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RESUMO

A densidade da madeira (DM) é expressa pela relacéo entre peso seco e volume fresco de uma
peca amostral. O valor resultante dessa medida é uma importante variavel para avaliar as
propriedades funcionais da madeira, estratégias de historia de vida e estimativas de estoques
de biomassa/carbono de arvores tropicais. Compreender a variagdo da DM em func¢édo de
condicionantes ambientais melhora nossas estimativas de carbono de biomassa de florestas
tropicais dando énfase no papel mitigador que esses ecossistemas possuem no tocante ao
aquecimento global. O objetivo geral do estudo foi descrever a variacdo da densidade basica
da madeira de comunidades arboreas que ocorrem em florestas do ec6tono do norte da
Amazonia brasileira utilizando variaveis preditoras (i) estruturais (composicdo de espécies de
arvores, classes de diametros e sitios florestais) e (ii) hidro-edaficas (altitude = proxy da
drenagem e caracteristicas edaficas do solo; 0-20 cm). Foram amostrados 680 individuos com
diametro do caule >10 cm dispersos em 129 parcelas de 0,05 ha (6,45 ha) instaladas ao longo
de um gradiente florestal situado no leste da Ilha de Marac4, estado de Roraima, norte da
Amazonia brasileira. Para cada individuo amostrado foram medidas a espessura da casca e a
DM, aqui considerada como a média ponderada entre a densidade da casca (interna+externa)
e o0 lenho (cerne+alburno). Os resultados indicaram que a variacdo espacial da DM néo foi
afetada pelo didmetro do caule ou pelo tipo florestal. As varidveis hidro-edaficas - altitude
(drenagem), textura e soma dos micronutrientes - explicaram conjuntamente 23% da variacdo
espacial da DM das espécies de arvores. Foi observado que a reparticdo da variagcdo na DM
em componentes de substituicdo de espécies e variacdo intraespecifica aumentou o poder
explicativo para 26% no gradiente hidro-edafico. Isoladamente o conteddo de fdsforo
explicou apenas 14% da variacdo intraespecifica, indicando que as variaveis independentes
testadas possuem efeito pouco divergente quando as espécies sdo analisadas individualmente.
A anélise da variabilidade interespecifica suporta que florestas que ocorrem em ambientes
com maiores restri¢cbes hidro-edaficas no leste de Maracé sdo caracterizadas por espécies que
possuem DM ca 4% maior em relagdo a ambientes com menores restricdes. Os resultados
alcancados nesse estudo avangam no estado da arte da tematica relacionada as condicionantes
ambientais que determinam a variacdo na DM em florestas no ecétono norte da Amazonia,
proporcionando estimativas de biomassa/carbono com maior grau de confiabilidade devido ao

menor Vviés de erro.

PALAVRAS-CHAVE: Amazobnia Setentrional, gradiente hidro-edafico, gravidade especifica
da madeira, massa especifica da madeira



ABSTRACT

Wood density (WD) is expressed by the relationship between dry weight and fresh volume of
a sample piece. The value resulting from this measure is an important variable to assess the
functional properties of wood, life history strategies and estimates of biomass/carbon stocks
of tropical trees. Understanding the WD variation due to environmental conditions improves
our carbon estimates of tropical forest biomass by emphasizing the mitigating role that these
ecosystems play in terms of global warming. The general objective of the study was to
describe the variation in the basic wood density of tree communities that occur in ecotone
forests in the north of the Brazilian Amazon using structural (i) structural predictor variables
(composition of tree species, diameter classes and forest sites) and (ii) hydro-edaphic (altitude
= drainage proxy and soil edaphic characteristics; 0-20 cm). 680 individuals were sampled
with stem diameter >10 cm dispersed in 129 plots of 0.05 ha (6.45 ha) installed along a forest
gradient located in the east of Maraca Island, state of Roraima, north of the Brazilian
Amazon. For each individual sampled, bark thickness and WD were measured, here
considered as the weighted average between bark density (internal+external) and wood
(heartwood+sapwood). The results indicated that the spatial WD variation is not affected by
the stem diameter or the forest type. The hydro-edaphic variables - altitude (drainage), texture
and sum of the micronutrients - explained together 23% of the spatial WD variation of the tree
species. It was observed that the distribution of WD variation in components of species
substitution and intraspecific variation increased the explanatory power to 26% in the hydro-
edaphic gradient. Phosphorus content alone explained only 14% of the intraspecific variation,
indicating that the independent variables tested have little divergent effect when the species
are analyzed individually. The analysis of interspecific variability supports that forests that
occur in environments with greater hydro-edaphic restrictions in eastern Maraca are
characterized by species that have WD ca 4% higher in relation to environments with less
restrictions. The results achieved in this study advance the state of the art of the theme related
to environmental conditions that determine the WD variation in forests in the northern
ecotone of the Amazon, providing biomass/carbon estimates with a higher degree of
reliability due to less error bias.

Keywords: Northern Amazon, hydro-edaphic gradient, wood specific gravity, wood specific
mass
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INTRODUCAO GERAL

A densidade basica da madeira (DM) € expressa pela relacéo entre peso seco e
volume saturado de uma unidade amostral. Essa variavel é importante para avaliar as
propriedades funcionais da madeira, sendo um pardmetro complexo, pois resulta da
combinacéo de varios fatores, como disposicdo dos elementos anatdmicos, espessura da
parede celular, dimenséo das fibras, volume dos vasos e parénquima, além da proporcgéo
entre madeira (cerne e alburno) e casca. E também um importante indicador do estagio
sucessional de arvores tropicais, variando de espécies climax de alta densidade a
espécies pioneiras de baixa densidade em estagios iniciais de sucessao.

Fatores ambientais e climaticos influenciam as taxas de crescimento e
mortalidade de arvores em florestas tropicais e consequentemente a variabilidade da
densidade da madeira, ja que estas estdo inversamente correlacionadas. A densidade da
madeira, também é um indicador das estratégias de crescimento das arvores tropicais.
Variagbes nas estratégias de crescimento dentro de comunidades contribuem para
manutencdo da diversidade e fornecem informacdes sobre as pressdes bidticas e
abioticas impostas pelo ambiente, padrdes sucessionais, padrfes espaciais, estoque e
fluxo de carbono.

Entender a variacdo da densidade da madeira dentro e entre espécies e sitios
florestais é importante para transformar dados de volume de madeira em biomassa. Esta
aplicacdo é uma ferramenta chave para a compreensdo da dindmica do carbono em
ecossistemas terrestres regionais, tendo ligacdo direta com 0s acordos internacionais
sobre mudangas climaticas globais.

Neste contexto envolvendo densidade da madeira e dindmica do carbono, as
florestas de ecotono ou areas de tensdo ecoldgica da Amazobnia sdo os tipos florestais
mais pobremente estudados, embora venham sendo impactados constantemente por
grandes incéndios florestais e atividades antropogénicas degradantes (e.g.
desmatamento e exploracdo florestal). Em Roraima, estado brasileiro situado no
extremo norte da Amazonia, este tipo fitofisionbmico localiza-se ao longo de toda a
zona de contato savana-floresta do norte-nordeste do estado, onde tipos florestais
ombrofilos abertos estdo associados a florestas sazonais deciduais e semideciduais. As
variacOes da densidade da madeira nesses tipos florestais ecotonais da regido ainda nao

foram investigadas e sdo fator de ddvidas dentro das estimativas de biomassa e estoques
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de carbono regionais. Por exemplo, 0s poucos estudos que investigaram a variacdo da
biomassa nas florestas ecotonais de Roraima utilizaram dados de densidade da madeira
de espécies dos bancos de dados globais, que ndo representam as condi¢des ambientais
especificas deste ambiente, acarretando erros de estimativas.

Gerar um banco de dados de densidade basica da madeira por espécie é
imprescindivel para melhorar as estimativas de biomassa e estoque de carbono para o
ecétono do extremo norte. Diante disto, este estudo busca descrever a variacdo da
densidade da madeira de espécies arboreas que ocorrem em florestas ecotonais do
extremo norte da Amazonia utilizando variaveis preditoras (i) estruturais (composi¢do
de espécies de arvores, classes de diametros e sitios florestais) e (ii) hidro-edaficas
(altitude = proxy da drenagem e caracteristicas do solo; 0-20 cm). A hipétese desse
trabalho é que pardmetros estruturais e variaveis ambientais (hidro-edéaficos) contribuem
as variacdes na densidade da madeira em florestas ecotonais do extremo norte da
Amazonia brasileira.

Para testar essa hipoOtese a pesquisa em tela teve o seguinte objetivo geral:
Estimar a densidade da madeira de espécies arboreas sob distintas condicionantes
ambientais em florestas de ecotono da Ilha de Maracé, norte de Roraima.

Para cumprir 0 objetivo geral, a pesquisa foi estruturada em trés objetivos
especificos que foram qualificados em capitulos (artigos) da tese:

Capitulo 1 - Gerar um banco de dados de densidade da madeira por espécie de florestas
de ecdtono no norte da Amazonia brasileira. Tal objetivo esta contido no artigo “Dataset
on wood density of trees in ecotone forests in Northern Brazilian Amazonia”, publicado
na Revista Data in Brief (Qualis CAPES Classificacdo B1 nas Areas de Ciéncias

Ambientais e Interdisciplinar).

Capitulo 2 - Determinar os efeitos dos diferentes sitios florestais e classes de diametro
na variagdo da densidade béasica da madeira das principais espécies de arvores do
ecotono norte da Amazonia. O objetivo esta contido no manuscrito “Didmetro do caule
e espécies mais abundantes explicam parcialmente a variacdo da densidade da madeira
em distintas formagdes florestais do norte da Amazonia brasileira”, que sera submetido
a Revista Acta Amazonica (Qualis CAPES Classificacdo B1 nas Areas de Ciéncias

Ambientais e Interdisciplinar).
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ABSTRACT

Wood density is expressed by the ratio between dry weight and satured volume of a
sample piece. The value of this measure is an important variable for assessing wood
functional properties, successional stages, and biomass/carbon stock estimates in
different terrestrial ecosystems. Wood density data were collected for tree species from
ecotone forests of the northern Brazilian Amazonia. We sampled 680 individuals with
stem diameter > 10 cm. For each sampled individual measurements were taken for three
stem variables: bark thickness (mm), bark density (g cm) and wood density (g cm).
This dataset is intended to improve biomass and carbon estimates of forests in the
northern ecotone region of Brazilian Amazonia, an area poorly known in terms of

ecosystem dynamics.

Keywords: Specific gravity, Forest Ecology, Tropical Forest, Tree, Wood Technology.

! Artigo publicado na revista Data in Brief, 30, 105378 (2020).
http://dx.doi.org/10.1016/j.dib.2020.105378.
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Specifications table

Subject

Agricultural and Biological Sciences

Specific subject area

Forestry and Plant Science

Type of data

Table and figure

How data were

To obtain samples, an increment borer (Haglof Borer Auger), 400

acquired mm in length and 5.15 mm in diameter, was used. Laboratory
analyzes used precision scales (0.001 g) and an electric oven.
Data format Raw and analysed

Parameters for data
collection

Data collection only considered trees of stem diameter > 10 cm,
dispersed within 129 sampling plots, as a part of the research grid of
the Biodiversity Research Program (PPBIo) installed on the eastern
side of Maraca Island, northern Brazilian Amazonia.

Description of data
collection

Laboratory analysis of collected samples used as a reference for the
calculation of the wood density (g cm?) the ratio of sample dry mass
(9) divided by its saturated volume (cm?) for three stem variables:
bark thickness, bark density, wood density (sapwood + heartwood).
Saturated volume of each sample was estimated from a wood
sample immersed in distilled water in a graduated cylinder
(precision scale = 0.001 g). Weight was measured when the inserted
sample was considered equal to the displaced volume, taking water
density to be 1 g cm. Samples were then oven dried at 103+2°C
until a constant weight was achieved (~ 72hours).

Data source location

The dataset was based on a forest inventory conducted in ecotone
forests of eastern Maracé Island located in the state of Roraima,
northern Brazilian Amazonia (3.360 Na 3.405N/-61.442 W a -
61.486 W).

Data accessibility

Repository name: Mendeley Data
Data identification number: 5

Direct URL to data: http://dx.doi.org/10.17632/n4kzj3d2g7.5

Value of the Data

e A wood density database is essential to improve biomass and carbon stock
estimates at local, regional and global scales.
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341
342
343
344
345
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351

e The generated data are key for understanding of climate change effects on
ecotonal forest dynamics in northern Brazilian Amazonia.

e These data are an important reference source for research on tree species
functional traits linked to diversity and spatial distribution.

1 Data

This research reports on a wood density data set for northern Brazilian Amazonia
ecotonal forests. Table 1 shows the density of stem wood (sapwood + heartwood), bark
density and bark thickness from 110 tree species and morphospecies (mean £ SD)
present in ecotone forests of eastern Maraca Island. Figure 1 shows the fieldwork to
collect the stem samples and the subdivisions of the samples considered in this research

for calculation of wood density.
Table 1

Tree species and morphospecies wood density from ecotone forests of northern
Brazilian Amazonia (mean + SD). Samples = number of individuals sampled, Bark T =
bark thickness in millimeters, Bark D = bark density, Core WD = sapwood + heartwood

density, Weighted average WD = weighted average between Bark D and Core WD.

Bark WD Core WD
Family Species Samples (n) WD (g cm™®)
(gem®) (gem®)

Achariaceae Lindackeria paludosa 2 0.686+0.001 0.637+0.018 0.637+0.018
Anacardiaceae Astronium lecointei 3 0.691+0.062 0.778+0.145 0.7774£0.144
Spondias mombin 1 0.250+0.000 0.774+0.000 0.766+0.000

Annonaceae Duguetia lepidota 14 0.535+0.098 0.796+0.042 0.793+0.041
Duguetia lucida 3 0.407+0.105 0.732+0.019 0.728+0.018

Guatteria citriodora 1 0.128+0.000 0.604+0.000 0.602+0.000

Scl;it::ﬁgkiana 8 0.488:0.166  0.646+0.109 0.6440.108

Xylopia amazonica 2 0.533+0.093 0.669+0.065 0.668+0.064

Apocynaceae Aspidosperma nitidum 1 0.418+0.000 0.828+0.000 0.826+0.000
?SfJSSZﬁSLTa 3 0.733:0.081  0.750£0.020 0.75040.019

Himatanthus articulatus 35 0.459+0.151 0.567+0.039 0.566+0.039

Araliaceae Schefflera morototoni 2 0.479+0.061 0.323+0.012 0.324+0.012
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Table 1 (continued)

Family

Bignoniaceae

Bixaceae

Boraginaceae

Burseraceae

Caryocaraceae
Celastraceae

Chrysobalanaceae

Clusiaceae

Elaeocarpaceae

Erythroxylaceae

Euphorbiaceae
Lamiaceae

Lauraceae

Species

Handroanthus obscurus
Handroanthus uleanus

Cochlospermum
orinocense

Cordia tetrandra
Protium neglectum
Protium polybotryum
Protium rhoifolium
Protium stevensonii
Protium unifoliolatum
Trattinnickia glaziovii
Trattinnickia rhoifolia
Caryocar villosum
Maytenus guyanensis
Exellodendron barbatum
Hirtela racemosa
Leptobalanus apetalus
Licania kunthiana
Licania discolor
Moquilea minutiflora
Garcinia macrophylla
Sloanea guianensis

Erythroxylum
mucronatum

Mabea speciosa *

Vitex schomburgkiana
Aniba sp.

Endlicheria dictifarinosa

Licaria chrysophylla

Samples (n)

Bark WD
(@cm?)
0.259+0.041

0.508+0.090
0.520+0.260

0.441+0.167
0.488+0.274
0.801+0.150
0.701+0.076
0.705+0.151
0.614+0.144
0.624+0.171
0.537+0.013
0.707+0.000
0.757+0.115
0.826+0.108
0.859+0.000
0.725+0.110
0.733+0.045
0.748+0.171
0.601+0.054
0.962+0.000

0.573+0.246
0.582+0.000

0.515+0.386
0.667+0.061
0.507+0.000
0.565+0.000

0.988+0.000

Core WD
(@cm™)
0.862+0.042

0.811+0.077
0.424+0.120

0.476+0.179
0.554+0.016
0.571+0.012
0.585+0.039
0.709+0.071
0.692+0.046
0.422+0.022
0.521+0.081
0.569+0.000
0.722+0.036
0.841+0.057
0.785+0.000
0.747+0.056
0.803+0.082
0.825+0.120
0.624+0.018
0.674+0.000

0.870+0.041
0.819+0.000

0.567+0.015
0.606+0.052
0.622+0.000
0.478+0.000

0.677+0.000

WD (g cm®)

0.858+0.043

0.809+0.076
0.424+0.121

0.476+0.178
0.555+0.015
0.573+0.010
0.586+0.039
0.709+0.070
0.691+0.045
0.423+0.021
0.522+0.080
0.570+0.000
0.722+0.036
0.841+0.057
0.785+0.000
0.746+0.056
0.803+0.082
0.825+0.120
0.624+0.018
0.676+0.000

0.869+0.041
0.816+0.000

0.567+0.016
0.606+0.052
0.621+0.000
0.479+0.000

0.678+0.000
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Table 1 (continued)

Family

Lecythidaceae

Leguminosae

Malpighiaceae

Malvaceae

Species

Mezilaurus crassiramea
Ocotea sandwithii
Couratari multiflora
Eschweilera pedicellata
Eschweilera sp.?
Gustavia augusta

Lecythis corrugata
subsp. Résea

Albizia glabripetala
Albizia pedicellaris
Albizia sp.

Andira surinamensis
Centrolobium paraense
Dialium guianense

Enterolobium
schomburgkii

Hymenaea sp

Inga splendens

Inga cinnamomea
Inga sp

Ormosia coarctata
Peltogyne gracilipes
Peltogyne paniculata
Swartzia grandifolia
Swartzia latifolia
Swartzia sp.
Tachigali guianensis

Byrsonima
schomburgkiana

Apeiba tibourbou

Samples (n)

Bark WD
(@cm™)
0.541+0.174
0.649+0.227
0.203+0.000
0.767+0.100
0.628+0.209

0.340+0.112
0.628+0.158

0.398+0.000
0.598+0.000
0.258+0.000
0.413+0.195
0.843+0.014

0.746+0.000
0.688+0.057

0.924+0.000
0.570+0.047
0.656+0.000
0.722+0.000
0.612+0.164
0.841+0.162
0.922+0.175
0.513+0.144
0.451+0.000
0.699+0.000

0.561+0.067
0.616+0.154

0.353+0.064

Core WD
(@cm™)
0.697+0.017
0.664+0.042
0.468+0.000
0.759+0.030
0.738+0.026

0.698+0.026
0.733+0.073

0.622+0.000
0.405+0.000
0.518+0.000
0.688+0.026
0.755+0.003

0.784+0.000
0.573+0.056

0.884+0.000
0.639+0.060
0.525+0.000
0.727+0.000
0.822+0.167
0.903+0.090
0.921+0.032
0.602+0.173
0.694+0.000
0.778+0.000

0.665+0.040
0.626+0.134

0.345+0.113

WD (g cm®)

0.697+0.018
0.664+0.041
0.466+0.000
0.759+0.030
0.737+0.027

0.695+0.027
0.733+0.073

0.621+0.000
0.406+0.000
0.515+0.000
0.687+0.027
0.755+0.003

0.784+0.000
0.573+0.055

0.884+0.000
0.638+0.060
0.526+0.000
0.727+0.000
0.821+0.167
0.902+0.089
0.921+0.032
0.601+0.173
0.692+0.000
0.777+0.000

0.664+0.039
0.626+0.134

0.346+0.111
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Table 1 (continued)

Family

Melastomataceae
Meliaceae

Moraceae

Myristicaceae

Myrtaceae

Nyctaginaceae
Ochnaceae
Olacaceae
Peraceae
Putranjivaceae

Rubiaceae

Salicaceae

Species

Luehea speciosa
Pochota fendleri
Miconia stenostachya
Trichilia cipo
Brosimum guianense
Clarisia racemosa
Pseudolmedia laevigata
Virola calophylla
Eugenia essequiboensis
Eugenia flavescens
Eugenia omissa
Psidium guineense
Neea parviflora
Quiina rhytidopus
Chaunochiton kappleri
Pera bicolor

Drypetes variabilis
Alseis latifolia
Amaioua corymbosa
Chomelia tenuiflora
Duroia eriopila
Guettarda macrantha
Palicourea crocea
Posoqueria latifolia
Rudgea crassiloba
Rudgea sp.

Casearia spinencens

Casearia sylvestris

Samples (n)

Bark WD
(gcm?)
0.501+0.120
0.324+0.039
0.833+0.000
0.723+0.142
0.697+0.180
0.806+0.156
0.642+0.156
0.582+0.110
0.556+0.000
0.660+0.000
0.640+0.302
0.861+0.000
0.507+0.000
0.663+0.248
0.403+0.051
0.787+0.000
0.941+0.000
0.533+0.216
0.659+0.253
0.697+0.000
0.577+0.140
0.538+0.156
0.557+0.000
0.736+0.000
0.764+0.249
0.301+0.092
0.64520.000

0.482+0.140

Core WD
(g em™)
0.639+0.058
0.367+0.025
0.817+0.000
0.725+0.051
0.768+0.086
0.675+0.037
0.673+0.056
0.591+0.006
0.686+0.000
0.797+0.000
0.758+0.057
0.829+0.000
0.543+0.000
0.823+0.060
0.616+0.139
0.803+0.000
0.698+0.000
0.645+0.049
0.726+0.044
0.684+0.000
0.683+0.072
0.541+0.048
0.624+0.000
0.552+0.000
0.647+0.034
0.575+0.024
0.588+0.000

0.708+0.062

WD (g cm®)

0.637+0.059
0.367+0.024
0.817+0.000
0.725+0.051
0.767+0.086
0.675+0.037
0.673+0.056
0.591+0.007
0.686+0.000
0.796+0.000
0.758+0.056
0.829+0.000
0.542+0.000
0.823+0.060
0.614+0.138
0.803+0.000
0.700+0.000
0.645+0.049
0.727+0.045
0.684+0.000
0.683+0.071
0.541+0.048
0.624+0.000
0.553+0.000
0.648+0.034
0.574+0.024
0.589+0.000

0.707+0.062
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Table 1 (continued)

Family

Sapindaceae

Sapotaceae

Simaroubaceae

Violaceae

Species

Xylosma benthamii
Cupania rubiginosa

Chrysophyllum
sparsiflorum

Ecclinusa guianensis
Pouteria cuspidata
Pouteria hispida
Pouteria reticulata
Pouteria sp.

Pouteria surumuensis
Pouteria venosa
Pradosia surinamensis
Simarouba amara
Leonia glycycarpa

Rinorea pubiflora

Samples (n)

70

16

26
11
24
10
1

3

Bark WD
(@cm?)
0.317+0.000

0.653+0.029
0.855+0.143

0.650+0.154
0.429+0.051
0.654+0.177
0.649+0.210
0.744+0.000
0.540+0.159
0.596+0.236
0.476+0.143
0.615+0.189
0.688+0.000

0.503+0.208

Core WD
(@cm™)
0.697+0.000

0.764+0.008
0.855+0.028

0.661+0.043
0.717+0.040
0.818+0.082
0.735+0.039
0.739+0.000
0.909+0.079
0.782+0.080
0.681+0.045
0.422+0.034
0.680+0.000

0.685+0.043

WD (g cm®)

0.695+0.000

0.763+0.008
0.855+0.028

0.661+0.043
0.715+0.041
0.818+0.082
0.734+0.038
0.739+0.000
0.907+0.079
0.781+0.080
0.680+0.044
0.423+0.034
0.680+0.000

0.684+0.044

! Mean of values beteween Mabea speciosa (n=2) a morphospecies of Euphorbiaceae

(n=1).

2 Mean of values for Eschweilera sp.1 and Eschweilera sp.2 morphospecies.

3 Mean of values for Inga sp.2 and Inga sp.3 morphospecies.
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Heartwood + sapwood Barkwood

Fig. 1. Fieldwork: (a) collection of stem samples using an increment borer; (b) detail of the
sample taken from the stem and (c) subdivisions of the samples that were considered in this
research for calculation of wood density.

2. Experimental design, materials and methods

2.1 Sampling area description

Data were collected from the Biodiversity Research Program (PPBio) research
grid, located on the east of Maraca Island (or Ilha de Maraca), which lies within the
Maracé Ecological Station (3.360 N a 3.405 N / -61.442 W a -61.486 W), state of
Roraima, northern Brazilian Amazonia, as showed in the Fig. 2. Maracé Island has an
area of ~101,000 ha, being 60 km long and some 15-25 km wide [1,2]. This region
occupies the climatic transition between Koppen classification subtypes (Aw) and
(Am), with annual average temperature of 26 °C and annual average precipitation of
2,086+428 mm. The wettest months (>300 mm month!) are from May to August, and
the driest from December to March (<100 mm month-t) [1-4].

The vegetation of Maraca Island includes a variety of forest and non-forest types

as the main feature of the savanna-forest transition zone of north central Roraima
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[2,5,6]. The different dominant forest types of the contact region are characterized by a
mosaic of ombrophilous and seasonal forests (semideciduous and deciduous) whose
composition and location are determined by distinct hydro-edaphic constraints, with the
presence/absence of individuals of Peltogyne gracilipes Ducke (Leguminosae)
operating as a robust environmental indicator [4,7,8]. Other technical details and
environmental information on PPBio grid installed in Maraca Island can be accessed in

the official PPBio website (https://ppbio.inpa.gov.br/sitios/maraca).

-62°0" -61°30
1

ECOTONE FOREST ORI S R N 9 SAVANNA

..........

VENEZUELA GUYANA

Legend
— 9

RORAIMA

0000 0—00-9—0-0-00—100-0-0-010 L3

] Maraca Island
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—0-0—0 o—-0-0-0lo-0-00-0le PPN PRPSPNIPN T

® Plots
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Fig. 2. Localization of the PPBio research grid within the eastern part of Maraca Island.

2.2 Sample processing and analysis

Field collection and construction of the current Dataset were derived from an
existing forest inventory [8] carried out in the 25 km? grid of PPBio (Biodiversity
Research Program) installed on the eastern part of Maraca Island as described above.
All samples to estimate the wood density of the different tree species occurring in the

ecotone forests on eastern of Maraca Island were obtained from a systematic sampling
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of 129 plots (50 m x 10 m / 6.45 ha in total) dispersed throughout the PPBio grid. These
plots were intentionally established with small dimensions and with short between-plot
distances to obtain high spatial resolution, and so better capture the microvariations in
structural and species composition present across the island’s altitudinal gradient; which
defines the distinct hydro-edaphic conditions under which the different forest types of
Maraca Island occur. The minimum distance between the plots was 150 m, based on the
distance-markers located every 50 m along the PPBio grid trails; all sampling plots are
georeferenced in UTM and with topographically defined altitudes. All data and
metadata related to trail topography is available on the official PPBio website [9,10].
Plots in aquatic environments (swamps) and open areas enclaves (Savannas) were
discarded because they do not contain forest environments. The fieldwork was carried
out in two stages: January / 2018 (269 samples) and January / 2019 (411 samples). Both
fieldworks were carried out purposely at the peak of the regional dry period in order to
avoid the variation of wood moisture due to climatic seasonality, and a possible bias in

the biomass/carbon stock estimates.
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CAPITULO 2

Diametro do caule e espécies mais abundantes explicam parcialmente a variacéo

da densidade da madeira em distintas formacoes florestais do norte da Amazénia

brasileira
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RESUMO

Entender como as caracteristicas biométricas e o habitat influenciam na densidade da
madeira (DM) de espécies de arvores que ocorrem em distintos sitios florestais é
fundamental para melhorar as estimativas da biomassa arbdrea na Amazonia brasileira.
Esse entendimento é importante porque os calculos efetuados pelos relatérios nacionais
sobre fluxo e estoques de carbono por uso e troca do uso da terra sdo realizados com
base em tipos florestais que se distinguem por estrutura, composicdo de espécies e
macrorregido. O estudo teve como objetivo investigar as variagbes da DM entre
diferentes formacdes florestais que ocorrem em um gradiente hidro-edafico em uma
zona de ecétono do norte da Amazonia brasileira. Foram levados em consideracao
caracteristicas biométricas (diametro do caule) e as trés espécies mais abundantes e

comuns (composicao) as principais formacdes florestais da localidade de estudo. A DM

2 Manuscrito a ser submetido para a Revista Acta Amazonica
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foi estimada com base na amostra de 680 individuos dispersos em 129 parcelas
permanentes situadas ao longo do gradiente. A DM de cada individuo amostrado foi
relacionada ao didametro do caule e o tipo da formacgdo florestal correspondente. Os
resultados apontaram que a média da DM ndo foi relacionada ao diametro do caule e a
formagdo florestal. Entre as espécies de maior abundancia, apenas as DMs de Lecythis
corrugata (0.736 + 0.058 g cm™) e Pradosia surinamensis (0.673+0.032 g cm3) foram
explicadas (18% e 32%, respectivamente) pela variagdo diamétrica e pelo tipo de
formacgdo. Esses resultados indicam que a variabilidade da DM ndo € afetada pela
estrutura diamétrica, e que as variaveis independentes testadas possuem efeito limitado
sobre as espécies mais abundantes que sdo comuns as formagdes florestais avaliadas.
Embora os efeitos conjuntos dos tipos da formacao e do didmetro do caule possam ser
considerados parciais, o indicativo de que duas das espécies comuns entre as formacdes
possuem distintas DM, aponta que composicao floristica possui relevancia na densidade
da madeira e pode afetar as estimativas dos estoques de biomassa/carbono arbdrea em

ambientes florestais do ecotono norte da Amazonia brasileira.

PALAVRAS-CHAVE: ecétono, floresta ombrofila, floresta estacional, gravidade
especifica, Amazonia Setentrional.

ABSTRACT

Understanding how biometric characteristics and habitat influence the density of wood
(WD) from different forest sites is crucial to improve tree biomass estimates in the
Brazilian Amazon. This understanding is important because the calculations made by
national reports on carbon flow and stocks by land use and land use change are made
based on forest types that are distinguished by structure, species composition and

macro-region. The study aimed to investigate the WD variations between different
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forest formations that occur in a hydro-edaphic gradient in an ecotone zone in the north
of the Brazilian Amazon. Biometric characteristics (stem diameter) and tree abundant
species common (composition) were taken into account in the main forest formations of
the study site. The WD was estimated based on a sample of 680 individuals dispersed in
129 permanent plots located along the gradient. Each individual with the sampled WD
was related to the stem diameter and the type of corresponding forest formation. The
results showed that the WD mean was not related to stem diameter and forest formation.
Among the most abundant common species, only the WDs of Lecythis corrugata (0.736
+0.058 g cm) and Pradosia surinamensis (0.673+0.032 g cm%) were poorly explained
(18% and 32%, respectively) by the diametric variation and the type of formation.
These results indicate that the WD variation is not affected by the diametric structure
and that the independent variables tested have little effect on the most abundant species
that are common in the evaluated forest formations. Although the joint effects of
training types and capsule diameter can be considered partial, the indicator of two
species common among formations that have distinct WD point that species
composition has relevance effect on wood density and can affect estimates on

biomass/carbon tree stocks in forest environments in the northern Brazilian Amazon.

Keywords: Ecotone, ombrophilous forest, seasonal forest, specific gravity, Northern

Amazon.

1. INTRODUCAO

A densidade basica da madeira é expressa pela relagdo entre peso seco e volume
saturado de uma unidade amostral (Trugilho et al. 1990). Essa razdo ¢ uma importante

variavel para avaliar as propriedades funcionais da madeira, sendo um parametro
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complexo que resulta da combinacdo de varios fatores, como disposicdo dos elementos
anatdmicos, espessura da parede celular, dimensdo das fibras, volume dos vasos e
parénquima e propor¢cdo entre madeira do cerne e alburno (Schiller et al. 2013,
Osazuwa-Peters et al. 2014). Dessa forma, a densidade da madeira reflete a alocacao
diferencial da produgdo metabolica, indicando mais/menos carbono e contetdo de
energia por unidade de volume (Swenson and Enquist 2007).

A densidade da madeira (DM) é um atributo funcional chave para entender o
crescimento, arquitetura e mortalidade de arvores tropicais dentro/entre espécies e sitios
florestais (Plourde et al. 2015). Alguns estudos reconhecem que os tipos florestais e o
didmetro do caule podem condicionar a DM nas florestas amazonicas (Siliprandi et al.
2016, Mori et al. 2019). A auséncia destas informacgdes impossibilita um entendimento
mais amplo sobre a variacdo da DM dentro e entre espécies e entre formaces florestais.
Esse roteiro investigativo € um caminho crucial para transformar dados de volume de
madeira em biomassa (Fearnside 1997), apresentando-se como uma ferramenta chave
para a compreensdo da dindmica do carbono em ecossistemas terrestres regionais
(Williamson and Wiemann 2010a).

No Brasil, essa importancia é amplificada porque o pais gera relatérios
temporais sobre fluxo e estoques de carbono por uso e troca do uso da terra na
Amazonia com base em tipos ou formacdes florestais (e.g. Bustamante et al. 2015).
Uma vez que as formacdes sdo caracterizadas por distintas estruturas (e.g. diametros do
caule, altura dos individuos) e composicdo de espécies, e que diferentes zonas da
Amazonia geram distintas formacOes ecossistémicas (Fearnside and Ferraz 1995,
Brazil-IBGE 2012), a auséncia da DM nas estimativas de biomassa florestal pode se
tornar um fator de viés nos calculos (Chave et al. 2009). Além disso, o uso de valores da

DM ndo compativeis com a regido alvo das estimativas pode acarretar problemas nos
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calculos, uma vez que a grande maioria dos valores de DM disponibilizados em bancos
de dados internacionais sdo provenientes de outras regidoes do pais ou nao refletem a
realidade da macrorregifo da Amazonia (Alvarez-Davila et al. 2017, Farias et al. 2020).

Neste cenario, as florestas do ecotono norte da Amazonia sao os tipos/formacgdes
florestais mais pobremente estudados em se tratando do conhecimento do efeito
sinérgico que o ambiente florestal produz nos parametros biométricos e tipos florestais
sobre as caracteristicas funcionais e morfolégicas das espécies arbéreas (Barbosa et al.
2019; Nascimento et al. 2014). A maioria das formacBes de ecotono do norte da
Amazonia representam areas de tensao ecoldgica que vem sendo fortemente impactadas
por incéndios florestais de grandes proporgdes e atividades antropogénicas degradantes
(Barbosa and Fearnside 1999, Santos et al. 2013, Xaud et al. 2013, Barni et al. 2015).
Esses tipos fitofisiondmicos localizam-se majoritariamente ao longo de toda a zona de
contato savana-floresta do norte-nordeste do estado de Roraima, onde tipos florestais
ombréfilos abertos estdo associados a florestas sazonais deciduais e semideciduais
(Nascimento et al. 2017, Carvalho et al. 2018). As estimativas de biomassa dessas
formagdes vem avancando nos Ultimos anos (Barbosa et al. 2010; Barni et al. 2016;
Carvalho et al. 2018; Nascimento et al. 2014, 2017), mas ainda possuem uma elevada
carga de viés devido ao uso de modelos que adotam a variavel densidade proveniente de
bancos de dados internacionais (e.g. Nascimento et al., 2007 usando Chave et al. 2005;
Nascimento et al., 2014 usando Chave et al., 2006 e Zanne et al. 2009).

Devido ao forte efeito das alteracGes antropogénicas nessa regido, ha uma
grande perda de informagdes associada a falta de valores de densidade da madeira que
representem a estrutura e a composicdo de espécies dessas formacOes florestais de
ecotono. Isso mantem as duvidas sobre as estimativas de biomassa e estoques de

carbono para essa regido da Amazonia e interfere diretamente nos relatorios nacionais
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que o Brasil emite temporalmente. Com o intuito de obter dados regionalizados e
entender as variagcBes da DM em fungéo de distintas formacoes florestais da regido do
ecotono norte, levantou-se a seguinte hipdtese: DM, aqui considerada como um
descritor dos tracos funcionais, € determinada por distingfes na estrutura (e.g. diametro
do caule) e composicdo de espécies (e.g. as mais abundantes) de diferentes tipos
florestais (formacdes florestais) que ocorrem em uma zona de florestas de ecétono do
norte da Amazonia brasileira. As perguntas especificas do estudo sdo: (i) A DM pode
ser explicada por varia¢des no do diametro, tipo de formacéo florestal, ou ainda por uma
interacdo entre estes fatores, independentemente da espécie? e (ii) a DM das espécies
mais comuns entre os distintos habitats florestais depende do diametro, da formacéo

florestal ou de uma interacdo entre essas variaveis?

2. Materiais e métodos

2.1 Area de estudo

Este estudo foi conduzido na grade de pesquisa do Projeto de Pesquisa em
Biodiversidade (PPBio) instalada no leste da Estacdo Ecoldgica de Maracd (PPBio
2006), uma unidade de conservagédo brasileira situada no centro-norte do Estado de
Roraima (3°15” —3°35’N e 61°22° — 61°58°W), ~135 km da capital Boa Vista, Roraima
(Figura 1). A Estacdo Ecoldgica é formada pela Ilha de Maracd (e outras ilhotas
fluviais) que totaliza uma area de ~101,000 ha, com 60 km de comprimento e 15-25 km
de largura (Nascimento et al. 2014; Silva et al. 2019b). A Ilha de Maraca esté localizada
em uma area de transicdo climatica entre os subtipos (Aw) e (Am) pela classificacdo de
Kdppen, onde a precipitacdo e a temperatura média anual é de 2086 mm e 26 °C,
respectivamente (Couto-Santos et al. 2014, Barni et al. 2020). Os meses com maiores

concentracdes de chuva (> 300 mm.més™) ocorrem entre maio e agosto, enquanto o
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periodo seco situa-se entre dezembro e margo (< 100 mm.més™) (Carvalho et al. 2018,

Barni et al. 2020).
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Figura 1 — Localizacao geogréfica da grade de pesquisa do PPBio na Estagdo Ecoldgica
de Maraca (Fonte: Silva et al., 2019b).

O leste da Ilha de Maraca é caracterizado como uma zona de transi¢do formada
por diferentes fitofisionomias florestais e ndo florestais que representam o eco6tono
dessa regido do norte da Amazonia (Couto-Santos et al. 2014, Nascimento et al. 2017,

Barbosa et al. 2019). Os tipos florestais que dominam o leste da Ilha de Maraca sdo
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definidos pelo Sistema de Classificacdo da Vegetacdo Brasileira (Brazil-IBGE 2012)
como florestas ombrofilas e estacionais (semideciduais e deciduais). Essas formacoes
florestais estdo dispersas sobre diferentes relevos e em solos que variam de Gleissolos
(hidromorficos; sazonalmente alagados) a Argissolos (amarelo e vermelho-amarelo;

sem alagamentos) (Robison and Nortcliff 1991).

2.2 Delineamento amostral

A densidade basica da madeira dos individuos arboreos foi obtida a partir de 129
parcelas (50 m x 10 m cada uma = 6,45 ha de area amostral) ja distribuidas (entre
dezembro/2015 e janeiro/2016) ao longo das seis trilhas de caminhamento no sentido
Leste-Oeste da grade do PPBio; 20-22 parcelas por trilha (Figura 1). A distancia entre
as parcelas foi de 150 m, tomando como base 0s piquetes de distanciamento do PPBio
estabelecidos a cada 50 m ao longo das trilhas; todos georrefenciados em UTM e com
altitude (m a.s.l.) definida topograficamente (Vale and Romero, 2015). Ambientes
aquaticos (brejos) e encraves de areas abertas (savanas) nao foram configurados como
ecossistemas florestais e, portanto, foram descartados da amostragem.

Todas as arvores com o diametro do caule igual ou superior a 10 cm em cada
uma das parcelas foram inventariadas e marcadas com placas de aluminio numeradas. A
altura do POM (point of measure) foi adotada como referéncia para medida do didametro
do caule (na maioria das vezes a 1,30 m do solo), exceto quando o individuo arbdreo
possuia raizes tabulares ou algum impedimento para a realizacdo da medida, conforme o
protocolo de medicdo de arvores adotado pelo estudo (Castilho et al. 2014). As medidas
de didmetro foram realizadas com auxilio de uma fita diamétrica (modelo 283D/5m).
Desde 2015 as parcelas séo recenseadas anualmente com todas as medidas biométricas

podendo ser livremente acessadas no repositdrio do Mendeley Data (Silva et al. 2019a).
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Informacgbes complementares sobre as parcelas e 0s censos arbdreos anuais estdo
compartilhados na plataforma ForestPlots.net (https://www.forestplots.net/) sob o0s
codigos ETA, ETB, ETC, ETD, ETE e ETF.

Material boténico foi coletado para possibilitar a identificacdo de todos os
individuos arbdreos até o menor nivel taxondmico possivel seguindo o sistema do APG
IV (Chase et al. 2016). O material botanico coletado foi depositado nos Herbarios INPA
(Instituto Nacional de Pesquisas da Amazdnia), MIRR (Museu Integrado de Roraima) e
UFRR (Universidade Federal de Roraima). A relacdo das espécies identificadas em cada
parcela também pode ser livremente acessada no Global Biodiversity Information

Facility (Silva et al. 2019b) e em Silva et al. (2020).

2.3 Densidade basica da madeira

As amostras de madeira foram obtidas em duas etapas: Janeiro de 2018 (269
amostras; 3° censo arbdreo) e Janeiro de 2019 (411 amostras; 4° censo arbdreo). Ambas
as etapas foram realizadas no pico do periodo seco regional. Em cada uma das 129
parcelas foram sorteadas 25% das arvores inventariadas (n = 680 representando 110
especies, 85 géneros e 39 familias) para retirada de uma amostra por caule (~1.30 m)
utilizando um trado de incremento (Suunto) de 400 mm de comprimento por 5.15 mm
de diametro. As amostras coletadas foram acondicionadas em sacos plasticos e mantidas
em caixa térmica com gelo para evitar a desidratacdo. Apos esse procedimento, todas as
amostras seguiram para o laboratorio. As amostras foram separadas em dois segmentos:
(1) lenho (material representativo do cerne+alburno) e (ii) casca (internat+externa =
material que representa o espago entre o ritidoma e o cambio). Ambos os segmentos

foram medidos separadamente como forma de obter resultados individuais e normalizar
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os valores através de uma média ponderada da densidade da madeira para cada
individuo amostrado (Farias et al. 2020).

Para o célculo da densidade basica, tanto da casca quanto do lenho, foi utilizada
a relacdo da massa seca (g) em estufa dividida pelo volume (cm) saturado (verde) da
madeira em (Trugilho et al. 1990, Fearnside 1997, Williamson and Wiemann 2010b). A
estimativa do volume saturado de cada segmento amostral foi realizada a partir de um
recipiente com agua destilada sobre uma balanca de precisdo (0.001 g). Cada segmento
amostrado foi mergulhado na agua, onde seu peso foi aferido pelo volume deslocado,
considerando a densidade da 4gua igual a 1 g cm, conforme metodologia indicada por
Williamson and Wiemann (2010b). Em seguida, todos os segmentos das amostras foram

secos em estufa (103 + 2 °C) até atingir peso constante.

2.4 Classificagdo dos tipos tipos florestais

Foi utilizada a classificagdo adotada por Villacorta (2017), baseada nas
formagdes florestais definidas pelo Sistema de Classificacdo da Vegetacdo Brasileira
(Brazil-IBGE, 2012), utilizando biomassa arbdrea viva acima do solo como descritor de
deciduidade para definir os tipos florestais dominantes: ombréfilo = sem presenca
significante de espécies deciduais, decidual > 50% de biomassa de espécies deciduais e
semidecidual = 20-50% de biomassa. Villacorta (2017) utilizou a biomassa arbdrea viva
acima do solo considerando que essa variavel € uma melhor representacdo da
produtividade priméria, podendo ser facilmente calculada em termos de massa seca por

unidade de area; Mg ha* ou unidades semelhantes (GTOS 2009, FAO 2010).

2.5 Andlises estatisticas
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Foi utilizado um Modelo Linear Generalizado Misto (GLMM) para investigar a
relacdo entre a densidade da madeira e as variaveis biométricas (diametros dos caules) e
ecologicas (formacdes florestais), tendo o individuo como unidade amostral (n = 680).
A densidade da madeira foi quantificada usando a média aritmética de densidade da
madeira (ponderada entre casca e lenho) de cada individuo arbdreo presente nas 129
parcelas. Assumimos erros de distribuicdo gama e funcdo de ligacdo log, tendo as
espécies (intercepto e inclinacdo variaveis entre espécies) e as parcelas (intercepto
varidvel entre parcelas) como fatores aleatérios para contabilizar erros
autocorrelacionados. Também testamos Modelos Lineares Generalizados Mistos
(GLMMs) para investigar a relacdo entre a densidade da madeira e as variaveis
biométricas e ecoldgicas com as espécies Lecythis corrugata subsp. rosea, Peltogyne
gracilipes e Pradosia surinamensis (espécies mais abundantes e comuns nos diferentes
tipos florestais abordados). Todos os preditores foram padronizados com média igual a
zero e desvio padrdo igual a um para facilitar a estimativa de
parametros. Consequentemente, o0s coeficientes estimados foram padronizados,
fornecendo uma medida de importancia relativa do preditor. Para todos os modelos,
calculamos a variacdo explicada marginal (R?m), que considera apenas os efeitos
preditores. Nesses calculos, apenas preditores significativos foram retidos no modelo
para evitar a inflacdo da variancia explicada devido a parametros espurios. Para
visualizar os efeitos estatisticamente significativos, nés usamos graficos condicionais
que mostram a variacao da variavel dependente em relacdo ao preditor controlando os
efeitos dos demais preditores, usando residuos parciais (Breheny and Burchett 2017).
Todas as andlises foram feitas na plataforma computacional R 3.6.3 (R Core Team

2020), com auxilio, “lme4” para GLMM (Bates et al. 2015), “MuMIn” para célculos de
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AIC e R2 (Barton 2019) e “visreg” para visualizagdo de efeitos preditores (Breheny and

Burchett 2017).

3 RESULTADOS

3.1 Descricéo geral dos dados

A média ponderada da densidade da madeira (média + DP) para a comunidade
de arvores em floresta ecotonais no leste da llha de Maracé foi 0.721 + 0.129 g cm™
(variando de 0.198 a 1.102 g cm?®). As florestas deciduais apresentaram as maiores
médias absolutas de DM tomando como base diferentes classes de didametro do caule
(0.768 £ 0.151 g cm™), sequida pelas florestas semideciduais (0.731 + 0.138 g cm3) e
ombréfilas (0.704 + 0.114 g cm3) (Tabela 1). Dentre as espécies de maior abundancia
que ocorrem nos diferentes tipos de habitats (decidual, semidecidual e ombrofilo) do
ecotono norte da Amazonia, a espécie Peltogyne gracilipes (0.908 + 0.053 g.cm™) se
destacou com o maior valor absoluto de densidade da madeira, seguida por Lecythis
corrugata subsp. rosea (0.742 + 0.056 g cm=) e Pradosia surinamensis (0.681 + 0.029

g cm).

Tabela 1 — Valores de DM por classes de diametros do caule em cada tipo florestal nas
florestas ecotonais do setor leste da Ilha de Maraca. MédiaxzDP (nimero de individuos).

Classe de Ombréfila Semidecidual Decidual DM media por
DAP classe

10-20  0.707%0.110 (864) 0.717+0.120 (452) 0.761%0.137 (211)  0.717%0.118 (1527)
20-30  0.7010.122 (298) 0.738+0.138 (183)  0.736+0.178(73)  0.7180.137 (554)
30-40  0.706+0.099 (168)  0.730+0.152 (80)  0.805+0.135(31)  0.7240.124 (279)
40-50  0.706+0.122 (79)  0.760+0.160 (49)  0.857+0.107 (18)  0.743+0.144 (146)

>50  0.6900.141(78)  0.78620.198 (59)  0.807+0.190 (21)  0.742+0.178 (158)

Total/média 0.704+0.114 (1487) 0.731x0.138 (823) 0.768+0.151 (354)  0.7210.129 (2664)
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3.2 Modelos Lineares Generalizados Mistos (GLMMs) para os efeitos dos
didametros do caule e tipos florestais na variabilidade da densidade basica da
madeira

Os didmetros dos caules e tipos florestais (decidual, semidecidual e ombrofilo)
ndo explicaram a variacdo da densidade da madeira (Qui-quadrado = 8.061; p = 0.017;
R?m = 0.004). GLMMs néo revelaram relacdes significativas entre a DM e as variaveis
analisadas (Figura 2). A explicacdo mais provavel para esses resultados (e.g. valor de p
significativo e um R?m muito baixo), seria o N amostral muito grande o que acabou
diminuindo o valor de p e mostrando uma relagdo entre as variaveis preditoras e a
variagéo espacial da DM, quando na verdade essa relacdo é muito fraca.
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Figura 2: Resultados dos testes do Modelo Linear Generalizado Misto (GLMM) mais
suportados para os efeitos da Interagdo do DAP versus habitats na variabilidade da DM
de espécies que ocorrem ao longo das florestas ecotonais do norte da Amazonia. As
variaveis preditoras foram as seguintes: DAP, tipos florestais (florestas ombrofilas,
semideciduais e deciduais) e DAP x tipos florestais. Os graficos usam residuos parciais
da variavel resposta e, portanto, mostram o efeito de uma determinada interacao

enquanto controlam os efeitos dos preditores restantes.
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3.3 Modelos Lineares Generalizados Mistos (GLMMSs) para os efeitos do diametro
do caule e tipo florestais na variacdo da densidade da madeira das espécies mais

abundantes

Os resultados dos Modelos Lineares Generalizados Mistos (GLMMs) revelaram
interacOes parciais do diametro do caule e os tipos florestais com a variagdo espacial da
DM das espécies de maior abundancia (Tabela 2). Dentre as espécies mais abundantes,
Lecythis corrugata e Pradosia surinamensis apresentaram 0s maiores valores de
correlacdo 18% e 32%, respectivamente, considerados baixos (Figura 3).

Tabela 2 - Resultados dos testes do Modelo Linear Generalizado Misto (GLMM) mais
suportados para os efeitos da Interacdo do DAP versus tipos florestais na variabilidade
da DM das espécies mais abundantes que ocorrem ao longo das florestas ecotonais no
leste da Ilha de Maraca. NUmeros em negrito representam efeitos estatisticamente

significativos (P <0,05). As variaveis foram as seguintes: DAP, tipos florestais
(ombrdfilas, semideciduais e deciduais) e DAP x tipos florestais.

ESPECIES DM (SD)  Preditor  R2m X2 P
DAP versus
Lecythis corrugata subsp.  0.736 (0.058) tipos 0.18 11.347 0.003
rosea florestais
DAP 0.01 3.139 0.208
ipos 51 5576 0018
florestais
DAP versus
0.903 (0.054) tipos 0.09 0.347 0.840
Peltogyne gracilipes florestais
DAP 0.01 0.089 0.764
Upos = 09 3001 0223
florestais
DAP versus
0.673 (0.032) tipos 0.32 0.333 0.846
Pradosia surinamensis florestais
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Figura 3: Respostas da interacdo do DAP versus tipos florestais com a DM das espécies
Peltogyne gracilipes, Pradosia surinamensis e Lecythis corrugata subsp. rosea que
ocorrem ao longo das florestas ecotonais no leste da Estacdo Ecoldgica de Maraca. (a)
interacdo do DAP com a DM, (b) interacdo dos tipos florestais com a DM da espécie
Peltogyne gracilipe, (c) interacdo do DAP com a DM, (d) interacdo dos tipos florestais
com a DM da espécie Pradosia surinamensis. (e) interacdo do DAP com a DM, (d)
interacdo dos tipos florestais com a DM da espécie Lecythis corrugata subsp. rosea
conforme indicado pelo GLMM mais suportado. Os graficos usam residuos parciais da
variavel resposta e, portanto, mostram o efeito de uma determinada interacdo enquanto

controlam os efeitos dos preditores restantes.
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4 DISCUSSAO

Os resultados deste estudo mostraram que a variacdo espacial da densidade da
madeira ndo foi afetada pelo didmetro do caule, e tipos florestais. Dentre as espécies de
maior abundancia e comuns entre as formaces florestais avaliadas, apenas a DM de
Lecythis corrugata (18%) e Pradosia surinamensis (32%) foram explicadas
parcialmente pela variacdo diamétrica e tipos florestais. Esses resultados obtidos séo
discordantes dos observados em outras regides da Amazoénia. Por exemplo, Mori et al.,
(2019), na Amazénia Central, encontraram uma relacao negativa e significativa da DM
com tipos florestais (varzeas e igap6s). Da mesma forma, Siliprandi et al. (2016)
estudando a alometria e a densidade da madeira de Goupia glabra na regido do extremo
sul da Amazonia, denominada como “arco do desmatamento”, indicou que o diametro
do caule explicaria 35,8 % da variacdo da densidade da madeira. Entretanto, esses
autores empregaram uma metodologia diferente da que utilizamos nas florestas
ecotonais no leste da llha de Maraca. Mori et al., (2019), utilizaram apenas a densidade
da madeira de galhos, com um n amostral variando de 1 a 5 individuos por tipo florestal
e incluiram a casca nas analises, ja, Siliprandi et al. (2016), fizeram anélises da
densidade para todo o didmetro dos individuos amostrados, ou seja, da casca a medula.
Analisou também em separado a densidade da madeira da casca, alburno e cerne, e por
fim, fizeram andlises em diferentes alturas (0,5m; 1m; 1,3m; 2m; meio e topo) dos
individuos de Goupia glabra.

Segundo lida et al. (2012), a DM tende a ser relacionada negativamente com o
diametro do caule, e a explicacdo para isso seria a alocacédo diferencial da producao
metabdlica, na qual as espécies pioneiras caracterizadas por rapidas taxas de
crescimento e baixos custos de incremento de madeira investem em vasos de grande

porte para aumentar a eficiéncia hidraulica do xilema, como estratégia para chegar mais
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rapido ao dossel das florestais e conferir uma vantagem competitiva por luz. As
florestas ecotonais do leste de Maraca indicam ser discrepantes desse padrdo, o que
pode ser explicado pelo fato da densidade da madeira ndo ser condicionada diretamente
pelo didmetro do caule e tipos florestais, mas, em resposta a outras variacGes
ambientais, como por exemplo, tipo de solo, sazonalidade climatica, periodicidade de
inundacdo, gradientes de luminosidade (Parolin, 2002; Muller-Landau, 2004; Ilda et al.,
2012; Siliprandi et al. 2016). Estes comportamentos refletem na adaptacéo local e/ou
plasticidade fenotipica com a selecéo de espécies tolerantes as variacbes ambientais (e.g
habitats com altas restri¢cGes hidro-edéaficas) que afetam a DM.

Embora os efeitos conjuntos dos tipos florestais e didametro do caule possam
explicar parcialmente a variabilidade da DM nas florestas ecotonais estudadas, o
indicativo de que duas das espécies comuns entre 0s habitats possuem distintas DM,
aponta que composicdo floristica possui relevancia na densidade da madeira e pode
afetar as estimativas dos estoques de biomassa/carbono arbdrea em ambientes florestais
do ecétono norte da Amazodnia brasileira. Esse resultado implica que mesmo néo
significativo, &€ mais prudente adotar os valores individuais dos tipos florestais
observados nesse estudo nos relatdrios sobre estoques e emissdes de carbono que o
Brasil emite temporalmente, ou invés de adotar uma média geral ou mesmo fazer uso de
valores de bancos de dados internacionais (e.g. Chave et al. 2006 e Zanne et al. 2009)

que ndo possuem afinidade ambiental com o norte da Amazénia.

CONCLUSAO

A densidade da madeira das espécies de arvores que ocorrem no setor leste da
Ilha de Maraca ndo é condicionada pelo didmetro do caule e tipos florestais.

Separadamente, o efeito do didmetro do caule e dos tipos florestais (formacdes florestais
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ombrofilos, semideciduais e deciduais) na densidade da madeira das espécies Lecythis
corrugata e Pradosia surinamensis foram explicadas parcialmente pelas varidveis
testadas. Embora os efeitos conjuntos dos tipos florestais e do didmetro do caule possam
ser considerados baixos, o indicativo de que duas das espécies mais abundantes e
comuns entre os tipos florestais possuem distintas DM. Esta constatacdo, aponta que a
composicdo floristica possui relevancia na densidade da madeira e pode afetar as
estimativas dos estoques de biomassa/carbono arbdérea em ambientes florestais do

ecotono norte da Amazonia brasileira.
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Abstract: Wood density (WD) is a functional trait of tree species driven by hydro-
edaphic conditions. Understanding WD variability as a function of environmental
determinants improves our ability to estimate carbon stocks of tropical forests biomass
through allometric models. However, the role of each environmental variable on WD is
not entirely clear to the most forest ecosystems. In Amazonia, the largest world’s
tropical region, this problem is recurrent generating uncertainties in estimates related to
regional carbon stocks. The aim of the study was to investigate the effects of hydro-
edaphic conditions in the WD intra- and interspecific variability for tree assemblages in
forests of the northern Brazilian Amazon. A single sample was extracted individually
from 680 individuals (stem diameter > 10 cm) dispersed among 129 permanent plots
distributed along a hydro-edaphic gradient. General community-averaged WD was high
in relation to other Amazonian areas (0.703+0.133 g cm3; range: 0.203 to 1.102 g cm™®)
because 72% of species and 64% of individuals have high WD values (>0.650 g cm™).
Altitude, clay and soil micronutrient content explained 23% of the spatial variation in
WD. Partitioning WD variation into species-substitution (turnover) and intraspecific-
variation components slightly increased the explanatory power to 26%. The analysis of
interspecific variability showed that forests occurring in valleys seasonally flooded are
characterized by tree assemblages with tolerant species to P-poor soils, where WD mean
(0.742 g cm3) ca 4% higher than those ones living on uplands unflooded and soils with
lesser nutrient poverty (0.713 g cm3). Our results represent an improvement in the
estimates of biomass and carbon stocks in the northern Brazilian Amazon forests,

suggesting a 1.4-16.3% bias in previous estimates.

Key words: basic wood density, Maraca Island, environmental heterogeneity, seasonal

forests, wood specific gravity.
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Resumo: A densidade da madeira (DM) é uma caracteristica funcional de espécies
arboreas impulsionada por condicdes hidro-edaficas. Compreender a variabilidade da
DM como uma funcdo dos determinantes ambientais melhora nossa capacidade de
estimar os estoques de carbono da biomassa de florestas tropicais por meio de modelos
alométricos. No entanto, o papel de cada variavel ambiental na DM néo é totalmente
claro para a maioria dos ecossistemas florestais. Na Amazonia, maior regido tropical do
mundo, esse problema € recorrente, gerando incertezas nas estimativas relacionadas aos
estoques regionais de carbono. O objetivo do estudo foi investigar os efeitos das
condic¢oes hidro-edéaficas na variabilidade intra e interespecifica da DM em assembleias
de arvores em florestas do norte da Amazonia brasileira. Uma unica amostra foi extraida
individualmente de 680 individuos (diametro do caule > 10 cm) dispersos em 129
parcelas permanentes distribuidas ao longo de um gradiente hidro-edafico. A DM média
da comunidade geral foi alta em relacdo a outras areas amazonicas (0,703 £ 0,133 g cm-”
3: faixa: 0,203 a 1,102 g cm™) porque 72% das espécies e 64% dos individuos tém
valores elevados de DM (>0,650 g cm-3). Altitude, argila e teor de micronutrientes do
solo explicaram 23% da variacao espacial na DM. A divisdo da variacdo de DM em
componentes de substituicdo de espécie (turnover) e variagao intraespecifica aumentou
ligeiramente o poder explicativo para 26%. A analise da variabilidade interespecifica
mostrou que as florestas que ocorrem em vales sazonalmente inundados sao
caracterizadas por assembleias de arvores com espécies tolerantes a solos pobres em P,
onde a DM média ¢é (0,742 g cm) ca 4% maior do que aquelas que vivem em terras
altas ndo inundadas em solos com menor pobreza de nutrientes (0,713 g cm-3). Nossos
resultados representam uma melhoria nas estimativas de biomassa e estoques de
carbono nas florestas da Amazonia setentrional brasileira, sugerindo um viés de 1,4-

16,3% nas estimativas anteriores.
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1. Introduction

The Amazon is the world’s richest and largest continuous area of tropical forest
and provides ecosystem services of extreme importance for the maintenance of
hydrological regimes and biodiversity (Esquivel-Muelbert et al. 2019; Gloor 2019; ter
Steege et al. 2019). The region also plays an important role in mitigating the harmful
effects of global warming, preserving ca 40% of all carbon stored in the biomass of the
world’s tropical ecosystems (Baraloto et al. 2011; Malhi et al. 2006). However, despite
advances in estimating carbon and biomass stocks in the Amazon forests, there are still
uncertainties associated with calculations of biomass loss and accumulation in the
different regional forest ecosystems (Ometto et al. 2014; Requena-Suarez et al. 2019;
Tejada et al. 2019). This is due to the large environmental variability (e.g. soil type,
climatic seasonality, flooding periodicity), which impacts functional traits of tree
species in different levels (Quesada et al. 2012). Consequently, environmental
heterogeneity generates structural and functional traits variations that introduce
inaccuracies into general allometric models addressed to estimate carbon stocks based
on forest biomass (Chave et al. 2014; Duncanson et al. 2017; Nogueira et al. 2015).

Wood density (WD), also termed as specific gravity or basic wood density
(Zobel and Jett 1995), is considered as one of the main variables used in allometric
models for indirect calculations of tree biomass to estimate forest carbon stocks (Chave
et al. 2005; Nogueira et al. 2008; Sullivan et al. 2017). While an accurate knowledge of
WD variability is recognized as a functional attribute that significantly improves forest
biomass prediction, it is also considered to be one of the main sources of error in the
estimates (Baker et al. 2004; Chave et al. 2006; Fearnside 1997). In Amazon region, the
main reason why WD is a source of error propagation in biomass estimates is related to

the small number of studies associated with (i) difficulties in collecting a sufficiently
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large number of samples representing the main species (Fearnside 1997), (ii) obtaining
samples that represent the inter- and intra-specific spatial variability between different
forest types or macro ecosystems (Baker et al. 2004; Muller-Landau 2004), and (iii)
standardization problems in both collecting methods and sampling analysis (Williamson
and Wiemann 2010). These difficulties carry a part of the regional investigations to
adopt average values derived from global databases that are freely available in
international repositories. (eg Zanne et al. 2009).

Biomass estimates carried out using the wood density values from global
databases can be considered an advance. However, this practice can lead to divergences
in estimates of Amazonian carbon stocks (Mitchard et al. 2014), because there is a
general consensus that environmental variables are the main inductors affecting inter-
and intra-specific patterns of wood density variability in tropical regions (Poorter et al.
2019; Siliprandi et al. 2016; Slik et al. 2008). In Amazonia, some studies have shown
that intraspecific variations can reflect phenotypic plasticity of the species (Parolin and
Worbes 2000; Wittmann et al. 2006), or can be caused by edaphic factors which affect
changes in structure and tree species composition (Muller-Landau 2004; Woodcock
2000). In addition, flooding periodicity also can affect the wood density (Parolin and
Ferreira 1998), probably due to the development of resistance to embolism in some tree
species (Oliveira et al. 2019).

Therefore, different hydro-edaphic restrictions act as a set of environmental
filters, selecting individuals according to their phenotypic characteristics and shaping
the structure and species composition of local tree communities; this, in turn, determine
different wood densities at a regional scale (Baker et al. 2004; Cosme et al. 2017;

Poorter et al. 2018).
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Considering this context, the aim of this study was to investigate community
average wood density and its determinants in tree assemblages that occur in ecotone
forests in the northern Brazilian Amazon. The specific questions for our investigation
were: (i) what is the pattern of wood density spatial variability at the tree community
level taking into account the hydro-edaphic characteristics in the study area?; (ii) do the
inter- and intraspecific components of spatial variation in wood density respond to these
same environmental conditions? The development of a regional database for the wood
densities of tree species in northern Amazonian forests will provide a better way to
calculate biomass and carbon stocks in a poorly studied region, where current estimates
are based on databases derived from other ecological regions, such as the center and

southern portion of the Amazon.

2. Materials and methods
2.1 Study area

The study was developed in the PPBio (Biodiversity Research Program)
research grid installed in the eastern of the Maracé Ecological Station (PPBio 2006), a
Brazilian protected area located in the northern portion of the state of Roraima (3°15' -
3°35'N and 61°22' - 61°58'W), ~ 135 km from the capital Boa Vista (Fig. 1). The
ecological station is formed by Maraca Island and other fluvial islets (hereafter
‘Maraca’); it is 60 km long and 15-25 km wide and has a total area of ~101,000 ha
(Nascimento et al. 2007; Silva et al. 2019b). Maraca is located in an area of climatic
transition between the Koppen-classification subtypes (Aw) and (Am), where rainfall
and average annual temperature are 2086 mm and 26°C, respectively (Barbosa 1997;

Couto-Santos et al. 2014). The rainy season (> 300 mm month-t) occurs mainly between
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May and August, while the driest period is between December and March (< 100 mm

montht) (Carvalho et al. 2018).
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Figure 1 — Geographic location of the study area centered on the PPBio research grid in

the Maraca Ecological Station, in the northern Brazilian Amazon.

The eastern portion of Maraca is an ecotone zone characterized by a savanna-

forest contact zone where the forest types are determined by different hydro-edaphic

conditions (Carvalho et al. 2018; Nascimento et al. 2017). The forest mosaic as a whole

is an accurate representation of the large ecotone forest area in the northern portion of

Amazonia (Barbosa et al. 2019b). The forest types occurring on the east of Maraca are
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defined by the Brazilian Vegetation Classification System as ombrophilous and
seasonal forests (Brazil-IBGE 2012). These forest formations occur on a variety of
different reliefs and soils ranging from Gleysols (hydromorphic; seasonally flooded) to

Ultisols (yellow and red-yellow; no flooding) (Nortcliff and Robison 1998).

2.2 Sampling design

Between December 2015 and January 2016, 129 permanent plots (50 m x 10 m;
6.45 ha in total) were installed along the six east-west trails of the PPBio grid (Fig. 1).
The distance between individual plots was 150 m, and was measured using PPBio
distance stakes established every 50 m along the trails crossing the PPBio grid; all
stakes are georeferenced in UTM and with altitude data (meters above sea level: m
a.s.l.) (Vale and Romero 2015). Aquatic environments (marshes) and savannas were
excluded from sampling because they are not forest ecosystems.

All trees with a stem diameter >10 c¢cm in each plot were inventoried and marked
with numbered aluminium tags. POM (point of measure) height was adopted as a
reference for measuring stem diameter. Most of diameters were measured at 1.30 m
above the ground, except when the tree individual had buttress roots, or other problems
(e.g. bifurcated trees), being necessary to reconfigure the POM to 0.5 m above the
physical impediment, according to the tree-measurement protocol adopted by the study
(Castilho et al. 2014). A diameter tape (model 283D/5m) was used to measure stem
diameters. Permanent plots have been censused annually since 2015, and all biometric
measures are available through the Mendeley Data repository (Silva et al. 2019a) and
ForestPlots platform (https://www.forestplots.net/) under the codes ETA, ETB, ETC,

ETD, ETE and ETF.
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All individuals were morphotyped, and botanical material was collected to
enable the taxonomic identification of all trees to the lowest possible taxonomic level.
Specimens were prepared and deposited in the INPA, MIRR and UFRR Herbariums
(acronyms of the herbariums follow Theirs (2020 [continuously updated]). Scientific
names were verified and corrected through the Brazilian flora species list (Brazil Flora
Group 2015). Family-level designs followed APG-1V (2016). The species list for each
plot (Silva et al.,(2019b) can be freely accessed at the Global Biodiversity Information

Facility (Silva et al. 2020).

2.3 Wood Density

Fieldwork was carried out in all 129 plots in two stages: January 2018 (269
samples in the 3 tree census) and January 2019 (411 samples in the 41" tree census).
Both were carried out during the dry season in order to maintain the same weather-
pattern data collection. The collection of 680 samples (110 species, 85 genera, 39
families; except palms) was determined randomly considering 25% of the individual
trees in each plot, regardless of the diameter class or species. A single sample was
removed per stem (at ~1.30 m above the ground) using an increment borer (Haglof
Borer Auger), 400 mm in length and 5.15 mm in diameter. Collected samples were
packed in plastic bags and kept in a cooler with ice to avoid dehydration. All samples
were sent to the laboratory and separated into two segments: (i) core wood (material
corresponding to heartwood + sapwood) and (ii) bark (internal + external = material
corresponding to the space between the rhytidome and the cambium). The wood
densities of the two segments were measured separately to obtain individual results and
normalize the wood density values for each sampled tree. We applied a weighted

average between bark and core wood considering the length (cm) of each segment. We
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followed this methodological step because the bark is generally an omitted component
in wood-density studies (Williamson and Wiemann 2010). However, the bark is an
important component in Amazon forest trees (Brando et al. 2011; Hadlich et al. 2018;
Staver et al. 2020), and it should not be neglected in studies of wood density (Barbosa
and Fearnside 2004; Nogueira et al. 2007). The weighted average of the wood densities
of the two components (bark and core wood) is a more-suitable value for use in biomass
and carbon estimates.

To calculate wood density (bark and core wood), the ratio of oven-dried mass
(9) divided by the saturated (green) volume (g cm-3) was used (Trugilho et al. 1990;
Fearnside, 1997; Williamson and Wiemann, 2010). Saturated volume of each sampled
segment was estimated using a graduated cylinder with distilled water on a precision
scale (0.001 g). Each sampled segment was immersed in water, where its weight was
measured by the displaced volume, considering the water density equal to 1 g cm,
following the methodology indicated by Williamson and Wiemann (2010). All sampled
segments were dried in an oven (103£2°C) until constant weight was reached. As
suggested by Barbosa et al. (2017), we associated all wood density values using the
categories adopted by the Brazilian Institute of the Environment and Renewable Natural
Resources (IBAMA) (Sternadt 2001): very-soft wood species (< 0.350 g cm), soft
(0.351-0.500 g cm®), medium-soft (0.501-0.650 g cm-3), medium-hard (0.651-0.800 g
cm-3), hard (0.801-0.950 g cm) and very-hard (> 0.951 g cm3). This categorical
distribution is useful for understanding the locality's tendency to present species and/or
individuals with higher (> 0.650 g cm) or lesser (< 0.651 g cm-3) wood density. The
dataset obtained in the current study can be freely assessed in international repositories

(Farias et al. 2019; Farias et al. 2020).
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2.4 Environmental variables

Soil samples for each plot were obtained by collection of two superficial
subsamples (0-20 cm deep). The two sub-samples were homogenized (~500 g), air-
dried and sieved (2 mm mesh). Values of edaphic variables were determined: clay
content (%), organic matter content (mg kg), phosphorus content (mg kg), sum of
exchangeable bases (K+ Ca+ Mg cmoi kgt), sum of micronutrients (Fe, Zn, Mn, Cu and
B; mg kg?), and pH (H20). Analyses were carried out following the analytical methods
in the Brazilian Agricultural Research Corporation soil chemistry analysis manual
(Embrapa 2011). A dataset for chemical and physical soil analyses is freely accessible
via Mendeley Data (Barbosa et al., (2019a). Altitude (m a.s.l.: used here as a proxy for
drainage) and planimetric coordinates (UTM) were obtained from the PPBio data
repository (Vale and Romero 2015). Plots situated at < 65 m a.s.l. were considered
poorly drained (seasonally flooded) while those at > 65 m a.s.l. were considered to be
free of flooding, following the criteria adopted by Villacorta (2017) for the eastern

portion of Maraca.

2.5 Statistical analysis

Regression models were adopted to investigate the relationship between the
composition of the tree community in terms of wood density and considered
environmental variables. Community composition was quantified using the specific
average of each plot, here defined as the arithmetic mean of wood density (weighted
between bark and core wood) using as reference the values (measured and estimated) of
all arboreal individuals present in each plot. To obtain the specific average of each plot,
we take the values of each sampled species (25% of the individuals) and replicate it for

the other individuals of the same species present in the plot. The wood density of the
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species not sampled in the plots was resolved using the values obtained for the same
species in the dominant forest type (ombrophilous, semideciduous and seasonal). When
not available, we adopt the genus or family average - first within the plot and then by
the dominant forest type.

The specific average of each plot represents the functional composition of the
community at the individual level. Therefore, differences in this mean between
communities mix the effect of differences in species composition with the effect of
intraspecific variation (e.g. due to phenotypic plasticity or local adaptation). To separate
these sources of variation, we calculate the fixed average per plot, defined with the
average of the wood density averages of the species occurring in one plot, weighted by
the relative abundances of the species. The fixed average can only vary between plots if
the species composition changes. Therefore, the difference between the specific average
and the fixed average represents the intraspecific variation. (Lep$ et al. 2011).

The proportion of total variation represented independently by the two
community composition components (inter- and intra-specific variation), as well as
covariation between them, was estimated using an ANOVA of the median densities
recorded for wood (Leps et al. 2011). Each of the two components was used separately
as a dependent variable in a multiple-regression model, with environmental variables as
predictors: (i) altitude (m a.s.l.); (ii) phosphorus content (mg kg™), (iii) sum of bases (K
+ Ca + Mg; cmol kg™), (iv) sum of micronutrients (Fe, Zn, Mn, Cu and B; mg kg), (v)
soil clay percentage (%); (vi) soil organic matter content (mg kg™); and (vii) pH. To
visualize statistically significant effects, we used conditional graphs that showed
dependent variable variation in relation to the prime predictor variable, using partial

residuals (Breheny and Burchett 2017). All analyses were performed using the R 3.6.3
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computational platform (R Core Team 2020) taking into account values specified in
Supplementary Table S1.
3. Results
3.1 Data description

The wood density weighted average (xSD) for the tree assemblage in the
ecotone forest in the eastern portion of Maraca was 0.703 + 0.133 g cm (range: 0.203
to 1.102 g cm®) (Table 1; Supplementary Table S2). The distribution of the wood
density values of most of the individuals randomly sampled in the fieldwork (69%) was
observed for categories > 0.650 g cm (medium-hard = 315, hard = 134, very-hard =
19) (Fig. 2a), with a direct relation to the distribution of the total number of individuals

(72%) and species (64%) present in all sampled plots (Fig. 2b).

Table 1. Wood-density values distributed among the Brazilian Institute of the
Environment and Renewable Natural Resources (IBAMA) categories: very-soft wood
species (< 0.350 g cm3), soft (0.351-0.500 g cm=), medium-soft (0.501-0.650 g cm3),
medium-hard (0.651-0.800 g cm), hard (0.801- 0.950 g cm®) and very-hard (> 0.951
g cm3). Field samples = number of individuals sampled in each category; Total trees =
total trees present in the forest survey (except palms and indeterminate individuals);
Bark thickness; Bark WD = bark density; Core WD = sapwood + heartwood density,
WD = weighted average between Bark WD and Core WD

Bark thickness Weighted

WD Class >@mple Total trees (mm) Bark WD~ Corewood " \vpy

(n) inthe plots (gcm® WD (gcm?®) ge d

(g cm™)
<0.350 10 23 10.1+4.9 0.371+£0.080 0.295+0.038 0.296+0.037
0.351-0.500 31 107 7.9+3.9 0.529+0.174 0.431+0.034 0.432+0.034
0.501-0.650 171 619 5.843.5 0.552+0.194 0.595%+0.038 0.595%0.038
0.651-0.800 315 1162 5.5+3.1 0.620+£0.184 0.717+0.040 0.717+0.040
0.801-0.950 134 699 45+2.4 0.71940.208 0.865+0.046 0.865+0.045
>0.951 19 54 5.3x1.9 0.675+0.179 0.985+0.033 0.983+0.033
Total 680 2664 56433  0.616:0.201 0.704+0.134 0.703+0.133

(meanxSD)
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Figure 2 — Distribution of wood density for (A) samples (n = 680) and (B) total
individuals (n = 2768) observed in ecotone forests on the eastern of Maracé Island.

The species with the lowest wood density were Schefflera morototoni
(Araliaceae; 0.324 + 0.012 g cm3) and Apeiba tibourbou (Malvaceae; 0.346 + 0.111 g
cm3) (Supplementary Table S2), both generally associated with well-drained plots (>
65 m a.s.l.). Peltogyne paniculata (Leguminosae; 0.921 + 0.032 g cm) and Peltogyne
gracilipes (Leguminosae; 0.902 + 0.089 g cm) were the species with the highest wood
density, and they almost always occurred in plots located in seasonally flooded

environments (<65 m a.s.l.).

3.2 Wood density versus environmental variables
Altitude (a proxy for drainage), clay content and sum of micronutrients in the
soil explained 23% of variation in specific mean wood density (Table 2). Regression
models indicate negative relationships with altitude (Fig. 3a) and soil clay content (Fig.
3b), and positive relationship with the sum of micronutrients (Fig. 3c). Mean wood
density in seasonally flooded plots (< 65 m a.s.l.; n = 32; 0.742 g cm™3) was higher (to.0s
= 2.018; p = 0.0137) than that for plots in flooding-free areas (> 65 m as.l.; n = 97;

0.713 g cm?).
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Table 2 — Regression models relating the variation in wood density to drainage
(altitude), and physical and soil chemical properties in ecotone forests in northern
Amazonia (n = 129). SOM = soil organic matter.

Response R2 Predictor Coefficient t P
Mean wood 0.23 Intercept 0.8535 - -
density Altitude -0.0015 -2.533 0.013**
Clay content -0.0028 -2.382 0.019**
pH -0.0036 -0.189 0.850
SOM 0.0012 1.282 0.202
P content -0.0061 -1.612 0.109
Sum of bases -0.0251 -1.502 0.136
Soil micronutrients 0.0001 2.110 0.037*
Mean wood 0.26  Intercept 0.7856 - -
density due to Altitude -0.0015 -2.816 0.006**
species Clay content -0.0023 -2.179 0.031*
turnover pH 0.0139 0.805 0.422
SOM 0.0008 0.989 0.325
P content -0.0029 -0.827 0.410
Sum of bases -0.0204 -1.323 0.188
Soil micronutrienst 0.0002 2.685 0.008**
Mean wood 0.14  Intercept 0.0679 - -
density due to Altitude -0.0000 -0.142 0.887
intraspecific Clay content -0.0004 -1.018 0.310
variation pH -0.0104 -1.470 0.144
SOM 0.0003 0.999 0.320
P content -0.0032 -2.278 0.024*
Sum of bases -0.0048 -0.767 0.445
Soil micronutrients 0.0000 0.952 0.343

***:p<0.001; **:p<0.01; *: p<0.05
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Figure 3 — Mean wood density (n = 129 plots) versus (a) altitude, (b) clay content and
(c) soil micronutrients in ecotone forests on the east of the Maraca Island.
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3.2 Environmental conditions affecting intra- and inter-specific variability in wood
density

Reduction of variation in wood density into components that explain the species-
substitution (turnover) and intraspecific variation revealed that substitution explained
most of the total variation (87%), with ~13% of the variation attributed to intraspecific
variation for the wood densities sampled (Fig. 4). Species-substitution and intraspecific-
variation components responded similarly to those patterns previously observed for
hydro-edaphic and topographic conditions (Table 2). Thus, altitude, clay content and
sum of micronutrients were slightly better predictors in the case of species substitution
and explained 26% of the variation in wood density. Phosphorus content (Fig. 5)
reached an explanatory level of 14% of the intraspecific variation in wood density, so
that individuals occurring in more phosphorus-rich soils tended to have higher wood

density.

74



100
J

o _|
©

<

S

C

o o

=

@

S

©

>

ge]

1}

£ Q

T <

[}

<

L
o _|
N
o - -

Turnover Intraspec. Covariation Total

1501
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Figure 5 — Intra-specific variation in wood density versus soil phosphorus content in
ecotone forests in the eastern portion of Maraca.
4. Discussion
4.1 Wood density versus environmental variables

Our study relating environmental conditions and spatial variation in wood
density is the first to deal with tree species assemblages that occur in ecotone forests in
the northern Brazilian Amazon. Our results indicates that average wood density of tree
communities occurring in seasonally flooded areas (low altitude) with low clay content
(sandy soils) and high sum of micronutrients (especially those related to flooding

periodicity), tend to be higher than those tree communities in flooding free habitats. Our
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investigation also revealed that environmental characteristics explain differences
between intra- and inter-species values, as previously observed in other regions of the
Amazon (Baker et al. 2004; Chave et al. 2006; Muller-Landau 2004; Poorter et al.
2019). However, we also separated community-based spatial variation in wood density
into categories of species substitution and intraspecific variation, revealing their
divergent responses to environmental variation. This suggests the presence of
overlooked patterns in tree adaptive response to hydro-edaphic variation. This
integrated analytical approach helps improve understanding of how variation in wood
density occurs spatially, reducing the degree of uncertainty in an especially important
variable for calculating carbon and biomass stocks in Amazonian forest ecosystems
(Chave et al. 2004).

In general, the values we determined for each species (range: 0.198 to 1.102 g
cm3) lay within the ranges of values cited in databases for tropical-forest species
(Chave et al. 2006; Zanne et al. 2009). However, our community-averaged mean wood
density (0.719 cm3) is 12% higher when compared with the general average value
presented by Nogueira et al. (2007) for forests in Brazil's ‘arc of deforestation’ (0.642
cm3), or 7.3% (0.67 g cm3) to 23,.9% (0.58 g cm-3) using results obtained for Baker et
al. (2004) in different Amazonian regions. These differences indicate a relation to the
intrinsic characteristics of the studied ecotone forests, especially the higher hydro-
edaphic restrictions that characterize some lowlands areas on the eastern portion of
Maraca. Most of these areas are seasonally flooded (low altitude) where poor sandy
soils (< clay content) predominate that are associated with large sums of Fe, Zn, Mn and
Cu. Limitation of forest productivity from toxicity caused by either deficiency or
excessively high concentrations of micronutrients is not common in tropical soils

(Binkley and Fisher 2019). However, higher availability of micronutrients associated
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with waterlogged tropical soils can reach toxic levels for some plants, conferring more
restricted aspects to the habitat (Davies 1997). In addition, areas in the eastern portion
of Maraca with higher environmental restrictions are generally populated by Peltogyne
gracilipes (Nascimento et al. 2017; Villacorta 2017), a monodominant species
characterized by high wood density (0.901 g cm).

The relationship between wood density and more/less restricted environmental
characteristics has already been commented on for other regions of the Amazon (Baker
et al. 2004; Parolin and Ferreira 1998; Parolin and Worbes 2000; Wittmann et al. 2006).
This relationship also holds in the case of Maraca, since the species with highest
abundance in the locality (P. gracilipes, Ecclinusa guianensis and Lecythis corrugata;
Silva et al., 2019b) have high wood-density values and occur preferably in ecotone-
forest areas with strong environmental restrictions. Similar results also were reported by
Souza (2014) in Virua National Park, an ecotone zone formed by contact between
seasonally flooded oligotrophic ecosystems and open forests with poor soils, where a set
of sampled trees had a higher mean wood density (0.700 g cm-3) when compared with
other Amazonian regions. Our findings imply that in ecotone forest areas with higher
environmental restrictions, a group of a few species with both higher wood density and
higher abundance can lead to a higher community-averaged wood density considering

the entire tree assemblage.

4.2 Environmental conditions affecting intra- and inter-specific variability in wood
density
Our results showed that in trees occurring in ecotone forests in the eastern

portion of Maracé, environmental variables such as altitude, clay content and soil

78



1566

1567

1568

1569

1570

1571

1572

1573

1574

1575

1576

1577

1578

1579

1580

1581

1582

1583

1584

1585

1586

1587

1588

1589

1590

micronutrients determined most of the variation in wood density, with ~13% of the
explained variation attributed to intraspecific variation in wood density.

The negative relationship between the altitudinal gradient and wood density
differs from results in the central Amazon region reported by Cosme et al. (2017) and
Toledo et al. (2017). These authors found that altitude controls the availability of water
in the soil, and in response to water stress, plants develop physiological adaptations
(e.g., smaller average stem diameter, smaller average stem area and less sapwood area),
resulting in high-density wood for improved hydraulic tolerance at higher altitudes
(Jucker et al. 2018; Oliveira et al. 2019). However, in our study area, the physical and
soil chemical properties is acting in the opposite way. We found species with the
highest wood density values in lowland areas with strong hydro-edaphic restrictions
(e.g. poorly drained soils, with temporal anoxia), indicating that habitat heterogeneity is
selecting species with phenotypic traits adapted to local environmental conditions
(Baraloto et al. 2011; Castilho et al. 2006; Muller-Landau 2004; Swenson and Enquist
2007). In Maraca those species adapted to seasonally flooded areas tend to tolerate
stressful edaphic conditions.

Most of the between-plot variation was due to changes in species composition,
where plots located on seasonally flooded areas (0.740 g cm-3) have mean wood density
ca. 4% higher than those in flooding free areas (0.712 g cm). However, when we
isolated only intraspecific variation, wood density appears to depend on soil phosphorus
levels. Condit et al. (2013) indicated that phosphorus availability in soils, which is a
limiting resource in Amazonian forests, is primarily responsible for the distribution of
species on environmental gradients. Species that have a wide distribution along the
phosphorus gradient may have genetically specialized populations in P-poor habitats as

part of an evolutionary strategy to improve the plant's hydraulic architecture and
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increase stem longevity (Oliveira et al. 2019). In the other hand, Zalamea et al. (2016)
suggested that phosphorus-dependent growth rates provide an additional explanation for
the distribution of tree pioneer species with high phosphorus demand, which, naturally,
are species with lower wood density. The results in Maraca can be considered divergent
because the tree assemblage that occupies the most restricted hydro-edaphic habitats
(e.g. flooding free areas) is not characterized by a set of pioneer species with low wood
density, instead, it is related to an evolutionary strategy where the main species of the
habitat (e.g. P. gracilipes) have higher wood density and support poor soils
characterized by low levels of phosphorus.

Finally, our study promotes advances in the understanding of factors
determining the wood density variability in ecotone forests of the northern Brazilian
Amazon, allowing us to improve estimates of biomass and carbon stocks in this poorly
studied region. For example, we recalculate the aboveground live biomass estimated by
Nascimento et al. (2014) in Maraca using our wood-density dataset instead of the data
used by the authors extracted from global repositories (Zanne et al. 2009) and from
studies in different parts of Amazonia (Chave et al. 2006; Fearnside 1997; Nogueira et
al. 2005; Nogueira et al. 2007). We calculated that the aboveground live biomass
presented by the authors were underestimated by 1.4% to 16.3% (Supplementary Table
S3). Therefore, this local example shows us that, despite the recent advances related to
obtaining data on wood density, it is still necessary to improve our understanding of
wood density in the forests of the northern Brazilian Amazon. This advance is needed to
improve the current regional-global estimates of carbon and biomass stocks in the
Amazon because, in general, wood-density data are derived from databases generated in

the eastern, western or central Amazon or in other tropical regions of the world.
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5. Conclusion

We conclude that the wood density variation between tree communities in
sampled ecotone forests is driven by hydro-edaphic conditions in the eastern portion of
Maraca Island. Overall, our results indicate that most of the between-plot variation in
wood density was due to changes in species composition. Analysis of interspecific
variability indicates that forests that occur in environments with higher hydro-edaphic
restrictions (e.g., seasonally flooded soils) contain species with higher wood density
than those environments with lesser restrictions. Our study advances the understanding
of factors determining the variability of the tree wood density in regional ecotone
forests, allowing improvement of estimates of the biomass and carbon stocks in the

forests of the northern Brazilian Amazon.
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Supplementary Table S1 - Database used in the analysis of intra- and inter-specific variations in wood density in ecotone forests of the eastern
of Maraca Island, State of Roraima, northern Brazilian Amazon. Soil data (Barbosa et al. 2019b) and altitude (Vale et al. 2012) are freely
available. Plot code = specific plot code related to permanent plots located on the eastern of Maraca Island - detailed information can be obtained
on the ForestPlots platform (https://www.forestplots.net/) under the codes ETA, ETB, ETC, ETD, ETE and ETF. WD = weighted average of
wood density (sensu Farias et al. 2020), SOM = soil organic matter, base sum = sum of exchangeable bases (K + Ca + Mg cmol kg?) and soil
micronutrient sum = sum of micronutrients (Fe, Zn, Mn, Cu and B; mg kg™1).

pocse SO e wo o) SRS STy SO B T e
(except palm) (cmol kg™)
L1-0800-0850 6 21 0.690 67.48 13.10 470  7.00 5.00 0.47 50.70
L1-1000-1050 5 13 0.661 61.40 7.90 540 7.00 4.00 1.08 139.77
L1-1200-1250 6 24 0.662 67.08 16.20 510 16.00 3.00 0.79 98.70
L1-1400-1450 6 20 0.702 76.90 15.60 4.40 7.00 2.00 0.37 37.83
L1-2000-2050 5 20 0.746 67.43 12.90 470  21.00 5.00 0.89 64.13
L1-2200-2250 4 22 0.826 55.56 21.20 480 23.00 3.00 0.81 367.73
L1-2400-2450 5 20 0.810 56.91 12.20 520 14.00 4.00 0.49 189.81
L1-2600-2650 3 13 0.721 59.49 17.40 52  18.00 2.00 0.66 332.68
L1-3000-3050 9 33 0.727 67.36 15.80 460 21.00 3.00 0.83 137.31
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L2-0900-0950

L2-1100-1150

L2-1300-1350

L2-1500-1550

L2-1700-1750

L2-1900-1950

20

34

19

19

19

14

19

14

18

33

22

18

23

21

27

0.728

0.845

0.800

0.733

0.702

0.739

0.753

0.772

0.795

0.659

0.643

0.723

0.748

0.702

0.710

57.31

54.92

56.72

70.90

60.97

62.76

77.18

72.05

81.77

59.39

64.77

70.48

75.00

75.78

72.36

7.90

22.80

10.50

20.30

10.60

18.80

16.40

13.80

15.10

16.60

8.50

14.20

14.50

10.90

11.30

5.20

4.70

4.90

5.00

5.50

5.00

5.40

5.60

5.20

4.90

5.00

5.00

4.50

4.90

5.50

9.00

39.00

7.00

21.00

11.00

9.00

18.00

11.00

18.00

18.00

9.00

11.00

11.00

14.00

11.00

4.00

3.00

2.00

3.00

3.00

3.00

4.00

3.00

4.00

6.00

6.00

5.00

4.00

4.00

6.00

0.70

0.75

0.56

0.98

1.70

1.34

1.19

1.26

0.86

0.67

0.55

0.60

0.46

0.52

0.99

97.36

504.26

73.30

113.71

111.97

79.20

127.46

89.27

172.03

177.81

47.99

152.67

68.06

90.54

116.53
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L.3-0900-0950

L3-1100-1150

22

23

17

24

12

16

17

21

28

24

24

30

18

11

0.731

0.747

0.744

0.690

0.648

0.733

0.753

0.813

0.793

0.732

0.675

0.604

0.679

0.701

0.656

68.31

65.26

63.43

68.50

81.92

78.23

71.81

63.49

68.41

73.31

78.66

71.87

95.46

65.99

71.72

10.40

9.70

9.90

8.70

13.20

15.30

17.70

12.30

13.00

14.10

15.80

12.10

18.20

21.20

16.20

5.00

4.80

5.00

4.80

4.30

4.80

4.90

5.10

5.00

5.30

5.30

6.10

5.60

4.60

4.60

9.00

7.00

9.00

7.00

5.00

11.00

9.00

11.00

14.00

14.00

9.00

16.00

18.00

16.00

11.00

4.00

4.00

3.00

4.00

3.00

3.00

2.00

3.00

2.00

3.00

3.00

3.00

2.00

4.00

3.00

0.56

0.61

0.86

0.63

0.47

0.72

0.61

0.51

0.71

1.03

0.81

2.04

1.87

0.68

0.42

100.12

127.63

101.84

123.39

75.39

114.88

100.43

337.14

96.50

108.50

143.02

316.01

112.41

167.86

56.63
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L3-1300-1350

L3-1500-1550

L3-1700-1750

L3-1900-1950

L3-2150-2200

L3-2350-2400

L3-2550-2600

L3-2750-2800

L3-2950-3000

L3-3150-3200

L.3-3350-3400

L.3-3550-3600

L.3-4000-4050

L3-4200-4250

L3-4400-4450

30

28

24

19

19

25

24

20

27

19

14

19

28

19

17

0.705

0.750

0.803

0.656

0.700

0.712

0.758

0.740

0.677

0.705

0.710

0.701

0.724

0.635

0.718

73.52

76.43

71.40

76.35

82.57

81.77

77.40

83.76

88.67

85.93

76.66

68.70

84.95

85.28

82.45

9.50

7.50

11.60

9.60

6.40

10.30

10.50

12.50

13.70

15.10

15.30

12.30

13.00

16.30

7.20

4.70

4.90

5.30

4.60

4.70

4.60

4.60

4.50

4.50

4.60

4.50

5.00

4.70

4.90

5.00

11.00

5.00

18.00

7.00

5.00

9.00

9.00

7.00

5.00

11.00

7.00

16.00

7.00

5.00

7.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

0.40

0.32

0.57

0.35

0.31

0.42

0.45

0.36

0.36

0.50

0.35

0.72

0.42

0.59

0.37

59.42

27.81

342.25

76.12

29.02

48.69

52.59

53.78

75.76

111.83

77.72

185.10

71.41

55.68

29.27
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L3-4600-4650

L.3-4800-4850

L4-0050-0100

L4-0250-0300

L4-0450-0500

L4-0650-0700

L4-0850-0900

L4-1050-1100

L4-1250-1300

L4-1450-1500

L4-1850-1900

L4-2050-2100

L4-2250-2300

L4-2450-2500

L4-2650-2700

10

31

15

25

18

31

23

28

18

26

18

30

21

16

28

0.671

0.683

0.654

0.743

0.689

0.704

0.672

0.718

0.750

0.726

0.703

0.738

0.712

0.825

0.712

82.74

85.78

69.14

71.30

72.25

70.93

71.45

77.47

78.36

79.24

75.58

80.22

69.96

65.40

66.99

28.40

9.70

18.20

10.50

14.30

12.90

10.10

7.70

6.70

8.60

21.70

8.20

10.60

7.90

15.50

4.40

5.10

4.50

4.40

4.30

4.60

4.60

4.90

5.10

4.50

4.30

4.60

4.70

5.20

4.40

9.00

5.00

18.00

7.00

9.00

23.00

7.00

5.00

7.00

5.00

14.00

7.00

9.00

7.00

7.00

3.00

2.00

5.00

4.00

3.00

5.00

4.00

3.00

3.00

3.00

4.00

3.00

3.00

4.00

3.00

0.36

0.67

0.66

0.43

0.32

0.45

0.29

0.37

0.35

0.34

0.39

0.34

0.38

0.37

0.37

87.16

83.90

118.30

71.11

80.29

41.21

32.56

41.01

40.93

60.88

201.05

58.74

65.57

60.79

113.95
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L4-2850-2900

L4-3050-3100

L4-3300-3350

L4-3500-3550

L4-3800-3850

L4-4000-4050

L4-4200-4250

L4-4400-4450

L4-4600-4650

L4-4850-4900

L5-0050-0100

L5-0200-0250

L5-0350-0400

L5-0500-0550

L5-0650-0700

19

17

26

22

23

18

20

25

24

21

15

21

18

23

12

0.657

0.746

0.747

0.791

0.742

0.713

0.640

0.684

0.706

0.788

0.600

0.731

0.648

0.678

0.772

74.08

73.70

65.13

62.44

63.02

67.28

78.25

81.29

81.96

76.38

67.95

73.65

72.88

73.11

70.04

10.90

12.40

21.80

10.50

10.50

9.40

9.20

11.10

9.30

9.20

18.90

9.20

17.60

18.40

8.10

5.00

4.50

4.40

5.50

5.40

5.60

5.30

5.30

4.70

4.70

4.70

5.80

5.90

5.40

4.90

11.00

11.00

23.00

16.00

16.00

7.00

5.00

5.00

7.00

21.00

11.00

7.00

16.00

11.00

7.00

4.00

3.00

3.00

4.00

5.00

3.00

5.00

2.00

2.00

3.00

3.00

3.00

4.00

3.00

2.00

0.39

0.39

0.49

1.21

1.32

0.63

0.92

1.28

0.47

0.78

0.62

2.00

244

1.85

0.98

104.82

88.32

130.38

75.29

43.69

57.73

64.83

60.68

46.39

63.33

62.46

41.66

42.72

50.83

46.96
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L5-0950-1000

L5-1150-1200

L5-1300-1350

L5-1450-1500

L5-1600-1650

L5-1750-1800

L5-1900-1950

L5-2050-2100

L5-2200-2250

L5-2350-2400

L5-2600-2650

L5-2750-2800

L5-2900-2950

L5-3050-3100

L5-3350-3400

21

23

28

21

13

12

22

17

16

27

22

21

24

21

17

0.725

0.672

0.736

0.740

0.720

0.691

0.742

0.711

0.728

0.752

0.671

0.680

0.671

0.687

0.787

72.08

64.20

72.38

73.73

74.25

74.44

75.66

76.14

69.71

64.27

66.95

73.93

74.81

64.47

57.46

9.70

15.30

9.30

4.60

12.50

18.80

14.50

10.90

5.90

8.50

15.10

12.90

4.90

18.20

12.00

4.20

4.70

4.60

5.00

5.40

5.10

5.00

4.80

5.00

5.10

5.00

4.60

5.20

4.80

4.80

9.00

21.00

7.00

5.00

11.00

14.00

7.00

7.00

7.00

21.00

14.00

9.00

9.00

18.00

23.00

2.00

4.00

3.00

2.00

2.00

2.00

2.00

2.00

2.00

2.00

2.00

9.00

3.00

2.00

4.00

0.47

0.78

0.55

0.68

1.47

1.09

0.77

0.78

0.70

0.79

0.88

0.66

0.92

0.85

1.05

53.29

90.84

49.69

34.05

55.67

74.44

49.30

44.18

15.12

176.11

117.16

58.76

32.80

61.91

148.56
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L5-3500-3550

L5-3650-3700

LL5-3800-3850

L5-3950-4000

L5-4200-4250

L5-4400-4450

L5-4600-4650

L5-4800-4850

L5-4950-5000

L6-0100-0150

L6-0300-0350

L6-0500-0550

L6-0700-0750

L6-0900-0950

L6-1100-1150

19

14

19

24

16

28

31

28

17

15

16

20

20

18

18

0.708

0.720

0.707

0.657

0.695

0.705

0.740

0.744

0.668

0.662

0.736

0.726

0.731

0.722

0.681

60.19

65.33

64.27

69.79

67.07

66.59

65.51

62.99

73.28

60.46

71.25

72.83

71.94

72.28

70.81

12.50

17.20

18.90

21.30

8.90

4.00

8.70

14.30

14.80

21.30

12.80

14.70

12.80

15.50

12.60

5.30

5.10

5.00

5.50

4.80

4.90

5.10

4.80

4.90

4.70

4.60

4.50

4.40

4.90

5.10

21.00

14.00

18.00

18.00

11.00

5.00

16.00

21.00

9.00

14.00

7.00

7.00

7.00

9.00

9.00

3.00

3.00

3.00

3.00

3.00

2.00

3.00

5.00

2.00

3.00

2.00

3.00

2.00

3.00

3.00

1.30

1.40

1.56

241

0.92

0.53

0.85

0.80

0.75

0.65

0.68

0.48

0.44

1.10

1.33

150.57

84.95

67.80

90.10

90.04

18.72

131.59

234.61

4991

71.57

66.93

51.93

36.96

54.03

49.79
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1678

L6-1300-1350

L6-1500-1550

L6-1700-1750

L6-1900-1950

L6-2150-2200

L6-2350-2400

L6-2550-2600

L6-2750-2800

L6-2950-3000

L6-3300-3350

L6-3500-3550

L6-3700-3750

L6-4150-4200

L6-4350-4400

L6-4700-4750

15

16

21

15

21

19

15

22

25

19

19

21

14

16

26

0.773

0.671

0.680

0.701

0.731

0.838

0.717

0.761

0.720

0.770

0.743

0.714

0.842

0.761

0.686

73.41

73.35

74.04

74.24

66.20

75.23

64.14

57.29

61.25

55.55

60.15

57.91

59.72

58.50

60.24

18.30

12.50

17.20

4.70

17.30

11.40

16.20

7.90

7.50

9.30

9.80

12.30

10.00

13.60

17.70

5.40

5.70

5.50

5.50

4.80

4.80

5.00

4.60

5.00

4.90

4.90

4.90

4.70

4.80

4.90

9.00

9.00

16.00

7.00

18.00

9.00

21.00

11.00

5.00

16.00

7.00

14.00

9.00

21.00

49.00

2.00

2.00

3.00

3.00

4.00

5.00

3.00

3.00

2.00

4.00

3.00

4.00

4.00

5.00

3.00

1.16

1.38

1.55

1.16

0.98

0.75

111

0.62

0.47

0.80

0.72

1.34

0.72

0.76

2.28

57.43

41.39

69.00

39.92

69.26

46.51

64.78

79.73

33.52

93.95

53.96

84.93

44.54

67.53

113.24
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1679  Supplementary Table S2 - Tree species and morphospecies wood density estimate to ecotone forests in eastern of Maracé Island, northern
1680  Brazilian Amazonia (mean + SD). Samples = number of individuals sampled, Bark T = bark thickness in millimeters, Bark WD = bark density,
1681  Core WD = sapwood + heartwood density, WD = weighted average between Bark D and Core WD (sensu Farias et al. 2020).

1682

Family Species Samples (n)  Bark WD (g cm®) Core WD (g cm®) WD (g cm)
Achariaceae Lindackeria paludosa 2 0.686+0.001 0.637+0.018 0.637+0.018
Anacardiaceae Astronium lecointei 3 0.691+0.062 0.778+0.145 0.777+0.144
Spondias mombin 1 0.250%0.000 0.774%0.000 0.766x0.000

Annonaceae Duguetia lepidota 14 0.535+0.098 0.796+0.042 0.793+0.041
Duguetia lucida 3 0.407%0.105 0.732+0.019 0.728+0.018

Guatteria citriodora 1 0.128+0.000 0.604+0.000 0.602+0.000

Guatteria schomburgkiana 8 0.488+0.166 0.646+0.109 0.644+0.108

Xylopia amazonica 2 0.533+0.093 0.669+0.065 0.668+0.064

Apocynaceae Aspidosperma nitidum 1 0.418+0.000 0.828+0.000 0.826+0.000
Aspidosperma spruceanum 3 0.733+0.081 0.750%0.020 0.750+0.019

Himatanthus articulatus 35 0.459+0.151 0.567+0.039 0.566+0.039
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Araliaceae

Bignoniaceae

Bixaceae
Boraginaceae

Burseraceae

Caryocaraceae
Celastraceae

Chrysobalanaceae

Schefflera morototoni
Handroanthus obscurus

Handroanthus uleanus

Cochlospermum orinocense

Cordia tetrandra
Protium neglectum
Protium polybotryum
Protium rhoifolium
Protium stevensonii
Protium unifoliolatum
Trattinnickia glaziovii
Trattinnickia rhoifolia
Caryocar villosum
Maytenus guyanensis
Exellodendron barbatum

Hirtela racemosa

0.479+0.061
0.259+0.041
0.508+0.090
0.520+0.260
0.441+0.167
0.488+0.274
0.801+0.150
0.701+0.076
0.705+0.151
0.614+0.144
0.624+0.171
0.537+0.013
0.707+0.000
0.757+0.115
0.826+0.108

0.859+0.000

0.323+0.012
0.862+0.042
0.811+0.077
0.424+0.120
0.476+0.179
0.554+0.016
0.571+0.012
0.585+0.039
0.709+0.071
0.692+0.046
0.422+0.022
0.521+0.081
0.569+0.000
0.722+0.036
0.841+0.057

0.785+0.000

0.324+0.012
0.858+0.043
0.809+0.076
0.424+0.121
0.476+0.178
0.555+0.015
0.573+0.010
0.586+0.039
0.709+0.070
0.691+0.045
0.423+0.021
0.522+0.080
0.570+0.000
0.722+0.036
0.841+0.057

0.785+0.000
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Clusiaceae
Elaeocarpaceae
Erythroxylaceae
Euphorbiaceae
Lamiaceae

Lauraceae

Lecythidaceae

Leptobalanus apetalus
Licania kunthiana
Licania discolor
Moquilea minutiflora
Garcinia macrophylla
Sloanea guianensis
Erythroxylum mucronatum
Mabea speciosa !

Vitex schomburgkiana
Aniba sp.

Endlicheria dictifarinosa
Licaria chrysophylla
Mezilaurus crassiramea
Ocotea sandwithii
Couratari multiflora

Eschweilera pedicellata

0.725+0.110
0.733+0.045
0.748+0.171
0.601+0.054
0.962+0.000
0.573+0.246
0.582+0.000
0.515+0.386
0.667+0.061
0.507+0.000
0.565+0.000
0.988+0.000
0.541+0.174
0.649+0.227
0.203+0.000

0.767+0.100

0.747+0.056
0.803+0.082
0.825+0.120
0.624+0.018
0.674+0.000
0.870+0.041
0.819+0.000
0.567+0.015
0.606+0.052
0.622+0.000
0.478+0.000
0.677+0.000
0.697+0.017
0.664+0.042
0.468+0.000

0.759+0.030

0.746+0.056
0.803+0.082
0.825+0.120
0.624+0.018
0.676+0.000
0.869+0.041
0.816+0.000
0.567+0.016
0.606+0.052
0.621+0.000
0.479+0.000
0.678+0.000
0.697+0.018
0.664+0.041
0.466+0.000

0.759+0.030
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Leguminosae

Eschweilera sp.?

Gustavia augusta

Lecythis corrugata subsp. Résea
Albizia glabripetala
Albizia pedicellaris

Albizia sp.

Andira surinamensis
Centrolobium paraense
Dialium guianense
Enterolobium schomburgkii
Hymenaea sp

Inga splendens

Inga cinnamomea

Inga sp @

Ormosia coarctata

Peltogyne gracilipes

36

0.628+0.209
0.340+0.112
0.628+0.158
0.398+0.000
0.598+0.000
0.258+0.000
0.413+0.195
0.843+0.014
0.746+0.000
0.688+0.057
0.924+0.000
0.570+0.047
0.656+0.000
0.722+0.000
0.612+0.164

0.841+0.162

0.738+0.026
0.698+0.026
0.733+0.073
0.622+0.000
0.405+0.000
0.518+0.000
0.688+0.026
0.755+0.003
0.784+0.000
0.573+0.056
0.884+0.000
0.639+0.060
0.525+0.000
0.727+0.000
0.822+0.167

0.903+0.090

0.737+0.027
0.695+0.027
0.733+0.073
0.621+0.000
0.406+0.000
0.515+0.000
0.687+0.027
0.755+0.003
0.784+0.000
0.573+0.055
0.884+0.000
0.638+0.060
0.526+0.000
0.727+0.000
0.821+0.167

0.902+0.089
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Malpighiaceae

Malvaceae

Melastomataceae
Meliaceae

Moraceae

Myristicaceae

Myrtaceae

Peltogyne paniculata
Swartzia grandifolia
Swartzia latifolia
Swartzia sp.

Tachigali guianensis
Byrsonima schomburgkiana
Apeiba tibourbou
Luehea speciosa
Pochota fendleri
Miconia stenostachya
Trichilia cipo
Brosimum guianense
Clarisia racemosa
Pseudolmedia laevigata
Virola calophylla

Eugenia essequiboensis

0.922+0.175
0.513+0.144
0.451+0.000
0.699+0.000
0.561+0.067
0.616+0.154
0.353+0.064
0.501+0.120
0.324+0.039
0.833+0.000
0.723+0.142
0.697+0.180
0.806+0.156
0.642+0.156
0.582+0.110

0.556+0.000

0.921+0.032
0.602+0.173
0.694+0.000
0.778+0.000
0.665+0.040
0.626+0.134
0.345+0.113
0.639+0.058
0.367+0.025
0.817+0.000
0.725+0.051
0.768+0.086
0.675+0.037
0.673+0.056
0.591+0.006

0.686+0.000

0.921+0.032
0.601+0.173
0.692+0.000
0.777+0.000
0.664+0.039
0.626+0.134
0.346+0.111
0.637+0.059
0.367+0.024
0.817+0.000
0.725+0.051
0.767+0.086
0.675+0.037
0.673+0.056
0.591+0.007

0.686+0.000
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Nyctaginaceae
Ochnaceae
Olacaceae
Peraceae
Putranjivaceae

Rubiaceae

Eugenia flavescens
Eugenia omissa
Psidium guineense
Neea parviflora
Quiina rhytidopus
Chaunochiton kappleri
Pera bicolor
Drypetes variabilis
Alseis latifolia
Amaioua corymbosa
Chomelia tenuiflora
Duroia eriopila
Guettarda macrantha
Palicourea crocea
Posoqueria latifolia

Rudgea crassiloba

0.660+0.000
0.640+0.302
0.861+0.000
0.507+0.000
0.663+0.248
0.403+0.051
0.787+0.000
0.941+0.000
0.533+0.216
0.659+0.253
0.697+0.000
0.577+0.140
0.538+0.156
0.557+0.000
0.736+0.000

0.764+0.249

0.797+0.000
0.758+0.057
0.829+0.000
0.543+0.000
0.823+0.060
0.616+0.139
0.803+0.000
0.698+0.000
0.645+0.049
0.726+0.044
0.684+0.000
0.683+0.072
0.541+0.048
0.624+0.000
0.552+0.000

0.647+0.034

0.796+0.000
0.758+0.056
0.829+0.000
0.542+0.000
0.823+0.060
0.614+0.138
0.803+0.000
0.700+0.000
0.645+0.049
0.727+0.045
0.684+0.000
0.683+0.071
0.541+0.048
0.624+0.000
0.553+0.000

0.648+0.034
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Salicaceae

Sapindaceae

Sapotaceae

Simaroubaceae

Violaceae

Rudgea sp.

Casearia spinencens
Casearia sylvestris
Xylosma benthamii
Cupania rubiginosa
Chrysophyllum sparsiflorum
Ecclinusa guianensis
Pouteria cuspidata
Pouteria hispida
Pouteria reticulata
Pouteria sp.

Pouteria surumuensis
Pouteria venosa
Pradosia surinamensis
Simarouba amara

Leonia glycycarpa

70

16

26
11
24

10

0.301+0.092
0.645+0.000
0.482+0.140
0.317+0.000
0.653+0.029
0.855+0.143
0.650+0.154
0.429+0.051
0.654+0.177
0.649+0.210
0.744+0.000
0.540+0.159
0.596+0.236
0.476+0.143
0.615+0.189

0.688+0.000

0.575+0.024
0.588+0.000
0.708+0.062
0.697+0.000
0.764+0.008
0.855+0.028
0.661+0.043
0.717+0.040
0.818+0.082
0.735+0.039
0.739+0.000
0.909+0.079
0.782+0.080
0.681+0.045
0.422+0.034

0.680+0.000

0.574+0.024
0.589+0.000
0.707+0.062
0.695+0.000
0.763+0.008
0.855+0.028
0.661+0.043
0.715+0.041
0.818+0.082
0.734+0.038
0.739+0.000
0.907+0.079
0.781+0.080
0.680+0.044
0.423+0.034

0.680+0.000
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1683
1684

1685
1686

Rinorea pubiflora 3 0.503+0.208

0.685+0.043

0.684+0.044

1 Mean of values beteween Mabea speciosa (n=2) a morphospecies of Euphorbiaceae (n=1).
2 Mean of values for Eschweilera sp.1 and Eschweilera sp.2 morphospecies.

3 Mean of values for Inga sp.2 and Inga sp.3 morphospecies.

10



Supplementary Table S3 — Differences in the above-ground live biomass (Mg ha) in
ecotone forests of the eastern of Maraca Island considering new wood density values for the
study area. FWP: forest without Peltogyne, PPF: Peltogyne poor forest and PRF: Peltogyne
rich forest, following definition of Nascimento et al. (2014).

Old values

Types  (Nascimento et al New values (this Change in stand
: : o
2014) study) biomass (%)
FWP 363.35 368.29 1.36
PPF 433.88 462.65 6.63
PRF 422.97 492.14 16.35
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CONCLUSAO GERAL

Com a base de dados construida por esta investigacdo, concluo que a variagdo da
densidade da madeira entre comunidades de arvores que ocorrem nas florestas ecotonais
amostradas ndo é condicionada pelo didmetro do caule ou tipo florestal, e que entre as
espécies mais abundantes, apenas a DM de Lecythis corrugata e Pradosia surinamensis
foram parcialmente explicadas pela variacdo diamétrica e do habitat. Apesar dessas
divergéncias, os resultados do estudo mostraram que, no geral, a DM é condicionada pelo
gradiente hidro-edéfico, indicando que a densidade diminuiu em fungdo da maior altitude e
teor de argila, e foi maior em solos com maiores teores de micronutrientes. Além disso, 0s
fatores que induziram a variacdo espacial da densidade da madeira devido a mudanca de
composicdo de espécies ndo afetaram a variacdo intraespecifica, a qual respondeu unicamente
ao teor de fosforo do solo. Esses resultados indicam que a maior parte da variacdo da
densidade da madeira entre parcelas é devido a mudanca na composicdo de espécies. A
analise da variabilidade interespecifica suporta que florestas que ocorrem em ambientes com
maiores restricdes hidro-edéaficas (e.g. solos sazonalmente alagados) sdo caracterizadas por
especies que possuem, na média, DM ca 4% maior em relacdo a ambientes com menores
restricbes. Diante disso, essa investigagdo avanca no entendimento sobre fatores
determinantes da variabilidade da densidade basica da madeira dos diferentes tipos florestais
de Maracé, permitindo melhorar as estimativas do estoque e do fluxo de carbono em florestas

de ecotono do norte da Amazonia.
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