
FSP04a
FSP04a
FSP04a
FSP04a
FSP04b
FSP04b
FSP04b
FSP04b
FSP04b
FSP04b
FSP04b
FSP04b
FSP04b
FSP04b
FSP04b
FSP04b
FSP04b
FSP04b

1882
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
1903
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1886
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1868
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
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1980
1990
2000
1873
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1878
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000

158

158 124
104 96
52 75
71 89
55 66
43 28
19 16
13 16
31 37

146

64
77
75
68
20
25
17
40

38
9
9
84
74
52
29
68
32
35
74
7
30
37
131
73
84
44
88
61
54
56
24
39
20

7 20

32
132

29 23
15 19
6 5

17

14
13

125 77

194

105

48 40 29 o4

93
71

88
58

105 74
52719

55 52 72 36

24

23

18 18

5 46 42 25

17

0

14
7

7

21
6

12

103 105 86 92 63

89 92
63 80
33 22
68 51
5230
30 20
48 39
18 19
37 26
22 29

71
59
21
41
36
37
41
23
22
32

156 112

82 48
103 118
57 54
81 77
62 54
54 49
56 46
36 25
40 39
25 32

29 21

161 199
127 122
77 68
31 55
32 49
28 28
27 27
23 25
29 30

5 26
32 24
14 18

127
122

79
75
72
27
26
19
27
14
23
25

8 10 10

999

41

85
41
30
38
25

111

52
43
47
40
39
24
19
22

4 12
51 49

11

11

11 18

8 28 40 34 999

83 40 55 79 94

102 64 49 44 55 56

52
64
58
36
45
32
37
27

19 20

999

73
35
62
22
27
12
32
25
29
19
22

53
62
60
53
45
25
26
23
17

129
103 104 87

60
44
53
24
27

14

49
62
50
46
50
36
27
11
19

109

41
2
44
35

26
27
45
17
23

8

10

15

133

55
25
30
48
29
36
21
9
0
5
22

150 126 122 170 49 75

88 98
56 45
42 67
30 46
60 52
44 47
45 51
14 22
38 46
33 24
14 20
18 24

120 123
148 139

79
59
62
69
35

25

77
53
68
76
37
41
37
35
24
9
20
13

103 130 107

111

174

57 67
65 32
49 58
58 67

18
37
30
8
30

20
37
25
10
33

140 46 67

93 112
64 64
42 34
26 32
49 21

36 35
36 43
14 21

23 20
16 19

3 4

42 40

180

110 110 68 78

134
107

40 38 64 49 47 55 54 40 43

31 59 73 51

56 84

130

131 147
52 56
102 146
38 72
57 53
62 46
49 39
16 26
39 46
38 31
17 25
21 29
17 13

109
32

124

61

165

31
24
10
35
23
23
10
10

42 50 48 48 40
112 74 59 37 28 53

113

29

43 34 41

131

85 96 80
64 60 48

40
37
23
35
29
31
19
15

78
70
38
31
24
28
31
32
22

36
37

41
41

26
47

33 32 24

21
0
0
9
13

21
16
0
13
12

24
16
12
0
22

56 63 69

41

38
86
53
29
23
26
27
26
21

51
59
75
27
22
33
17
0
24

104

134

85

109 98 95 120 102

88 95 73 55 42

FSP04c
FSP04c
FSP04c
FSP04c
FSP04c
FSP04c
FSP04c
FSP04c
FSP04c
FSP04c
FSPO4c
FSP04c
FSP04c
FSP04c
FSP04d
FSP04d
FSP04d
FSP04d
FSP04d
FSP04d
FSP04d
FSP04d
FSP04d
FSP04d
FSP04d
FSP04d
FSP04d
FSP04d
FSP06a
FSP06a
FSP06a
FSP06a
FSP06a
FSP06a
FSP06a
FSP06a
FSP06b
FSP06b
FSP06b
FSP06b
FSP06b
FSP06b
FSP06b
FSP06b
FSP06b
FSPO6b
FSPO6b
FSPO6b
FSPO6b
FSP06¢c
FSP06¢c
FSP06¢
FSP06¢
FSP06¢
FSP06¢
FSP06¢
FSP06¢
FSP06d
FSP06d
FSP06d
FSP06d
FSP06d
FSP06d
FSP06d
FSP06d
FSP06d
FSP06d
FSPO7b
FSPO7b
FSPO7b
FSPO7b
FSPO7b
FSPO7b
FSPO7b
FSPO7b
FSPO7b
FSPO7b
FSPO7b
FSPO7b
FSPO7b
FSP07b
FSPO7d
FSPO7d
FSP07d
FSP07d
FSPO7d
FSPO7d
FSPO7d
FSPO7d
FSPO7d
FSPO7d
FSPO7d
FSPO7d
FSPO7d
FSPO7d

1877
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1873
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1893
1900
1910
1920
1930
1940
1950
1960
1885
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1902
1910
1920
1930
1940
1950
1960
1970
1882
1890
1900
1910
1920
1930
1940
1950
1960
1970
1876
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1875
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000

141
150
55
23
35
58

45
75
33
11
32
16
;
12
139
136
42
58
52
37

71
54
31
16
33
20

8
36
47
54
43
70
30
58
15
18
85
37
42
64
106
56
73
41
16
83
9
21
10

171

139

101
74
78
30
13
23
119
28
39
52
69
56
61

7
15
40
76
55
47
60
44
99
58
76
47
45
69
40
7
12
114
55
25
46
54
61
69
96
55
46
34
29
19
19

161

155 146 1
96 66 52 60 55 57 37 32
83 105 76 83 90 77 85 62

46 61
60 60

63
53
36
24
21
33

25 114 112 104 117 100

43 44 28 20 45
50 73 74 74 43
39 40 60 51 67
28 27 28 31 24
19 22 16 14 14

23 21 26
17 17 14

133 183 1
150 119 1

51208 79
42 37 35
45 42 37

46 35 24

21
14
8

27 30

21
9

9 15

5

13

33
19

0 0 0
11 1

93 123 126
01 104 97 86
54 64 48 82 51
71 80 55 46 45 42 40
46 26 31

49
37
35
50

28
19

15 24 24
0 25 18

57
35

49

32
19

6

99

75 65 64

81
50

55

19
19

19 29 23 24

32 30

20 11 14
39 44 41
25 27 21

48 20

18

35 67 69

49 48
62 66
22 19
29 21
19 13
34 21

60
55
20
11
17
21

82 8 74

11
43
999

61

55

67
62
34

10

19

11

11
41

0
30

77
43
63
12
29
29
0
37

40
42
41
48
39
11
22
31
0
48

59

46 61
60 61
55 75
50 59
0 23
22 19
9 10

72
44
69
42

29
21
8

70
57
54
67
23
18
999

24 20
26 67
7396

102 93 69

63 55
47 34
40 22
21 8
40 42
26 19
42 61

44
71
115

56
16
23
15
61
21
65

6 7 999

164 154 90 111
8 132

122 12

33 29 12 31 37
47 40 47 61 81
112 87 89 72 74
64 55 75 97 98
61 59 62 41 62
23 76 110 124 98
27 46 26 17 22
9 34 39 59 66
27 25 17 25 22
13 12 28 23 22
8 75 33 11 5

1o 77
107 88 73 68 116

103 86 67 67 65 96 105 120

41 29
45 41
52 39
17 13
19 9

39
21
32
14
15

69 76 75 51 74
30 39 52 36 23
22 .29 17 9 10
10 9 9 10 22
12 999

87 82 82 85 69 43

21 32
32 59
59 79
85 66
45 33
44 26
19 13
27 40
2220
60 53
77 48
52 61

63 31
66 58
53 9

38 18
72 52
84 71
54 39
57 59
15 11
19 26
12 21

97 100

30 38
51 37

5 46 49
52 55 64
67 51 55
58 52 60
51 33 46
34 24 17
15 22 19
15 23 26
13 999

57 89 87
62 64 48
62 79 75
55 61 61
79 84 34
83 73 91
80 98 78
39 22 36
33 33 28
0 0 0
26 19 18
5 16

57 69 66
71 41 40
54 55 57
79 78 59
94 94 162
102 84 88
51 65 62
21 17 0

34 23 40 28 40 32

27
79
12
6

50

53 38

0 0 0 0

100 77 70 54 33 35 33

12
17

17 32 26
11 999

19 22 31

128



Appendix 3: continued.

FSPO8b 1915 88 77 70 57 60

FSPO8b 1920 55 46 55 57 74 58 70 46 91 47
FSPO8b 1930 9 90 67 24 10 18 12 37 25 46
FSPO8b 1940 30 38 30 41 34 28 50 52 41 26
FSP08b 1950 17 13 18 11 999

FSP08d 1898 84 68

FSP08d 1900 79 81 100 89 65 73 68 64 49 54
FSP08d 1910 70 101 92 89 72 76 48 63 64 61
FSP08d 1920 75 73 78 81 63 33 47 65 90 47
FSP08d 1930 10 67 34 38 39 41 32 42 49 52
FSP08d 1940 70 76 76 75 68 34 73 64 57 42
FSP08d 1950 76 59 77 67 68 37 38 25 24 23
FSP08d 1960 31 42 61 61 49 34 38 32 51 64
FSP08d 1970 65 76 53 56 58 42 38 0 17 21
FSP08d 1980 36 31 34 40 28 18 12 17 15 20
FSP08d 1990 16 15 27 35 27 21 39 21 19 19
FSP08d 2000 18 8 10 7 27 999

FSP1la 1881 113 110 134 146 142 158 165 192 178
FSP1la 1890 165 150 121 103 122 128 143 108 115 123
FSP1la 1900 130 150 127 143 139 133 111 109 91 89
FSPIla 1910 71 65 68 63 66 64 50 46 46 38
FSP1la 1920 43 33 30 36 35 32 35 47 24 49
FSP1la 1930 54 63 78 59 55 58 57 77 76 39
FSP1la 1940 38 66 57 39 0 19 28 37 34 58
FSP1la 1950 41 38 63 41 41 27 37 19 0 0
FSP1la 1960 11 10 28 43 61 40 19 31 43 41
FSP1la 1970 36 41 46 41 49 41 45 38 49 44
FSP11a 1980 29 19 17 19 22 16 6 17 16 14
FSP11a 1990 8 13 13 15 19 8 16 8 15 11
FSP1la 2000 10 999

FSP11b 1882 116 107 123 113 119 119 109 120
FSP11b 1890 117 110 84 72 80 84 82 73 80 75
FSP11b 1900 79 75 71 103 101 104 89 81 69 80
FSP11b 1910 74 64 63 72 81 94 84 83 76 69
FSP11b 1920 70 68 81 71 70 65 68 69 61 112
FSP11b 1930 70 82 72 41 43 56 66 130 162 159
FSP11b 1940 83 76 61 39 0 15 7 51 49 52
FSP11b 1950 57 64 51 23 33 29 45 21 10 28
FSP11b 1960 41 59 80 98 95 106 88 40 32 38
FSP11b 1970 30 41 42 57 72 61 64 66 67 81
FSP11b 1980 69 63 67 29 14 13 13 19 23 19
FSP11b 1990 18 9 10 4 12 999

FSP1lc 1895 122 121 96 101 101

FSP1lc 1900 100 96 98 123 125 118 98 91 82 102
FSPllc 1910 88 74 75 91 75 77 83 91 78 74
FSP1lc 1920 8 77 85 76 79 69 63 62 68 116
FSP1lc 1930 85 86 82 53 52 83 91 123 99 102
FSP1lc 1940 81 82 83 56 26 44 38 54 76 72
FSP1lc 1950 74 71 63 51 37 24 30 16 0 0
FSP1lc 1960 4 7 7 11 35 35 39 24 34 46
FSP1lc 1970 50 63 57 42 53 34 39 29 39 36
FSP1lc 1980 38 26 35 25 31 37 20 24 31 36
FSP1lc 1990 33 28 37 41 28 20 21 10 11 15
FSP1lc 2000 16 14 5 7 14 999

FSP11d 1888 184 168

FSP11d 1890 151 138 119 116 131 126 121 91 112 106
FSP11d 1900 92 91 66 104 117 94 89 78 77 72
FSP11d 1910 55 35 54 58 76 63 48 59 61 39
FSP11d 1920 66 52 48 45 30 30 38 63 51 105
FSP11d 1930 54 63 87 53 29 52 62 69 33 65
FSP11d 1940 44 71 44 8 10 20 86 98 98 104
FSP11d 1950 68 43 60 36 40 32 53 22 0 0
FSPI1d 1960 11 17 41 59 39 38 31 19 8 17
FSP11d 1970 9 44 63 38 43 31 36 25 35 44
FSP11d 1980 31 10 10 10 9 19 7 13 18 17
FSPI1d 1990 0 0 0 17 13 11 14 13 20 14
FSP11d 2000 12 12 999

FSP12a 1896 19 91 88 91

FSP12a 1900 97 91 88 100 121 115 71 92 63 72
FSP12a 1910 48 34 24 28 48 38 17 24 23 30
FSP12a 1920 50 59 46 53 48 58 67 87 96 89
FSP12a 1930 51 74 58 50 53 53 74 57 55 79
FSP12a 1940 64 83 59 47 45 20 91 77 56 63
FSP12a 1950 78 90 66 65 59 43 50 43 49 62
FSP12a 1960 50 46 48 46 37 40 44 37 41 38
FSP12a 1970 34 38 33 30 35 27 30 23 26 38
FSP12a 1980 35 33 38 43 39 41 40 32 40 31
FSP12a 1990 36 34 39 34 36 35 36 29 28 39
FSP12a 2000 36 36 30 34 999

FSP12b 1890 83 82 68 60 92 85 90 75 71 80
FSP12b 1900 82 61 54 92 78 56 44 57 51 56
FSP12b 1910 44 18 24 55 58 44 30 29 21 26
FSP12b 1920 38 44 28 33 40 48 72 100 93 147
FSP12b 1930 83 92 108 70 105 144 97 120 105 150
FSP12b 1940 124 109 64 51 36 25 50 110 109 74
FSP12b 1950 84 61 33 74 90 65 77 56 57 51
FSP12b 1960 52 41 43 43 51 53 48 35 39 38
FSP12b 1970 33 40 31 22 36 29 28 17 33 41
FSP12b 1980 29 23 31 37 36 31 27 30 27 28
FSP12b 1990 37 44 44 47 55 54 48 35 29 36
FSP12b 2000 32 21 9 15 999

FSP12d 1905 179 121 121 110 117

FSP12d 1910 105 86 90 119 113 84 91 91 91 82
FSP12d 1920 92 104 93 112 115 84 88 100 121 165
FSP12d 1930 122 119 102 80 112 110 77 58 100 125
FSP12d 1940 129 102 74 70 66 70 92 102 98 68
FSP12d 1950 80 65 46 44 44 36 40 27 19 23
FSP12d 1960 30 37 43 45 43 55 61 62 65 58
FSP12d 1970 49 50 40 33 38 28 26 0 20 26
FSP12d 1980 20 15 17 24 23 22 23 22 23 22
FSP12d 1990 32 31 34 42 55 66 109 129 119 144
FSP12d 2000 116 90 41 32 39 999

FSP13b
FSP13b
FSP13b
FSP13b
FSP13b
FSP13b
FSP13b
FSP13b
FSP13b
FSP13b
FSP13b
FSP13b
FSP13c
FSP13c
FSP13c
FSP13c
FSP13c
FSP13c
FSP13c
FSP13c
FSP13c
FSP13c
FSP13c
FSP13c
FSP14a
FSP14a
FSP14a
FSP14a
FSPl4a
FSPl4a
FSPl4a
FSPl4a
FSPl4a
FSPl4a
FSPl4a
FSPl4a
FSP14b
FSP14b
FSP14b
FSP14b
FSP14b
FSP14b
FSP14b
FSP14b
FSP14b
FSP14b
FSP14b
FSP14b
FSP15¢
FSP15¢
FSP15¢
FSP15¢
FSP15¢
FSP15¢
FSP15¢
FSP15¢
FSP15¢
FSP15¢
FSP15¢c
FSP16a
FSP16a
FSP16a
FSP16a
FSP16a
FSP16a
FSP16b
FSP16b
FSP16b
FSP16b
FSP16b
FSP16b
FSP17a
FSP17a
FSP17a
FSP17a
FSP17a
FSP17a
FSP17a
FSP17a
FSP17a
FSP17a
FSP17a
FSP17a
FSP17b
FSP17b
FSP17b
FSP17b
FSP17b
FSP17b
FSP17b
FSP17b
FSP17b
FSP17b
FSP17b
FSP17d
FSP17d
FSP17d
FSP17d
FSP17d
FSP17d
FSP17d
FSP17d
FSP17d
FSP17d
FSP17d
FSP17d
FSP17d

1897
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1891
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1892
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1895
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1901
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1953
1960
1970
1980
1990
2000
1951
1960
1970
1980
1990
2000
1893
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1894
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
1883
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000

11
119
101
77
88
102

71
42

0
6

115

110 152 117 98 61 60 66 81
79 73 78 75 60 51 30 23
45 45 31 25 19 30 23 20
79 52 81 133 138 172 161 155
80 56 55 46 97 120 139 159
82 60 77 63 60 54 53 57
52 62 72 41 52 57 61 57
38 44 29 25 21 9 10 8
6 9 10 9 8 12 25 21

15 15 12 11 13 11 19 25
2226 999

111 132 119 120 99 132 109
95 140 127 101 66 88 93 92
54 51 70 74 70 56 44 42
32 40 25 24 17 28 36 22
96 73 116 207 136 112 110 120
67 44 41 53 84 78 83 82
67 68 89 73 73 44 45 64
65 67 80 77 99 85 100 91
80 70 59 46 49 0 36 31
34 21 21 24 17 14 13 12
24 69 61 43 27 18 14 17
6 6 999

172 122 133 75 91 105

113 144 128 96 70 73 70 83
55 66 66 65 41 49 40 33
51 61 58 41 43 52 61 96
57 36 28 31 73 61 62 70
41 32 51 71 94 101 86 65
54 39 68 72 81 84 90 95
40 28 31 23 22 14 14 15
26 29 17 17 9 0 20 20

8 7 7 6 10 11 8 9

16 22 31 36 36 19 33 49
23 24 999

63 79 T2

63 96 92 89 57 56 45 74
99 106 84 77 60 73 48 31
67 76 66 59 60 91 75 120
106 53 60 113 80 68 67 97
49 41 36 37 47 62 50 32
61 67 76 82 116 84 91 88
103 94 67 74 91 64 55 53
72 54 49 30 31 17 18 25
26 16 18 13 11 18 14 19
50 42 32 28 24 13 21 32
24 11 999

121 136 145 96 82 73 82

86 113 132 83 76 85 96 76
78 83 98 100 119 129 144 153
88 65 61 77 55 49 33 55
19 21 23 31 61 81 101 94
35 54 49 38 35 19 18 19
121 160 134 122 133 64 60 44
60 66 105 90 85 47 39 46
54 44 48 44 56 56 45 50
27 26 27 19 17 21 24 25
1322 999

119 127 89 79 105

93 82 78 60 74 56 72 60
84 74 67 58 54 45 53 56
74 66 76 68 48 50 55 66
64 47 50 53 50 49 49 51
45 35 999

169 158 131 144 113 105 111
109 8 95 77 94 71 91 85
96 85 95 73 98 110 98 87
40 23 30 19 12 18 25 25
44 30 32 36 43 36 57 50
45 46 999

94 109 73 84 93

74 98 97 96 61 69 69 79
57 66 8 94 79 74 74 67
77 73 57 50 50 67 68 123
146 119 111 113 105 93 99 138
78 45 16 30 16 47 64 74
56 50 53 61 77 71 70 67
39 13 35 33 31 20 15 11
26 29 43 19 27 14 23 17
13 25 11 24 10 18 15 14
55 69 77 60 47 21 35 36
7 5 999

144 92 114 136

87 138 132 117 78 88 85 110
72 82 93 101 78 81 71 69
112 107 88 64 47 61 58 165
107 93 90 94 92 91 104 118
36 11 0 0 6 22 45 39
22 12 23 38 39 23 41 46
0 0 30 35 38 32 24 17

10 18 56 44 38 11 0 0

0 29 19 8 10 6 22 65 77

111
68
87
107
73
63
80
33
39
0

8

0
87
60

92 87 74 60 50 29 19 999
82 73 65 72 84
90 102 126 118 134 100 116 115
102 142 147 135 88 96 87 97
76 95 115 88 77 79 72 68
71 63 63 55 51 66 56 142
75 58 51 45 43 40 40 29
18 12 0 0 0 14 20 48
0 0 0 30 28 23 34 33
0 8 39 58 51 44 17 19
9 9 21 16 25 11 11 0
0 8 2 12 17 38 53 56
86 74 56 45 41 21 38 47
32 36 48 999

129



Appendix 3: continued.

FSP19a 1890
FSP19a 1900
FSP19a 1910
FSP19a 1920
FSP19a 1930
FSP19a 1940
FSP19a 1950
FSP19a 1960
FSP19a 1970
FSP19a 1980
FSP19a 1990
FSP19a 2000
FSP19b 1895
FSP19b 1900
FSP19b 1910
FSP19b 1920
FSP19b 1930
FSP19b 1940
FSP19b 1950
FSP19b 1960
FSP19b 1970
FSP19b 1980
FSP19b 1990
FSP19b 2000
FSP19¢ 1907
FSP19¢ 1910
FSP19¢ 1920
FSP19¢ 1930
FSP19¢ 1940
FSP19¢ 1950
FSP19¢ 1960
FSP19¢ 1970
FSP19¢ 1980
FSP19¢ 1990
FSP19¢ 2000
FSP19d 1907
FSP19d 1910
FSP19d 1920
FSP19d 1930
FSP19d 1940
FSP19d 1950
FSP19d 1960
FSP19d 1970
FSP19d 1980
FSP19d 1990
FSP19D 2000
FSP20a 1886
FSP20a 1890
FSP20a 1900
FSP20a 1910
FSP20a 1920
FSP20a 1930
FSP20a 1940
FSP20a 1950
FSP20a 1960
FSP20a 1970
FSP20a 1980
FSP20a 1990
FSP20a 2000
FSP20c 1905
FSP20c 1910
FSP20c 1920
FSP20c 1930
FSP20c 1940
FSP20c 1950
FSP20c 1960
FSP20c 1970
FSP20c 1980
FSP20c 1990
FSP20c¢ 2000
FSP20d 1889
FSP20d 1890
FSP20d 1900
FSP20d 1910
FSP20d 1920
FSP20d 1930
FSP20d 1940
FSP20d 1950
FSP20d 1960
FSP20d 1970
FSP20d 1980
FSP20d 1990
FSP20d 2000
FSP2la 1891
FSP21a 1900
FSP21a 1910
FSP21a 1920
FSP21a 1930
FSP21a 1940
FSP21a 1950
FSP21a 1960
FSP21a 1970
FSP21a 1980
FSP21a 1990
FSP21a 2000
FSP21b 1887
FSP21b 1890
FSP21b 1900
FSP21b 1910
FSP21b 1920
FSP21b 1930
FSP21b 1940
FSP21b 1950
FSP21b 1960
FSP21b 1970
FSP21b 1980
FSP21b 1990
FSP21b 2000

42

29

117
118
64

122

118

57
42
21
51
999

57 52 47 58 51 56 40 38 32
50 73 126 110 94 66 76 83 84
62 60 103 120 103 90 90 70 73
79 58 67 70 53 57 91 70 91
110 171 145 107 64 57 80 86 98
105 58 34 32 63 94 97 120 106
120 88 73 92 63 69 51 44 52
72 74 84 68 65 82 60 65 64
107 87 87 80 71 62 42 46 66
32 29 34 35 19 13 16 13 19
15 14 19 19 22 17 7 14 16
1226 999

70 63 63 50

79 98 128 125 110 80 104 102 129
113 128 131 139 130 113 143 138 160
111 101 90 106 105 103 112 79 109
167 165 88 68 200 215 183 149 230
158 102 67 51 56 82 98 114 93
94 78 81 89 75 63 41 23 25
46 49 51 43 47 64 56 56 73
119 107 80 8 96 90 82 66 78
34 45 48 42 47 31 45 26 24
22 22 21 15 12 21 13 25 27
33 33 29 999

117 142

125 126 145 129 120 115 118 137 130
9 78 68 66 61 51 75 20 79
116 131 102 98 176 195 197 148 96
143 95 88 68 91 131 111 132 84
79 40 49 71 70 121 101 108 126
149 109 120 83 98 98 75 81 68
79 67 52 63 72 68 62 54 79
44 51 56 43 43 26 29 24 16
17 15 15 18 19 26 14 22 20
19 12 17 17 999

88 98

96 105 132 152 124 134 134 132 110
81 68 63 69 78 74 107 68 65
76 89 56 49 44 51 74 119 176
139 111 89 93 84 125 142 170 125
100 54 56 69 57 73 48 62 91
59 41 18 17 13 20 39 53 53
172 183 149 128 90 60 39 36 44
36 48 57 63 61 54 50 43 34
29 28 31 26 23 19 13 20 18
29 22 30 33 999

51 53 53

50 39 27 44 43 42 23 40 40
41 37 74 73 8 61 73 80 97
71 73 210 92 82 68 59 38 40
54 67 64 61 49 35 32 45 87
65 62 45 28 46 50 67 65 81
77 67 46 32 21 35 40 60 62
66 64 48 56 27 18 17 18 22
61 83 75 54 49 42 33 59 59
54 45 43 39 23 17 7 6 14

48 82 49 23 9 8 8 12 30

37 13 12 7 9 0 40 53 49
138 11 999

72 89 84 100

78 85 87 112 83 66 55 32 39
40 42 55 54 56 47 45 27 126
111 102 81 86 121 98 86 64 85
100 70 67 66 55 69 87 95 65
87 82 57 69 56 44 23 29 38
63 113 105 50 43 51 57 90 60
35 56 61 81 27 15 7 6 17

10 19 20 23 12 7 9 8 9

10 0 0 14 30 43 63 83 53

12 6 5 499

51 51 47 53 58 62 41 43 47
56 43 80 89 94 70 87 94 100
89 77 86 112 8 80 77 75 74
65 65 66 63 64 59 49 48 86
69 51 25 29 43 40 45 46 56
43 36 48 42 32 41 49 51 43
45 45 54 71 56 49 24 18 18
28 30 36 40 66 65 46 49 44
43 31 0 0 0 0 0 0 25
39 46 23 13 9 8 6 7 13
6 8 0 0 0 5 7 8 5
6 4 8 12 999
56 55 58 58 43 47 59 52
56 54 63 66 45 28 32 36 57
40 74 95 99 103 86 97 115 108
95 67 70 53 74 77 113 96 99
98 58 32 52 60 67 68 72 81
38 20 13 11 26 38 78 85 50
31 29 15 12 20 34 21 19 15
13 36 34 18 19 24 26 39 49
70 34 33 39 24 26 20 20 30
20 19 28 28 27 36 38 24 22
34 34 27 24 15 13 21 11 12
120 4 14 99
83 72
60 60 60 82 81 71 56 71 80
66 74 90 83 59 49 60 48 45
43 79 92 86 94 85 101 109 103
89 69 75 82 107 95 117 105 98
108 89 48 44 94 72 79 79 75
78 44 31 26 27 46 25 16 2
7 15 26 31 35 39 24 16 23
49 44 54 42 o4 87 84 T3 43
59 38 33 35 27 21 15 28 35
22 48 71 64 60 62 61 37 42
62 56 44 43 46 40 31 38 37

FSP21c 1898
FSP21¢ 1900
ESP21¢ 1910
FSP21¢ 1920
FSP21¢ 1930
FSP21c 1940
FSP21c 1950
FSP21c 1960
FSP21c 1970
FSP21c 1980
FSP21c 1990
FSP21c 2000
FSP21d 1912
FSP21d 1920
FSP21d 1930
FSP21d 1940
FSP21d 1950
FSP21d 1960
FSP21d 1970
FSP21d 1980
FSP21d 1990
FSP22¢ 1903
FSP22¢ 1910
FSP22¢ 1920
FSP22¢ 1930
FSP22¢ 1940
FSP22¢ 1950
FSP22¢ 1960
FSP22¢ 1970
FSP22¢ 1980
FSP22¢ 1990
FSP22¢ 2000
FSP22d 1896
FSP22d 1900
FSP22d 1910
FSP22d 1920
FSP22d 1930
FSP22d 1940
FSP22d 1950
FSP22d 1960
FSP22d 1970
FSP22d 1980
FSP22d 1990
FSP22d 2000
FMNO02a 1925
FMNO02a 1930
FMNO2a 1940
FMNO02a 1950
FMNO02a 1960
FMNO02a 1970
FMNO2a 1980
FMNO02a 1990
FMNO02a 2000
FMNO2b 1929
FMNO02b 1930
FMNO2b 1940
FMNO02b 1950
FMNO02b 1960
FMNO02b 1970
FMNO02b 1980
FMNO02b 1990
FMNO2b 2000
FMNO02c 1925
FMNO2¢ 1930
FMNO2¢ 1940
FMNO2¢ 1950
FMNO02¢ 1960
FMNO2¢ 1970
FMNO2¢ 1980
FMNO02¢ 1990
FMNO2¢ 2000
FMNO2d 1922
FMNO2d 1930
FMNO2d 1940
FMNO2d 1950
FMNO02d 1960
FMNO2d 1970
FMNO02d 1980
FMNO02d 1990
FMNO02d 2000
FMNO3a 1867
FMNO3a 1870
FMNO3a 1880
FMNO3a 1890
FMNO3a 1900
FMNO3a 1910
FMNO3a 1920
FMNO3a 1930
FMNO3a 1940
FMNO3a 1950
FMNO3a 1960
FMNO03a 1970
FMNO03a 1980
FMNO03a 1990
FMNO3b 1867
FMNO3b 1870
FMNO3b 1880
FMNO3b 1890
FMNO03b 1900
FMNO3b 1910
FMNO3b 1920
FMNO03b 1930
FMNO3b 1940
FMNO3b 1950
FMNO3b 1960
FMNO3b 1970

115
109
50
122
35
44
17
76
2
16
12
20
127
113
62
60
31
0
59
46
65
68
68
21
134
45
89
40
30
32
46
29
69
68
40
58
60
27
38
27
17

© ®

60

40
22
11
5
4
53
50
71
125
84
84
39
9
36
47
17
999

102
99 91 108 90 65 47 53 40 45
64 71 96 93 99 96 109 93 79
128 102 95 80 78 40 80 81 86
83 91 50 51 60 41 34 33 41
53 33 21 20 18 25 26 17 10
29 33 42 38 36 59 48 33 45
87 78 56 37 27 42 33 22 22
24 16 17 19 19 21 13 17 25
0 14 13 21 28 32 26 9 9
27 51 53 43 28 18 18 27 28
6 999
186 128 154 146 166 108 95
125 138 161 166 149 116 115 87 75
101 83 47 53 71 65 75 68 73
87 76 70 55 70 75 76 59 31
37 58 44 26 31 35 21 11 10
16 39 36 22 32 66 36 13 23
107 87 59 76 64 52 22 40 83
16 76 154 74 57 26 16 53 82
91 85 62 47 28 999
66 49 36 29 43 68
47 43 59 52 51 52 57 27 20
25 45 72 74 71 40 56 43 143
123 100 58 57 72 67 65 47 6l
57 84 60 76 53 73 75 87 96
92 61 49 34 28 38 28 30 38
46 55 54 49 50 54 44 36 36
36 26 29 36 21 25 24 45 53
59 60 57 58 65 54 48 43 41
40 39 54 55 60 60 45 44 46
60 75 76 76 999
59 63 64
54 64 76 62 41 33 23 29 41
26 28 38 42 50 65 69 53 48
63 64 66 67 65 56 77 66 66
71 62 50 51 46 47 35 27 28
37 26 20 15 17 17 26 32 20
39 34 35 21 18 28 19 19 21
35 30 16 21 15 16 17 19 22
19 12 10 13 6 7 0 6 11
131112 6 9 7 7 0 0
9 8 5 14 10 22 20 15 14
15 18 999
81 109 128 127
111 120 94 91 80 69 72 62 61
61 46 33 24 40 54 43 66 55
22 17 51 67 38 52 39 53 60
34 55 27 42 44 58 25 22 10
27 18 33 48 36 41 18 25 27
10 41 56 33 12 14 12 19 19
22 39 42 0 0 0 9 20 20
19 22 10 999

141 146 131 127 106 94 67 90 86
63 77 58 37 41 43 54 59 59

41 38 54 67 38 35 26 37 49

30 50 48 52 34 36 13 24 18
36 21 22 53 38 63 61 45 26

22 36 38 22 14 7 16 24 14

26 35 39 0 11 20 24 18 5

99 115 123 128

108 111 99 101 102 86 86 54 56
60 57 51 44 43 33 20 46 49
35 22 43 52 33 28 18 46 59
40 35 26 27 41 44 22 24 16
18 9 10 16 16 20 36 36 27
14 27 25 22 23 11 8 8 12
24 35 31 0 0 10 16 16 12
21 35 17 5 999

201 106 136 114 122 85 114

138 118 136 167 76 85 47 52 55
14 15 11 16 8 14 17 50 65
30 10 18 27 22 23 13 18 33
20 26 24 19 29 38 20 23 14
129 21 49 30 35 29 40 28
9 22 18 18 15 7 7 9 4

32 47 35 7 8 10 12 24 12
20 11 11 999

68 74

68 76 74 74 78 53 33 49 46
52 32 36 37 30 39 42 44 43
53 59 46 47 39 33 13 0 35
39 27 46 49 53 43 53 41 46
31 40 31 32 24 15 21 14 27
28 19 20 16 12 16 14 14 23
17 8 11 19 40 35 51 53 68
35 39 21 17 16 27 20 23 34
45 44 51 45 33 41 42 42 42
15 15 16 18 14 30 30 14 2
12 17 17 24 16 16 9 12 11
5 7 10 10 16 12 11 10 5

6 15 9 4 5 10 999

74 68

78 71 8 93 64 60 67 71 74
90 58 73 98 77 97 67 84 124
136 124 92 101 111 116 0 49 87
73 41 87 124 131 107 92 60 92
70 8 71 45 27 10 18 10 16
31 19 17 12 13 20 14 7 12
9 9 12 18 23 22 37 34 41
61 70 73 54 45 61 34 31 43
55 56 47 49 24 21 15 22 26
139 6 8 9 11 10 8 4

130



Appendix 3: continued.

FMNO5a
FMNO5a
FMNO5a
FMNO5a
FMNO5a
FMNO05a
FMNO05a
FMNO05a
FMNO5a
FMNO5b
FMNO5b
FMNO5b
FMNO5b
FMNO5b
FMNO5b
FMNO5b
FMNO5b
FMNO5b
FMNO5b
FMNO5b
FMNO5b
FMN09a
FMN09a
FMN09a
FMN09a
FMN09a
FMN09a
FMN09a
FMN09a
FMN09a
FMN09a
FMN09b
FMN09b
FMN09b
FMNO09b
FMNO09b
FMNO09b
FMNO09b
FMN09b
FMNO09b
FMNO09b
FMN09¢
FMN09c
FMN09c
FMN09c
FMN09c
FMN09c
FMN09c
FMNO09c
FMN09c
FMNO09c
FMN09¢
FMN09¢
FMN09¢c
FMN09¢c
FMN09¢c
FMN09c
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMN09d
FMNI10a
FMNI10a
FMN10a
FMN10a
FMN10a
FMN10a
FMN10a
FMNI10a
FMN10b
FMN10b
FMN10b
FMN10b
FMN10b
FMN10b
FMN10b
FMN10b
FMN10b
FMNI10d
FMNI10d
FMN10d
FMN10d
FMN10d
FMN10d
FMN10d
FMN10d
FMNI12b
FMNI12b
FMNI12b
FMNI12b
FMNI12b
FMNI12b
FMNI12b
FMNI12b
FMNI12b
FMNI12b
FMNI12b
FMNI12b
FMNI12b

1826
1830
1840
1850
1860
1870
1880
1890
1900
1841
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1853
1860
1870
1880
1890
1900
1910
1920
1930
1940
1853
1860
1870
1880
1890
1900
1910
1920
1930
1940
1858
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1861
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1822
1830
1840
1850
1860
1870
1880
1890
1815
1820
1830
1840
1850
1860
1870
1880
1890
1825
1830
1840
1850
1860
1870
1880
1890
1861
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980

129
27
49
49
13
30
31
93
59
30
25
30
19
7
15
12
19
3
7
5

53 38 27 44 54 48 45
43 58 47 55 38 44 43 45
43 52 47 45 53 54 56 55
51 57 55 46 39 37 34 20
5 8 11 13 22 26 26 56
42 22 29 36 29 25 27 16
10 27 35 26 20 26 27 35
14 14 8 5 8 13 7 11
16 10 9 5 9 18 31 82
46 23 33 34 29 43 30 22
18 14 11 7 7 7 8 11
999
46 57 45 50 38
57 56 47 43 63 45 49 41
10 20 33 48 49 33 40 30
21 20 23 17 30 27 25 36
23 19 28 37 28 28 26 32
8 36 56 50 40 54 28 22
0 12 14 17 22 20 25 10
7 8 0 0 11 12 9 18
14 17 38 38 28 29 21 22
35 25 13 17 25 999
52 46 47 57 62
69 56 56 53 66 57 83 81
70 73 59 48 49 25 35 30
28 33 36 28 33 31 26 28
27 17 34 36 31 34 33 23
17 40 38 36 28 34 26 23
33 32 13 20 24 28 26 16
9 3 8 4 0 12 11 21
14 12 25 27 19 24 36 64
64 43 40 21 999

65 52 48 41 45 36 75 57
61 63 68 58 46 22 34 26
26 34 52 38 35 27 22 20
13 17 22 14 13 23 26 19
19 32 41 29 18 29 27 23
18 20 8 21 29 38 23 15
5 7 0 0 0 0 15 43

18 15 18 24 17 20 19 27
34 29 16 11 12 12 14 39
14 19 18 21 22 10 13 24
916 0 0 0 0 0 10

9 10 16 14 20 15 29 33
26 39 33 34 26 38 39 23
15 7 8 13 10 13 13 13

56 48 53 96 71 74 57
29 47 51 36 44 25 28 27
54 70 69 49 48 41 34 27
20 15 23 18 11 17 17 11
30 49 60 50 43 45 31 27
18 20 12 12 13 18 6 7
78 5 0 6 7 5 21
19 18 39 37 31 36 22 25
3320 8 0 8 8 9 14
13 13 16 8 9 4 15 36
28 16 17 12 31 19 11 4
8§ 8 13 9 14 11 11 7
8§ 7 7 10 7 0 0 11
52 44 13 11 10 16 32 34
48 48 8 999
87 108 129 155 120 100
70 51 48 34 25 24 30 34
60 47 22 21 30 23 17 17
10 912 3 0 0 0 11
38 41 32 32 34 38 41 35
16 31 33 38 33 15 15 18
51 66 73 60 77 88 82 76
44 50 69 98 107 999
83 90 120
73 77 70 51 51 62 64 66
44 36 35 30 19 27 26 30
36 40 27 21 23 16 15 13
1320 17 12 9 5 8 26
39 21 12 9 19 27 34 29
23 59 69 60 43 27 24 23
33 58 67 47 41 47 31 21
22 20 32 41 35 999
105 119 136

100 67 61 31 15 20 31 17

39 43 29 32 45 37 35 34
41 42 34 23 16 10 7 18
48 42 23 18 17 26 35 28
15 13 29 27 17 11 12 18
44 65 60 47 51 46 32 28
21 18 29 38 35 999

84 73 73 97 61 68 71

66 62 67 42 44 35 56 37
34 50 40 38 21 15 9 12
16 10 10 15 22 27 33 46
15 40 42 25 17 25 33 26
27 19 10 9 12 10 6 6
8 0 6 5 9 8 8 28

6 0 15 19 19 21 17 5
137 0 4 5 9 14 12

19 31 23 22 11 12 13 15
1310 12 9 15 13 11 6

5 019 9 18 12 8 7

5 999

FMNI12¢
FMNI12¢
FMNI12¢
FMNI12¢
FMNI12¢
FMNI12¢
FMNI12¢
FMNI12¢
FMNI12¢
FMNI12¢
FMNI12¢
FMNI12¢
FMNI16a
FMNI16a
FMNI16a
FMNI16a
FMNI16a
FMNI16a
FMNI16a
FMNI16a
FMNI16a
FMNI16b
FMNI16b
FMNI16b
FMNI16b
FMNI16b
FMN16b
FMN16b
FMNI16b
FMNI16b
FMNI16b
FMNI16¢
FMNI16¢
FMNI16¢c
FMNI16¢
FMNI16¢
FMNI16¢
FMNI18a
FMNI18a
FMNI18a
FMNI18a
FMNI18a
FMNI18a
FMNI18a
FMNI18a
FMN18a
FMN18a
FMN18b
FMN18b
FMN18b
FMN18b
FMNI18b
FMNI18b
FMNI18b
FMNI18b
FMNI18b
FMNI18b
FMNI18¢c
FMNI18¢c
FMNI18¢c
FMNI18¢c
FMN18c
FMNI18c
FMNI18c
FMNI18c
FMNI18c
FMNI18c
FMNI18d
FMN18d
FMN18d
FMN18d
FMN18d
FMN18d
FMN18d
FMN18d
FMN18d
FMN18d
FMN19a
FMN19a
FMN19a
FMN19a
FMN19a
FMN19a
FMN19a
FMN19a
FMN19a
FMNI19b
FMNI19b
FMNI19b
FMNI19b
FMN19b
FMN19b
FMN19b
FMN19b
FMN19b
FMN19¢
FMN19¢c
FMN19¢
FMN19¢c
FMN19¢
FMN19¢c
FMN19¢
FMN19¢
FMN19d
FMN19d
FMN19d
FMN19d
FMN19d
FMN19d
FMN19d
FMN19d
FMN19d

1861
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1925
1930
1940
1950
1960
1970
1980
1990
2000
1917
1920
1930
1940
1950
1960
1970
1980
1990
2000
1917
1920
1930
1940
1950
1960
1915
1920
1930
1940
1950
1960
1970
1980
1990
2000
1915
1920
1930
1940
1950
1960
1970
1980
1990
2000
1916
1920
1930
1940
1950
1960
1970
1980
1990
2000
1916
1920
1930
1940
1950
1960
1970
1980
1990
2000
1925
1930
1940
1950
1960
1970
1980
1990
2000
1925
1930
1940
1950
1960
1970
1980
1990
2000
1932
1940
1950
1960
1970
1980
1990
2000
1929
1930
1940
1950
1960
1970
1980
1990
2000

63

13

112 119

13

54 60 41 95 81

79 52 66 46 50 41
21 11 9 5 6 9
7 11 13 12 10 15
12 32 36 43 42 55
16 21 16 13 6 9
8 8 8 12 11 59
22 36 26 27 19 14
2 8 19 13 19 48
26 21 15 9 6 10
9 9 0 4 9

16 11 22 18 11 999

102 136

89 8 85 110 99 58 80 76 66

77

61

55

29 14 38 22 27 38

44 43 32 26 50 49 18 38 40

44

27

16

25 41 59 54 30 13

7 0 22 32 32 24 21 10 7

6

21

31

13 34 32

12
85
83
71
29
16
32
24
2
9
22
85
60
77

6
97
62
83
55
14
53
16
29
26

999

29
49
27
40
56
23

39
19
15

61
33
54
46
27

13
29

25 14 0 0 0 7
0 16 15 16 19 14

42 73 47 63 54 78
53 41 61 70 50 41
16 21 26 18 30 26
58 48 50 26 33 24
42 32 32 17 22 15
42 35 25 14 31 30
8 7 5 5 510
5 6 18 20 35 15

42 83 70 76 77 115
98 86 62 82 51 67
29 26 29 11 26 28
25 21 27 22 37 30
25 39 44 21 16 999

49 76 74 80 71 85
82 56 44 55 48 67
30 26 33 21 39 44
36 25 27 27 42 46
24 37 45 36 38 27
34 30 35 29 18 13
23 27 16 14 19 19
0 12 18 22 41 17

45 63 56 59 63 64
69 52 38 45 43 55
41 36 44 32 46 47
41 27 34 39 48 45
28 30 35 27 30 20
36 25 34 28 18 14
36 27 19 17 17 22
13 13 24 44 43 14

27 26 45 33 34 19

89 90 71 79 58 86
53 41 56 41 66 45
61 39 46 26 29 36
41 60 105 106 88 69
67 51 57 52 54 49
21 28 27 31 41 45
0 9 21 37 37 42

94 72 50 50 61 86
24 32 29 28 40 43
56 47 68 48 51 52
56 66 82 62 53 28
53 29 39 26 42 51
60 29 22 48 79 59
0 6 3 19 21 14

67 83 46 71

36 31 31 29 55 55
46 36 49 42 64 60
44 44 63 32 54 35
64 51 76 50 31 28
36 45 33 26 34 25
4 11 7 29 36 38
999

62 59 58 55 56 83
38 34 59 60 75 56
58 38 38 26 38 37
54 49 51 42 38 22
43 24 56 38 31 36
30 31 21 25 52 48
0 6 37 66 75 65
8 999

131



Appendix 3: continued.

FMN19e
FMN19e
FMN19e
FMNI19e
FMNI19e
FMN19e
FMNI19e
FMN19e
FMNI19e
FMN20a
FMN20a
FMN20a
FMN20a
FMN20a
FMN20a
FMN20a
FMN20a
FMN20a
FMN20a
FMN20b
FMN20b
FMN20b
FMN20b
FMN20b
FMN20b
FMN20b
FMN20b
FMN2la
FMN2la
FMN2la
FMN2la
FMN2la
FMN2la
FMN2la
FMN2la
FMN21b
FMN21b
FMN21b
FMN21b
FMN21b
FMN21b
FMN21b
FMN21b
FMN2lc
FMN2lc
FMN2lc
FMN2lc
FMN2lc
FMN2lc
FMN2lc
FMN2lc
FMN2lc
FMN21d
FMN21d
FMN21d
FMN21d
FMN21d
FMN21d
FMN21d
FMN21d
FMN21d
FMN22a
FMN22a
FMN22a
FMN22a
FMN22a
FMN22a
FMN22a
FMN22a
FMN22a
FMN22b
FMN22b
FMN22b
FMN22b
FMN22b
FMN22b
FMN22b
FMN22b
FMN22b
FMN22¢
FMN22¢
FMN22¢
FMN22¢
FMN22¢
FMN22¢
FMN22¢
FMN22¢
FMN22d
FMN22d
FMN22d
FMN22d
FMN22d
FMN22d
FMN22d
FMN22d
FMN24a
FMN24a
FMN24a
FMN24a
FMN24a
FMN24a
FMN24a
FMN24b
FMN24b
FMN24b
FMN24b
FMN24b
FMN24b
FMN24b
FMN24b
FMN24b

1927
1930
1940
1950
1960
1970
1980
1990
2000
1913
1920
1930
1940
1950
1960
1970
1980
1990
2000
1913
1920
1930
1940
1950
1960
1970
1980
1933
1940
1950
1960
1970
1980
1990
2000
1933
1940
1950
1960
1970
1980
1990
2000
1925
1930
1940
1950
1960
1970
1980
1990
2000
1925
1930
1940
1950
1960
1970
1980
1990
2000
1929
1930
1940
1950
1960
1970
1980
1990
2000
1929
1930
1940
1950
1960
1970
1980
1990
2000
1934
1940
1950
1960
1970
1980
1990
2000
1934
1940
1950
1960
1970
1980
1990
2000
1922
1930
1940
1950
1960
1970
1980
1922
1930
1940
1950
1960
1970
1980
1990
2000

4
5

20

51
91
70
11

0

14
3
6
5

79
31
22
13

10
26
18
43
31
19
23
12
22
18
0
73
94
25
22
22
2
37
10
17
74
96
40
10
24
6
17
11
5

117 108 110 74 82 77 88 100

35
33

20
115
48

5
13
10

9
11

91 93 81 65 74 51 87
42 51 34 46 34 55 46
56 59 36 43 22 27 41
25 39 46 42 65 86 57
32 63 54 76 62 72 63
30 31 33 33 35 34 37
25 5 19 32 50 47 45

57 57 77 85 72 45 81
47 57 72 65 53 28 57
38 33 26 25 19 35 36

22 49 57 64 42 36 24
16 24 19 38 22 24 32
45 40 38 25 17 21 20
30 9 16 17 19 42 37

61 61 99 86 67 41 62
37 37 35 43 34 27 31
25 20 21 30 23 43 66
42 47 32 41 16 13 32
0 41 52 51 35 46 29

45 62 47 62 23 39 43

68 65 53 92
33 23 19 29 10 40 24
19 20 15 34 15 21 17
5 6 9 11 17 13 0
9 12 9 10 16 25 17
26 16 23 22 18 18 7
11 0 0 7 8 18 25
13 999
45 39 30 o4
25 17 13 20 14 29 18
13 23 18 24 18 20 10
5 0 0 28 35 24 15
12 15 10 36 38 42 20
1123 28 20 10 16 13
9 6 0 12 29 24 11

82 75 48 54 48 51 71
24 25 14 24 17 28 18
16 22 26 38 20 25 38
14 26 0 36 70 48 25
7 31 32 54 83 73 72
48 43 76 48 22 17 11
5 0 0 3 10 35 42
8 3 999
94 87
91 77 59 56 48 47 101
26 8 12 24 14 26 5
12 31 29 25 0 10 24
8 32 10 26 34 10 0
6 22 22 17 18 19 21
18 19 36 32 23 24 12
5 0 3 10 15 46 37
9 2 999

41 38 38 44 38 60 52
31 73 62 51 39 42 37
66 95 55 45 23 43 15
0 69 66 80 48 35 35
41 30 38 39 42 38 26
130 8 15 21 47 62
0 2 999

71 73 44 49 64 52 78
35 45 34 23 16 45 33
18 58 36 35 34 46 37
34 38 29 30 10 23 13
18 29 23 43 27 43 51
24 28 17 13 30 19 12
50 0 4 7 12 20
9 999
85 82 92
47 52 38 44 28 42 43
36 57 29 30 15 19 47
18 32 24 27 21 38 40
35 37 19 21 9 21 34
21 14 9 6 13 10 15
130 10 8 13 17 22
0 4 999
101 82 80
29 26 10 16 14 26 38
26 50 23 22 37 24 29
49 68 66 62 32 58 22
16 27 15 91 107 60 63
44 20 0 0 21 22 42
8 15 5 9 17 18 17

81 69 84 79 75

87 82 62 52 64 57 64
36 24 28 24 13 23 38
36 17 17 5 13 29 20
6 13 10 12 4 7 4
8 14 15 16 17 22 24

61 74 82 85 97
89 93 66 51 59 34 55
37 18 29 29 16 15 29
312 11 12 15 54 32
9 25 22 15 11 10 6
79 6 12 10 17 18
10 11 20 12 7 3 4
11 7 9 0 3 8 4

7 999

FMN24c
FMN24c
FMN24c
FMN24c
FMN24c
FMN24c¢
FMN24c¢
FMN24c¢
FMN24c
FMN24d
FMN24d
FMN24d
FMN24d
FMN24d
FMN24d
FMN24d
FMN24d
FMN24d
FMN25b
FMN25b
FMN25b
FMN25b
FMN25b
FMN25b
FMN25b
FMN25¢
FMN25¢
FMN25¢
FMN25¢
FMN25¢
FMN25¢
FMN25d
FMN25d
FMN25d
FMN25d
FMN25d
FMN25d
FMN26a
FMN26a
FMN26a
FMN26a
FMN26a
FMN26a
FMN26a
FMN26a
FMN26a
FMN26b
FMN26b
FMN26b
FMN26b
FMN26b
FMN26b
FMN26b
FMN26b
FMN26b
FMN26b
FMN26¢
FMN26¢
FMN26¢
FMN26¢
FMN26¢
FMN26¢
FMN26¢
FMN26¢
FMN26¢
FMN26d
FMN26d
FMN26d
FMN26d
FMN26d
FMN26d
FMN26d
FMN26d
FMN26d
FMN26d
FMN27a
FMN27a
FMN27a
FMN27a
FMN27a
FMN27a
FMN27a
FMN27a
FMN27a
FMN27a
FMN27a
FMN27a
FMN27a
FMN27b
FMN27b
FMN27b
FMN27b
FMN27b
FMN27b
FMN27b
FMN27b
FMN27b
FMN27b
FMN27b
FMN27b
FMN27b

1920
1930
1940
1950
1960
1970
1980
1990
2000
1920
1930
1940
1950
1960
1970
1980
1990
2000
1946
1950
1960
1970
1980
1990
2000
1950
1960
1970
1980
1990
2000
1951
1960
1970
1980
1990
2000
1918
1920
1930
1940
1950
1960
1970
1980
1990
1918
1920
1930
1940
1950
1960
1970
1980
1990
2000
1929
1930
1940
1950
1960
1970
1980
1990
2000
1917
1920
1930
1940
1950
1960
1970
1980
1990
2000
1856
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1856
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970

55
37
37
19
40
21
35
29
75
46
38
33
48
0
24
18
16
29
26
62
45
36
50
41
16
15
9
34
97
15
7
33
67
36
7
14
28
25
26
15
23
20
0
13

104 50 33 62 78 89 83 92
100 87 89 63 49 50 40 65
37 26 18 25 24 5 13 19
728 0 0 0 13 51 49

9 10 19 17 12 11 6 7

9 6 12 5 9 6 20 21

9 6 10 23 10 0 4 5

5 4 5 7 4 6 5 6

94 72 59 103 142 119 90 85
99 77 80 72 58 55 44 48
35 20 9 12 19 8 40 30
15 39 55 0 0 22 54 41

6 0 0 0 3 11 43 32
22 16 17 4 14 6 22 15
17 22 21 18 13 0 0 6

10 10 4 8 6 28 35 24
7 999
100 90

82 85 73 48 61 68 53 51
34 48 S8 48 68 68 76 65
69 51 66 56 75 67 58 49
58 52 41 31 27 20 19 26
28 15 7 12 15 17 14 11

76 73 69 54 78 63 61 63
47 52 57 48 74 67 74 6l
49 43 45 39 65 55 44 38
51 41 32 28 25 22 26 27
38 26 13 16 16 20 27 21
23 21 6 999

103 110 89 111 99 98 84
9 71 72 61 75 53 60 63
68 70 73 61 118 119 96 61
68 69 59 48 39 45 53 42
53 33 14 18 38 43 35 35
149 999

78 61 59 81 85 68 43 71

68 54 57 70 60 58 31 59

41 42 43 31 30 21 50 44

21 19 18 15 19 12 24 37

17 24 38 0 81 63 46 32

19 16 23 15 34 26 26 20
14 27 24 28 27 21 21 32
999

63 60 58 108 93 74 49 80
44 41 44 45 50 47 56 72
25 19 13 17 43 24 42 33
39 33 54 41 71 38 39 35
27 13 30 19 68 48 52 39
28 31 52 39 59 22 38 23
18 25 16 6 8 7 10 9

65 31 0 12 15 8 32 39
27 0 999

61 38 66 79 58 46 37 57
37 26 28 23 34 21 43 41
33 47 54 46 50 47 45 35
29 30 48 41 48 19 17 15
43 48 65 43 84 67 49 41
38 58 44 31 18 18 20 20
3 14 0 10 16 0 0 12
30 20 999
59
61 67 64 85 70 62 33 64
54 36 43 38 42 46 34 4o
28 20 23 26 34 23 46 47
26 27 36 22 38 27 31 17
22 30 60 58 60 0 0 25
14 19 30 20 50 28 18 16
48 67 58 51 18 9 10 10
57 56 0 0 0 6 16 16
35 24 999
29 28
44 53 64 60 68 49 42 43
49 58 58 63 60 52 56 52
31 32 38 35 38 32 27 35
41 30 31 32 28 35 27 20
25 31 26 23 21 22 19 18
19 25 10 8 10 12 4 7
8 5 4 0 0 3 8 18
18 19 27 37 21 41 21 18
44 33 31 25 25 19 58 62
67 49 59 46 46 25 44 35
16 17 16 13 41 34 14 10
6 7 10 8 10 7 8 999
36 47
46 77 85 75 86 69 70 58
32 31 25 19 22 16 19 12
10 12 9 8 9 6 3 4
14 9 13 14 19 21 20 15
24 24 28 25 28 42 36 24
20 25 8 16 20 19 7 11
1310 5 12 6 13 10 20
17 15 17 24 20 30 24 24
26 12 8 12 13 10 20 18
16 15 29 15 28 11 14 12
0 4 9 7 19 16 11 5
3 12 17 13 15 11 13 999
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Appendix 3: continued.

FMN27c 1860 66 62 40 57 76 61 64 59 48 58 FMN28c 1881 42 42 66 69 59 63 53 51 58
FMN27c 1870 43 39 44 48 38 31 34 23 24 15 FMN28c 1890 56 53 37 25 52 52 72 42 35 49
FMN27¢ 1880 9 15 15 16 11 10 14 16 8 12 FMN28c 1900 63 26 39 76 61 54 50 58 58 66
FMN27¢ 1890 15 10 15 16 16 20 21 17 13 9 FMN28c 1910 39 53 45 43 18 24 21 26 10 36
FMN27¢ 1900 17 24 17 19 24 26 18 24 24 17 FMN28c¢ 1920 51 27 16 24 16 17 23 16 11 36
FMN27¢ 1910 14 12 19 26 0 23 29 34 10 24 FMN28c 1930 28 14 0 3 14 27 27 28 18 10
FMN27¢ 1920 34 28 23 23 11 11 23 23 10 20 FMN28c 1940 7 10 24 999

FMN27¢ 1930 15 15 32 21 18 21 25 15 14 22 FMN28d 1881 45 23 27 36 39 31 21 32 38
FMN27¢ 1940 19 21 36 40 22 18 15 11 17 22 FMN28d 1890 38 30 28 22 42 32 34 27 23 23
FMN27¢ 1950 16 21 14 17 38 42 71 52 35 33 FMN28d 1900 54 13 11 40 48 40 31 45 30 31
FMN27¢ 1960 15 9 14 11 14 13 16 0 8 7 FMN28d 1910 16 18 29 33 7 17 19 23 29 32
FMN27¢ 1970 6 6 6 5 17 8 15 11 999 FMN28d 1920 32 27 25 25 19 15 20 15 0 33
FMN27d 1860 38 58 39 45 64 55 66 53 50 55 FMN28d 1930 22 14 5 6 9 29 20 16 16 16
FMN27d 1870 48 50 48 58 55 46 52 41 43 38 FMN28d 1940 17 15 14 999

FMN27d 1880 24 23 24 35 34 27 29 26 20 23 FMN30a 1904 39 51 57 68 72 77

FMN27d 1890 27 28 27 22 19 25 20 21 18 12 FMN30a 1910 55 78 74 57 40 53 37 57 64 37
FMN27d 1900 25 26 16 20 22 22 22 35 29 30 FMN30a 1920 44 21 32 39 45 74 47 49 25 56
FMN27d 1910 21 17 21 24 7 8 19 31 19 16 FMN30a 1930 29 50 53 36 44 37 17 39 47 65
FMN27d 1920 37 32 22 17 12 12 13 20 19 37 FMN30a 1940 27 46 57 24 9 13 21 4 9 22
FMN27d 1930 33 28 27 21 25 26 27 37 27 24 FMN30a 1950 12 29 35 14 13 10 20 13 20 5
FMN27d 1940 25 30 30 28 25 19 22 11 23 28 FMN30a 1960 0 10 12 19 38 4 0 0 0 8
FMN27d 1950 24 31 29 26 38 30 33 25 21 24 FMN30a 1970 5 18 12 12 20 11 17 10 14 11
FMN27d 1960 15 8 10 6 11 10 13 8 13 6 FMN30a 1980 5 6 9 20 20 14 7 5 999
FMN27d 1970 8 9 10 9 18 10 14 13 15 13 FMN30b 1922 35 28 16 68 75 75 67 131
FMN27d 1980 999 FMN30b 1930 81 108 88 86 98 117 73 83 78 94
FMN28a 1873 79 80 78 72 65 61 52 FMN30b 1940 72 107 91 45 32 36 26 8 8 37
FMN28a 1880 52 69 44 64 67 51 52 50 35 40 FMN30b 1950 38 62 65 45 32 15 9 5 23 14
FMN28a 1890 57 51 34 31 55 59 64 39 31 52 FMN30b 1960 9 4 9 33 71 39 18 6 5 0
FMN28a 1900 63 26 29 62 71 55 41 48 47 61 FMN30b 1970 0 12 12 9 13 13 23 15 39 53
FMN28a 1910 49 53 50 49 24 18 9 18 25 31 FMN30b 1980 10 6 9 24 35 56 18 999

FMN28a 1920 42 34 20 35 36 23 32 30 24 58 FMN30c 1914 17 63 65 100 51 39

FMN28a 1930 47 19 9 6 5 4 6 10 14 15 FMN30c 1920 81 31 71 45 30 86 97 83 67 133
FMN28a 1940 13 31 46 999 FMN30c 1930 81 115 84 70 75 85 80 59 54 57
FMN28b 1873 79 46 54 43 43 44 23 FMN30c 1940 11 45 54 28 24 17 16 9 23 53
FMN28b 1880 24 41 27 30 28 30 20 28 42 27 FMN30c 1950 26 21 39 16 14 13 20 25 44 37
FMN28b 1890 25 24 18 12 21 21 23 18 22 22 FMN30c 1960 6 7 6 17 49 49 6 0 0 0
FMN28b 1900 41 5 4 33 25 22 19 36 29 35 FMN30c 1970 9 38 34 19 48 17 36 9 41 43
FMN28b 1910 27 24 9 9 3 0 0 17 31 40 FMN30c 1980 22 14 10 27 28 15 5 999
FMN28b 1920 38 22 5 8 3 18 21 23 24 21 FMN30d 1914 13 64 58 70 32 31

FMN28b 1930 17 10 5 4 5 9 9 18 11 20 FMN30d 1920 61 24 37 23 17 48 37 53 47 80
FMN28b 1940 10 15 18 8 4 2 5 6 5 8 FMN30d 1930 37 53 44 32 69 66 51 55 26 32
FMN28b 1950 11 6 6 4 7 7 16 7 5 8 FMN30d 1940 15 24 35 20 20 13 14 11 15 40
FMN28b 1960 999 FMN30d 1950 37 38 24 22 10 7 11 7 11 15

FMN30d 1960 11 6 6 13 30 10 6 0 0 0
FMN30d 1970 0 13 8 9 16 6 14 13 29 31
FMN30d 1980 15 17 11 26 25 17 7 5 13 999
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Appendix 4: Average ring-width series (Tuckson format) of trees sampled at Floresta
Nacional de Sao Francisco de Paula (FSPO1 to FSP23) and Fazenda Monte Negro
(FMNO2 to FMN30).

FSPO1 1882 158 158 124 146 125 77 194 105 FSP13 1891 162 134 111 132 119 120 97 129 112
FSPO1 1890 97 104 96 64 99 82 48 40 29 64 FSP13 1900 93 96 102 146 122 99 63 74 79 86
FSPO1 1900 70 52 75 85 78 82 99 87 98 68 FSP13 1910 67 50 66 62 74 74 65 53 37 32
FSPO1 1910 73 72 89 83 71 78 91 66 61 81 FSP13 1920 58 43 38 42 28 24 18 29 29 21
FSPO1 1920 69 53 64 74 58 42 53 44 60 33 FSP13 1930 11 70 87 62 98 170 137 142 135 137
FSPO1 1930 16 36 30 21 19 28 33 37 33 37 FSP13 1940 129 97 73 50 48 49 90 99 111 120
FSPO1 1940 42 43 42 38 31 24 26 55 57 42 FSP13 1950 115 97 74 64 83 68 66 49 49 60
FSPO1 1950 33 22 34 23 29 18 28 25 19 28 FSP13 1960 62 54 58 64 76 59 75 71 80 74
FSPO1 1960 32 33 33 30 38 23 38 34 53 59 FSP13 1970 60 92 59 57 44 35 35 21 23 19
FSPO1 1970 60 56 38 31 29 20 19 10 24 24 FSP13 1980 26 17 20 15 15 16 12 13 19 16
FSPO1 1980 9 8 16 19 20 16 13 21 31 32 FSP13 1990 14 11 19 42 36 27 20 14 16 21
FSPO1 1990 25 19 21 15 15 22 31 21 18 48 FSPI3 2000 21 23 14 16 999

FSPO1 2000 35 37 22 29 999 FSP14 1892 79 83 172 78 125 69 85 88

FSP02 1875 117 127 155 47 71 FSP14 1900 93 91 83 120 110 92 63 64 57 78
FSP02 1880 93 107 110 101 91 90 84 100 115 95 FSP14 1910 69 67 77 86 75 71 50 61 44 32
FSP02 1890 68 68 65 59 57 65 40 53 69 74 FSP14 1920 41 43 59 68 62 50 51 71 68 108
FSP02 1900 59 52 75 90 66 58 43 38 47 38 FSP14 1930 79 97 81 44 44 72 76 64 64 83
FSP02 1910 26 35 50 62 61 60 51 44 42 51 FSP14 1940 64 53 45 36 43 54 70 81 68 48
FSP02 1920 49 58 53 51 40 41 47 56 52 27 FSP14 1950 75 61 57 53 72 77 98 84 90 91
FSP02 1930 9 44 45 40 44 42 36 36 38 45 FSP14 1960 91 78 71 61 49 48 56 39 34 34
FSP02 1940 39 40 43 34 24 36 32 37 40 46 FSP14 1970 40 55 49 41 33 23 20 14 19 22
FSP02 1950 41 33 36 30 34 38 49 28 19 21 FSP14 1980 14 17 17 11 12 9 10 14 11 14
FSP02 1960 26 22 36 22 32 21 27 21 27 25 FSP14 1990 18 28 33 32 31 32 30 16 27 40
FSP02 1970 27 34 29 28 29 17 24 20 20 18 FSP14 2000 32 31 23 17 999

FSP02 1980 16 16 21 29 23 20 11 8 6 8 FSP15 1901 25 87 121 136 145 96 82 73 82
FSP02 1990 8 11 18 11 18 14 13 15 29 26 FSP15 1910 81 85 86 113 132 88 76 85 96 76
FSP02 2000 25 32 29 21 999 FSP15 1920 93 79 78 83 98 100 119 129 144 153
FSP04 1875 120 178 195 128 137 FSP15 1930 90 93 88 65 61 77 55 49 33 55
FSP04 1880 155 141 147 125 112 109 93 90 110 92 FSP15 1940 51 29 19 21 23 31 61 81 101 94
FSP04 1890 68 47 61 63 48 55 50 60 51 52 FSP15 1950 71 36 35 54 49 38 35 19 18 19
FSP04 1900 71 53 89 105 78 64 70 60 57 46 FSP15 1960 40 97 121 160 134 122 133 64 60 44
FSP04 1910 39 45 63 115 87 61 56 33 29 47 FSP15 1970 43 64 60 66 105 90 85 47 39 46
FSP04 1920 51 47 49 48 44 38 57 69 69 42 FSP15 1980 32 33 54 44 48 44 56 56 45 50
FSP04 1930 30 53 39 37 33 35 35 48 47 59 FSP15 1990 52 43 27 26 27 19 17 21 24 25
FSP04 1940 50 55 44 34 20 30 33 37 38 28 FSPI5 2000 21 18 13 22 999

FSP04 1950 23 24 27 20 25 24 28 19 17 17 FSP16 1951 76 136 146 152 125 135 101 92 108
FSP04 1960 16 19 27 21 31 20 21 18 26 25 FSP16 1960 107 89 101 84 86 68 84 63 81 72
FSP04 1970 28 33 24 26 27 19 25 21 24 19 FSP16 1970 70 94 90 79 81 65 76 77 75 71
FSP04 1980 18 16 18 17 15 14 16 17 20 16 FSP16 1980 55 53 57 44 53 43 30 34 40 45
FSP04 1990 13 12 22 21 19 21 22 15 20 27 FSP16 1990 59 50 54 38 41 44 46 42 53 50
FSP04 2000 18 19 15 21 999 FSP16 2000 48 49 45 40 999

FSP06 1882 126 119 87 97 83 83 78 58 FSP17 1883 53 68 82 73 65 72 84

FSP06 1890 39 32 22 36 43 39 22 11 46 48 FSP17 1890 70 87 90 119 124 110 129 88 104 114
FSP06 1900 53 45 42 91 94 82 57 67 74 73 FSP17 1900 112 97 87 126 125 116 75 84 80 95
FSP06 1910 52 74 75 87 98 92 76 72 58 75 FSP17 1910 77 68 68 81 97 94 78 78 72 68
FSP06 1920 84 86 88 77 62 61 53 76 80 83 FSP17 1920 70 74 86 81 69 56 49 64 60 143
FSP06 1930 44 54 42 34 38 55 61 61 41 62 FSP17 1930 98 96 109 90 84 84 80 74 81 95
FSP06 1940 67 67 41 30 13 19 38 54 53 40 FSP17 1940 101 71 44 22 12 24 12 27 43 53
FSP06 1950 41 23 32 21 22 21 30 19 17 17 FSP17 1950 59 49 33 24 32 43 48 39 48 48
FSP06 1960 21 15 24 20 17 10 18 18 25 38 FSP17 1960 31 41 34 10 34 42 40 32 18 15
FSP06 1970 39 48 27 23 32 20 23 15 25 22 FSP17 1970 10 10 15 18 40 26 30 12 17 14
FSP06 1980 16 9 26 19 21 13 12 28 23 22 FSP17 1980 16 10 18 17 7 15 11 26 44 49
FSP06 1990 20 21 42 61 65 8 75 33 11 5 FSP17 1990 64 79 77 76 69 55 46 23 30 41
FSP06 2000 7 10 6 7 999 FSP17 2000 44 35 19 20 999

FSP0O7 1875 96 105 85 66 53 FSP19 1890 42 57 52 47 58 72 63 51 50 41
FSPO7 1880 69 55 70 51 49 68 62 57 79 76 FSP19 1900 36 64 85 127 117 102 73 93 97 113
FSP07 1890 48 36 41 57 59 58 49 66 52 44 FSP19 1910 93 99 104 127 135 119 113 121 119 118
FSP07 1900 41 53 79 93 75 51 55 58 67 66 FSP19 1920 109 91 76 72 77 74 71 96 59 86
FSP07 1910 49 49 53 55 63 66 59 67 69 60 FSP19 1930 76 117 139 97 80 121 129 133 125 150
FSP07 1920 58 80 75 74 53 72 81 86 89 98 FSP19 1940 145 136 91 69 61 73 108 112 134 102
FSP07 1930 35 63 49 41 29 54 85 92 78 89 FSP19 1950 94 98 65 64 80 66 81 60 59 73
FSP07 1940 74 86 59 34 32 51 70 65 81 70 FSP19 1960 71 81 68 68 52 55 66 57 63 64
FSP07 1950 67 51 64 61 70 54 54 30 19 30 FSP19 1970 73 119 111 92 89 82 70 56 50 66
FSP07 1960 40 45 43 14 29 21 33 30 36 30 FSP19 1980 41 36 43 48 45 42 31 35 26 23
FSP07 1970 26 51 51 54 51 38 38 30 36 47 FSP19 1990 20 20 19 21 19 19 20 11 20 20
FSP07 1980 41 34 60 73 66 48 34 29 27 25 FSP19 2000 20 23 23 25 999

FSP07 1990 20 13 13 9 15 24 20 14 13 23 FSP20 1886 42 51 53 54

FSP07 2000 16 15 7 14 999 FSP20 1890 52 50 45 37 48 50 52 32 41 43
FSP08 1898 84 68 FSP20 1900 50 48 40 77 81 90 67 83 86 99
FSP08 1900 79 81 100 89 65 73 68 64 49 54 FSP20 1910 79 79 78 127 105 84 71 63 48 51
FSP0O8 1910 70 101 92 89 72 82 62 66 60 60 FSP20 1920 57 53 58 61 59 56 47 42 40 99
FSP08 1920 65 59 66 69 68 45 58 55 90 47 FSP20 1930 66 81 71 50 47 70 62 66 58 74
FSP0O8 1930 9 78 50 31 24 29 22 39 37 49 FSP20 1940 88 73 57 53 46 36 48 58 68 56
FSP08 1940 50 57 53 58 51 31 61 58 49 34 FSP20 1950 57 66 63 53 65 46 37 21 21 26
FSP08 1950 46 36 47 39 68 37 38 25 24 23 FSP20 1960 36 50 75 72 48 52 52 45 66 54
FSP08 1960 31 42 61 61 49 34 38 32 51 o4 FSP20 1970 38 44 44 50 57 25 17 9 8 15
FSP08 1970 65 76 53 56 58 42 38 30 17 21 FSP20 1980 26 32 49 30 19 10 7 7 9 17
FSP08 1980 36 31 34 40 28 18 12 17 15 20 FSP20 1990 20 21 9 10 9 17 25 36 48 35
FSP0O8 1990 16 15 27 35 27 21 39 21 19 19 FSP20 2000 17 10 6 8 999

FSP08 2000 18 8 10 7 999 FSP22 1887 95 83 72

FSPI1 1881 113 113 120 134 127 138 142 161 155 FSP22 1890 51 61 58 57 70 69 57 51 81 78
FSP11 1890 144 132 108 97 111 115 116 92 102 101 FSP22 1900 82 73 73 87 79 56 41 48 41 49
FSP11 1900 100 103 90 118 120 112 96 89 79 85 FSP22 1910 49 49 87 117 101 112 103 118 106 96
FSPI1 1910 72 59 65 71 74 74 66 69 65 55 FSP22 1920 111 109 94 100 95 102 82 106 92 89
FSPI1 1920 66 57 61 57 53 49 51 60 51 95 FSP22 1930 53 97 80 44 50 71 61 64 63 67
FSPI1 1930 65 73 79 51 44 62 69 99 92 91 FSP22 1940 58 64 43 33 28 35 46 51 44 23
FSP11 1940 61 73 61 35 17 24 39 60 64 71 FSP22 1950 31 26 33 31 26 30 41 28 19 23
FSP11 1950 60 54 59 37 37 28 41 19 9 29 FSP22 1960 46 41 49 45 29 35 54 44 36 34
FSP11 1960 16 23 39 52 57 54 44 28 29 35 FSP22 1970 45 65 43 35 42 33 30 17 26 43
FSP11 1970 31 47 52 44 54 41 46 39 47 51 FSP22 1980 26 18 39 66 46 43 39 35 30 38
FSP11 1980 41 29 32 20 19 21 11 18 22 21 FSP22 1990 38 53 56 46 39 29 23 23 25 25
FSP11 1990 18 15 19 19 18 13 17 10 15 13 FSP22 2000 16 9 4 4 999

FSP11 2000 12 13 5 7 999 FSP23 1896 69 59 63 64

FSP12 1890 88 82 68 60 92 85 54 8 79 85 FSP23 1900 68 54 64 72 64 45 34 26 36 54
FSP12 1900 89 76 71 96 99 116 78 90 74 81 FSP23 1910 54 36 35 48 47 50 58 63 40 34
FSP12 1910 65 46 46 67 73 55 46 48 45 46 FSP23 1920 39 44 54 69 70 68 48 66 54 104
FSP12 1920 60 69 55 66 67 63 75 95 103 133 FSP23 1930 97 97 81 54 54 59 57 50 37 44
FSP12 1930 85 95 89 66 90 102 82 78 86 118 FSP23 1940 36 47 55 40 45 35 45 50 59 S8
FSP12 1940 105 98 65 56 49 38 77 96 87 68 FSP23 1950 63 65 47 42 27 23 33 23 24 29
FSP12 1950 80 72 48 61 64 48 55 42 41 45 FSP23 1960 33 40 42 35 35 32 35 30 27 29
FSP12 1960 44 41 44 44 43 49 51 44 48 44 FSP23 1970 23 27 19 19 24 13 16 16 25 32
FSP12 1970 38 42 34 28 36 28 28 17 26 35 FSP23 1980 20 36 35 34 32 37 30 27 25 24
FSP12 1980 28 23 28 34 32 31 30 28 30 27 FSP23 1990 27 24 23 29 34 35 41 32 29 30
FSP12 1990 35 36 39 41 48 51 64 64 58 73 FSP23 2000 18 37 46 76 999

FSP12 2000 61 49 26 27 999
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Appendix 4: continued.

FMNO02
FMNO02
FMNO02
FMNO02
FMNO02
FMNO02
FMNO02
FMNO02
FMNO02
FMNO3
FMNO03
FMNO03
FMNO03
FMNO03
FMNO03
FMNO03
FMNO03
FMNO3
FMNO03
FMNO03
FMNO03
FMNO03
FMNO5
FMNO5
FMNO5
FMNO5
FMNO5
FMNO5
FMNO5
FMNO5
FMNO5
FMNO09
FMNO09
FMNO09
FMNO09
FMN09
FMNO09
FMNO09
FMNO09
FMNO09
FMN09
FMN09
FMN09
FMN09
FMNO09
FMNI10
FMN10
FMN10
FMN12
FMNI12
FMNI12
FMNI12
FMN12
FMN12
FMN12
FMNI12
FMN12
FMN12
FMNI12
FMNI12
FMNI16
FMNI16
FMNI16
FMNI16
FMNI16
FMNI16
FMNI16
FMNI16
FMNI16
FMNI16
FMNI18
FMNI18
FMNI18
FMNI18
FMNI18
FMNI18
FMNI18
FMNI18
FMNI18
FMNI18

1922
1930
1940
1950
1960
1970
1980
1990
2000
1875
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
1875
1880
1890
1900
1910
1920
1930
1940
1950
1875
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
1875
1880
1890
1875
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1917
1920
1930
1940
1950
1960
1970
1980
1990
2000
1915
1920
1930
1940
1950
1960
1970
1980
1990
2000

16

8

106
123

143 98 115 112 122

115 121 91 83 68 64 64

38 30 33 36 33 55 57
41 53 32 34 24 38 50
31 35 37 44 20 23 14
21 41 30 39 36 36 27
34 23 16 9 10 15 12
36 8 10 14 15 19 12
12 999

60 60

54 67 53 68 54 64 83
69 74 75 74 42 43 61

17 24 16 16 9 12 11

7 10 10 16 12 11 10 5

15
36
3
30
10
14
16
46
18
999
26
32
20
18
22
7
16
41
13
18
8
17
33
48

9
15
22
14

9

5 9
95
68
84
57
28
35
15
25
30
11
85
81
62
39
48
27
16
15

9 4 5 10 999
29 15
5 7 10 15 18 15 35
16 23 29 23 20 18 10
27 35 26 20 26 27 35
14 8 5 8 13 7 11
10 9 5 9 18 31 82
23 33 34 29 43 30 22
4 11 7 7 7 8 11

34 28

39 45 33 36 31 26 27
17 26 26 20 25 25 21
39 48 41 32 40 28 23
21 11 17 22 26 20 12
6 6 3 8 10 10 25

15 30 31 23 27 24 34
29 19 14 15 10 11 26
16 17 14 15 7 14 30
16 14 11 24 16 10 7
9 14 11 17 13 20 20
23 20 22 16 50 52 17
25 10 12 10 14 22 23
48 999

17 19

63 66 51 56 60 48 41
29 43 59 59 999

53 39

36 30 24 15 10 7 10

9 8 13 17 19 21 30
23 27 28 26 34 37 40
33 13 15 14 11 6 7
6 7 6 8 10 9 43

11 18 27 22 24 18 9
10 2 6 12 11 16 30
35 24 21 13 10 9 12
10 10 9 15 8 10 5

8 17 10 20 15 9 7
99

41 42 91 76 8 77 109
71 87 75 60 77 59 58
39 24 20 31 17 27 30
33 36 39 42 22 36 31
34 30 37 45 30 22 14
22 37 33 24 17 20 18
35 16 10 3 3 3 8
25 3 11 16 18 27 14
15 999
91 93
67 46 73 70 71 70 78
56 70 57 45 51 44 61
27 31 27 35 24 42 43
39 35 25 28 27 37 45
19 24 30 36 29 29 20
20 33 27 38 32 27 17
25 28 28 16 13 16 18

27 38 25 11 12 19 29 41 16

11

18

27 999

FMN19
FMN19
FMN19
FMN19
FMN19
FMN19
FMN19
FMN19
FMN19
FMN20
FMN20
FMN20
FMN20
FMN20
FMN20
FMN20
FMN20
FMN20
FMN20
FMN21
FMN21
FMN21
FMN21
FMN21
FMN21
FMN21
FMN21
FMN21
FMN22
FMN22
FMN22
FMN22
FMN22
FMN22
FMN22
FMN22
FMN22
FMN24
FMN24
FMN24
FMN24
FMN24
FMN24
FMN24
FMN24
FMN24
FMN25
FMN25
FMN25
FMN25
FMN25
FMN25
FMN25
FMN26
FMN26
FMN26
FMN26
FMN26
FMN26
FMN26
FMN26
FMN26
FMN26
FMN27
FMN27
FMN27
FMN27
FMN27
FMN27
FMN27
FMN27
FMN27
FMN27
FMN27
FMN27
FMN28
FMN28
FMN28
FMN28
FMN28
FMN28
FMN28
FMN28
FMN28
FMN28
FMN30
FMN30
FMN30
FMN30
FMN30
FMN30
FMN30
FMN30
FMN30

1925
1930
1940
1950
1960
1970
1980
1990
2000
1913
1920
1930
1940
1950
1960
1970
1980
1990
2000
1925
1930
1940
1950
1960
1970
1980
1990
2000
1929
1930
1940
1950
1960
1970
1980
1990
2000
1920
1930
1940
1950
1960
1970
1980
1990
2000
1946
1950
1960
1970
1980
1990
2000
1917
1920
1930
1940
1950
1960
1970
1980
1990
2000
1875
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1875
1880
1890
1900
1910
1920
1930
1940
1950
1960
1904
1910
1920
1930
1940
1950
1960
1970
1980

101

7879 71

103 85 86 78 62 68 54

20 8 20

16 7 6
139 999

57
14
22

55
24
30

38
32
61
45
33
40

69
43
21
18
38
22
17
19

50
13
17

9 25 39 23
6 8 20 18 29 38 39 32
21 25 25 40 30

6

8

18

107 89 95 69 75 81

36 38 40
28 27 59
45 41 58
28 21 40
29 32 23
15 9 14
18 9 999
9 57 37
105 85 86
39 29 17
9 26 28
9 8 19
12 9 13
1112 14

30
37
43
30
22
6

76
65
23
13
16
7
20

8 8 5 8 5

8 20 47
16 12 24
9 24 27

31

34

41

58

19
9

24
31
21
47
26

18

15 30 28

76 87

43
32
40
39
22

41
37
22
45
23

14 23 30

90 93 84 87
52 57 43 58
10 22 29

15 47 35

6 12

24
7

10

83
72
86
30
23

10 22

9

17

11
25
11
25

13

10

15

53
64
55
19
15

9 6

22
9

9 1
129 20
11

12

7
16

18

38
31
46
21
21

18
6
716 7

5

11
5

12

5

3
11

10
11
21
29
28
11

14

8

49
51
51
13
24
8
30

19
5

22

32

26
7

13

35
100
62
38

17

34

13 999
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Appendix 5: Growth ring features of Araucaria angustifolia. In A, typical growth rings,
with conspicuous earlywood and latewood cells; B, density fluctuation (arrow); C; resin
deposition; D; wedging rings (arrows); and E; conspicuous growth rings preceding a

period with growth rings of fuzzy boundaries.
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6. Conclusoes

Os estudos relacionados a dendroecologia em espécies ocorrentes nos biomas
brasileiros, em sua maioria, versam sobre a anatomia e periodicidade de formacao de
anéis de crescimento. Compilando-os, verificamos que muitas espécies formam anéis de
crescimento anuais nos Biomas Amazonia (58), Mata Atlantica (32) e Pantanal (35).
Nos Biomas Cerrado, Caatinga e Pampa ndo encontramos nenhuma publicacdo
relacionada a dendroecologia. De modo geral, a formag¢do de anéis de crescimento
anuais em ecossistemas tropicais esta associada a ciclos intra-anuais de inundagdo ou
precipitacdo, enquanto em ecossistemas subtropicais a variacdo da temperatura parece o
fator determinante. Estudos sobre o ritmo de formagao de anéis de crescimento e sua
relacdo com fatores ambientais sdo ainda necesséarios, dada a grande diversidade
floristica e ambiental dos biomas brasileiros.

A despeito do reconhecido potencial em numero de espécies, hd pouquissimos
estudos que efetivamente relacionam séries anuais de anéis de crescimento com
variagdes do ambiente. A lista de espécies com anéis de crescimento anuais aqui
apresentada pode auxiliar na selecdo de espécies para estudos dendroecologicos futuros.
Ademais, o desenvolvimento desta ciéncia no Brasil pode ser beneficiado pelas
seguintes acdes: criagdo de uma rede de cooperacdo entre os grupos de pesquisa
interessados no estudo de anéis de crescimento; formacdo de especialistas, por meio de
disciplinas especificas em cursos de graduacdo e pds-graduagdo; e ampliagdo e criagcdo
de grupos de pesquisa em dendrocronologia.

Nossos estudos sobre anéis de crescimento de Araucaria angustifolia trazem
contribui¢cdes inéditas a dendroecologia de ecossistemas subtropicais montanos do

Brasil. Andlises de datacdo cruzada e de acompanhamento mensal da formagdo de
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xilema atestam a formacgao anual de anéis de crescimento nesta espécie, corroborando
estudos anteriores. O desenvolvimento dos anéis de crescimento da-se,
aproximadamente, entre outubro e maio. O ritmo mensal de formagdo dos anéis de
crescimento, descrito pelo incremento radial e pela formagdo de lenho inicial, esta
fortemente associado as variagdes do comprimento do dia e da temperatura, indicando
que esses fatores sdo determinantes da sazonalidade de atividade do cambium vascular.
Contudo, a influéncia individual destes deve ser ainda averiguada. O método utilizado
para acompanhar o ritmo de atividade cambial ¢ inovador quanto a descri¢do
quantitativa de amostras mensais, obtidas com trado de incremento. Esta ¢ uma
alternativa simples, que pode ser empregada noutras espécies.

Analises de séries temporais de largura de anéis de crescimento demonstram que
individuos de A. angustifolia apresentam crescimento sincronico, tanto local como
regionalmente, possibilitando a constru¢do de cronologias de crescimento. Entretanto,
irregularidades anatdmicas, principalmente anéis localmente ausentes e anéis com
limites difusos, dificultam significativamente a datagdo-cruzada de amostras obtidas
com trado de incremento.

Analises de ordenagdo indicam duas tendéncias interanuais de crescimento em
A. angustifolia, representadas no primeiro e segundo componentes principais,
respectivamente. A tendéncia convergente, i.e. comum as arvores de ambos os sitios de
estudo indica a existéncia de um fator regional que influencia o crescimento anual nesta
espécie. Analises de correlacdo e regressao mostram que variagdes de temperatura,
principalmente nos periodos de Dezembro a Janeiro e Maio a Junho, estdo
significativamente relacionadas a tendéncia convergente. Correlagdes negativas entre

crescimento e temperaturas de Janeiro ¢ Dezembro indicam que A. angustifolia é
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sensivel a déficit hidrico durante a estacdo de crescimento. Correlagdes significativas
com a temperatura ao final da estagdo de crescimento (Maio e Junho), positiva para ano
corrente € negativa para ano anterior, sugerem que as condigdes térmicas deste periodo
determinam se as arvores mobilizardo carboidratos para a formac¢do de madeira no ano
corrente ou no ano seguinte. Por outro lado, a tendéncia divergente, i.e. antagonica entre
arvores crescendo em ambientes campestre e florestal, revela a influéncia de fatores
locais no crescimento. Analises de correlagdes entre o segundo componente principal
(tendéncia divergente) e dados climaticos sugerem que precipitagdes abaixo da média
em Agosto, més em que usualmente os campos sdo queimados na regido de estudo, por
aumentarem a flamabilidade da biomassa campestre gerariam queimadas mais intensas,
capazes de danificar arvores crescendo em habitat campestre.

Embora as hipdteses acerca dos mecanismos que regulam as relagdes entre o
crescimento anual de A. angustifolia e condigdes climaticas devam ser efetivamente
testadas, ¢ inegavel o potencial desta espécie para desenvolver estudos
dendroclimaticos. Sua ampla distribuicdo geografica ¢ a existéncia de populacdes
remanescentes com individuos longevos reforca esta idéia. No sentido de aumentar o
nimero ¢ a extensdo temporal de cronologias de A. angustifolia, os dados aqui
apresentados podem auxilar na datagdo-cruzada em outros sitios de estudo na regido

sul-sudeste de sua distribuigao.
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