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RESUMO

Efeitos das mudancas climaticas sobre a estrutura, crescimento e mortalidade de arvores
em florestas tropicais sob distintas condicionantes ambientais precisam ser melhor
elucidados em toda a Amazobnia brasileira. Os estudos de monitoramento espaco-
temporais da demografia arbérea vém sendo crucial para entender como a estrutura e a
composi¢cdo das espécies de florestas tropicais respondem as variagcBes climéticas
globais. Nesse sentido, este estudo teve por objetivo determinar o efeito das
condicionantes ambientais e da variacdo climatica sobre as taxas vitais (crescimento,
recrutamento e mortalidade) de individuos arbéreos de florestas ecotonais do centro-
oeste de Roraima entre os anos de 2016-2020. As taxas vitais desse periodo foram
correlacionadas a luz de variaveis independentes: (i) estruturais (diametro, densidade de
individuos, altura, riqueza e composicdo de espécies), (ii) ambientais (textura e
fertilidade do solo, topografia) e (iii) climéaticas (cumulative water déficit = CWD, sea
surface temperature = SST). Tanto as varidveis dependentes (taxas vitais) quanto as
varidveis independentes estruturais e ambientais foram derivadas de 129 parcelas (10 m
x 50 m; 6.45 ha) instaladas em um gradiente hidro-edafico caracterizado por florestas de
ecétono (florestas ombréfilas + sazonais) dispersas no leste da llha de Maracé, estado
de Roraima. As variaveis independentes climéticas foram obtidas livremente de bancos
de dados disponibilizados na rede mundial de computadores. Censos demograficos
anuais foram realizados nas 129 parcelas, onde todos os individuos arbdreos (arvores +
palmeiras; didmetro do caule > 10cm) foram medidos e identificados taxonomicamente.
Para alcancar o objetivo geral do estudo, a investigacdo cumpriu quatro objetivos
especificos que representam capitulos individuais do trabalho: (i) composicéo floristica;
(ii) estrutura florestal (densidade e altura das arvores); (iii) estruturacdo da comunidade
(riqueza e composigdo de espécies) e (iv) dindmica florestal (taxas vitais). Os resultados
do capitulo | revelaram que a composicdo floristica das parcelas utilizadas como
amostras é caracterizada por 42 familias boténicas e 140 espécies e morfo-espécies.
Peltogyne gracilipes Ducke (Leguminosae), Pradosia surinamensis (Eyma) T. D. Penn.
(Sapotaceae) e Ecclinusa guianensis Eyma (Sapotaceae) foram as espécies com maior
indice de importancia (~25%), correspondendo a mais de 36% de dominancia. O
capitulo Il demonstrou que a matéria organica do solo e a soma das bases explicaram
16% da variagdo na densidade das arvores, enquanto a propria densidade das arvores e a

soma das bases extraiveis explicaram 13% da varia¢do na altura média das arvores. O



capitulo 11l indicou que a riqueza e composi¢do das espécies responderam aos mesmos
fatores ambientais: altitude, teor de argila e soma dos micronutrientes no solo. Essas
varidveis afetaram a composicdo das espécies direta e indiretamente, através da
abundancia de P. gracilipes. Em particular, esta ultima suprimiu a riqueza de espécies,
independentemente das condi¢des do solo. Esses resultados sustentam a hipdtese de que
filtros abioticos e interacdes bidticas moldam as comunidades arbdreas estudadas e que
P. gracilipes pode ser considerada uma espécie indicadora de condi¢des hidro-edaficas,
mas também deve ser vista como uma propulsora da estrutura da comunidade arborea.
Por fim, o capitulo 1V indicou que a dindmica florestal variou anualmente em fungéo do
namero de caules e da biomassa viva acima do solo (AGB) levando em consideracéo o
periodo entre janeiro/2016 a janeiro/2020 nas 129 parcelas permanentes. O nimero de
individuos vivos foi reduzido em 4,6%, passando de 3041 (2016) para 2902 (2020)
considerando os trés grupos arboreos (Palmeiras, Arvores e P. gracilipes) definidos para
a floresta de ecétono estudado. O total de AGB, considerando os trés grupos arbéreos,
decaiu de 295,76 Mg ha™ para 287,97 Mg™ (-7,79 Mg ha; -2,63%). Essa reducéo foi
decorrente de uma alta taxa de mortalidade no periodo (1,94%) associada ao baixo
recrutamento (R = 0,77%). A taxa de mudanca total de AGB dos trés grupos arbdreos
foi condicionada pela soma dos micronutrientes (Fe, Zn, Mn, B, Cu; mg kg™). Quando
0s grupos arbdreos foram analisados separadamente, observou-se que cada um
respondeu a diferentes fatores ambientais. O contetido de fosforo (P) afetou a taxa de
mudanca de AGB das Palmeiras enquanto o teor de argila e a soma de nutrientes afetou
o grupo das Arvores. A taxa de mudanca total da AGB dos grupos arboreos ndo foi
condicionada estatisticamente pelos descritores climaticos (CWD, SST), muito embora
a resposta gréafica tenha indica um tempo de retardo (1-2 anos) na resposta da floresta
aos estresses climaticos, em especial os de anos secos. Os resultados gerais da
investigagdo melhoram nosso entendimento sobre a dindmica (crescimento,
recrutamento e mortalidade) das florestas de ecotono do norte da Amazénia brasileira,
podendo serem utilizados como base de informagdes para construcdo de politicas
publicas direcionadas a mitigacdo dos efeitos negativos do aquecimento global nas areas

florestais da Amazonia.

Palavras-Chave: inventario florestal, dindmica florestal, censo arbdreo, gradiente

hidro-edafico, estrutura da comunidade, biomassa, carbono



ABSTRACT

Effects of climate change on the structure, growth and mortality of trees in tropical
forests under different environmental conditions need to be better elucidated throughout
the Brazilian Amazon. Spatio-temporal monitoring studies of tree demography have
been crucial to understand how the structure and composition of tropical forest species
respond to global climate variations. In this sense, this study aimed to determine the
effect of environmental conditions and climate variation on the vital rates (growth,
recruitment and mortality) of arboreal individuals from ecotonal forests in the central-
west of Roraima between the years 2016-2020. The vital rates of this period were
correlated in the light of independent variables: (i) structural (diameter, density of
individuals, height, richness and composition of species), (ii) environmental (texture
and soil fertility, topography) and (iii) (cumulative water deficit = CWD, sea surface
temperature = SST). Both the dependent variables (vital rates) and the structural and
environmental independent variables were derived from 129 plots (10 mx 50 m; 6.45
ha) installed in a hydro-edaphic gradient characterized by ecotone forests (ombrophilic
+ seasonal forests) dispersed in the east of Maraca Island, state of Roraima. The climate
independent variables were obtained freely from databases available on the world wide
web. Annual demographic census surveys were carried out on 129 plots, where all tree
individuals (trees + palms; stem diameter > 10cm) were measured and identified
taxonomically. To reach the general objective of the study, the investigation fulfilled
four specific objectives that represent individual chapters of the work: (i) floristic
composition; (ii) forest structure (density and height of trees); (iii) community
structuring (species richness and composition) and (iv) forest dynamics (vital rates).
The results of chapter | revealed that the floristic composition of the plots used as
samples is characterized by 42 botanical families and 140 species and morpho-species.
Peltogyne gracilipes Ducke (Leguminosae), Pradosia surinamensis (Eyma) T. D. Penn.
(Sapotaceae) and Ecclinusa guianensis Eyma (Sapotaceae) were the species with the
highest importance index (~ 25%), corresponding to more than 36% dominance.
Chapter Il demonstrated that the organic matter of the soil and the sum of the bases
explained 16% of the variation in the density of the trees, while the density of the trees
and the sum of the extractable bases explained 13% of the variation in the average
height of the trees. Chapter Ill indicated that the species richness and composition
responded to the same environmental factors: altitude, clay content and the sum of



micronutrients in the soil. These variables affected species composition directly and
indirectly, through the abundance of P. gracilipes. In particular, the latter suppressed
species richness, regardless of soil conditions. These results support the hypothesis that
abiotic filters and biotic interactions shape the studied tree communities and that P.
gracilipes can be considered an indicator species of hydro-edaphic conditions, but it
should also be seen as a propeller of the structure of the tree community. Finally,
Chapter 1V indicated that the forest dynamics varied annually according to the number
of stems and the above-ground living biomass (AGB) taking into account the period
between January/2016 to January/2020 in the 129 permanent plots. The number of
living individuals was reduced by 4.6%, from 3041 (2016) to 2902 (2020) considering
the three arboreal groups (Palms, Trees and P. gracilipes) defined for the studied
ecotone forest. The total AGB, considering the three tree groups, decreased from 295.76
Mg ha™ to 287.97 Mg™? (-7.79 Mg ha*; -2.63%). This reduction was due to a high
mortality rate in the period (1.94%) associated with low recruitment (R = 0.77%). The
rate of total AGB change of the three tree groups was conditioned by the sum of the
micronutrients (Fe, Zn, Mn, B, Cu; mg kg™). When the tree groups were analyzed
separately, it was observed that each responded to different environmental factors. The
content of phosphorus (P) affected the rate of change of AGB of the Palmeiras while the
clay content and the sum of nutrients affected the group of Trees. The total rate of
change of AGB of tree groups was not statistically conditioned by the climatic
descriptors (CWD, SST), although the graphical response indicates a delay time (1-2
years) in the forest's response to climatic stresses, especially in those of dry years. The
general results of the investigation improve our understanding of the dynamics (growth,
recruitment and mortality) of ecotone forests in northern Brazilian Amazon, and can be
used as an information base for the construction of public policies aimed at mitigating

the negative effects of global warming in forest areas in the Amazon.

Keywords: forest inventory, forest dynamics, arboreal census, hydro-edaphic gradient,

community structure, biomass, carbon
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1 INTRODUCAO GERAL

Efeitos das mudancas climéticas sobre o crescimento e a mortalidade de arvores
em florestas tropicais sob distintas condicionantes ambientais precisam ser melhor
elucidados em toda a Amazonia brasileira. Os avan¢os que vém sendo realizados nos
ultimos anos na regido tém indicado, na média, uma provavel reducdo dos estoques de
carbono florestais e a consequente perda do poder mitigador do aquecimento global. Por
outro lado, no nivel da analise individual de cada ecossistema, 0s resultados ndo seguem
totalmente esse padrdo, com algumas regides e tipos florestais apresentando resultado
inverso. Esse fato vem sendo creditado as caracteristicas ambientais divergentes entre 0s
diferentes ecossistemas amazonicos que, em sinergia com as mudancas climaticas, pode
proporcionar resultados discrepantes da média geral para a regido.

Os grandes conjuntos de dados ainda sdo carentes de espacialidade (maior
nimero de ecossistemas estudados), temporalidade (maior numero de anos de
investigacdo) e abundancia de parcelas permanentes monitoradas (maior nimero de
unidades amostrais), para que a modelagem dos efeitos micro e macrorregionais seja
capaz de predizer com maior acuracia a dindmica do carbono florestal no longo prazo.
Neste contexto, as florestas ecotonais (areas de tensdo ecoldgica em zonas de contato
entre florestas ombrdfilas, deciduais, semideciduais e savanas) sdo 0s ecossistemas mais
pobremente estudados na regido, embora constituam aproximadamente 15% do total de
ecossistemas florestais da Amazonia. Este conjunto de tipos florestais € um dos mais
afetados por extracdo seletiva de madeira, desmatamento e incéndios florestais, em
especial aqueles situados nas zonas perifericas representadas pelos Arcos Sul e Norte do
Desmatamento na Amazonia.

No estado de Roraima (Arco Norte), as florestas ecotonais séo historicamente
mais propensas a distarbios antropogénicos devido a expansdo do desmatamento
regional estar ligado aos grandes eixos rodoviarios e a proximidade de centros urbanos
locais. Essa caracteristica espacial faz com que este conjunto de tipos florestais fique
ainda mais sensivel ao efeito das mudancas climaticas (por exemplo, maior mortalidade
e menor taxa de crescimento) devido a prdpria resposta ecossistémica diante de
condicionantes adversas mais frequentes (por exemplo, estacdes secas mais longas)

associada com a atividade humana de alto impacto na floresta (desmatamentos e
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incéndios). Por causa disso, os dados dos estoques e da dindmica do carbono nos
ecossistemas florestais locais podem ser considerados incompletos e as estimativas
locais carregadas de maiores incertezas, sendo amplificadas pelo déficit de
conhecimento sobre as rela¢fes do solo e do clima com o tipo florestal.

Apesar dos avangos realizados desde 2006/2007 com a instalagao de duas grades
de pesquisa do Programa de Pesquisa em Biodiversidade (PPBio; ESEC Maraca e
PARNA Virua) em Roraima, o monitoramento e as estimativas de biomassa viva e
morta acima do solo em florestas do ecétono ndo perturbadas ainda sdo em namero
reduzido, e merecem maior esforco devido ao ritmo acelerado de alteracGes
antropogénicas na regido. Monitorar a demografia arbdrea, espacialmente e
temporalmente, é crucial para entender como a estrutura e a composicdo das espécies de
florestas ecotonais responderdo as novas condi¢fes climaticas (e.g. mais extremas).
Neste contexto, é importante entender também como essa resposta ird comprometer a
dindmica dos estoques de carbono dentro de distintas condicionantes ambientais. A
geracdo de informacBes mais precisas sobre os efeitos de diferentes condicionantes
ambientais e mudancas climaticas no incremento, recrutamento e mortalidade arbdrea
em florestas ecotonais de Roraima sdo Uteis para subvencionar os relatérios de dinamica
do carbono em ecossistemas florestais da Amazonia. Além disso, o melhor
entendimento da dindmica do carbono nos ecossistemas ecotonais do extremo norte da
Amazonia, também pode subsidiar medidas mais eficazes de conservacdo ambiental,
combate ao efeito estufa e mitigacdo dos efeitos da antropizacdo na regido, em especial
dentro da tematica relacionada aos impactos do aquecimento global nas florestas
locais/regionais. Por fim, a valoracao, dentro do conceito geral dos servigos ambientais,
do conjunto de tipos florestais ecotonais em Roraima é uma forma de resgatar a
importancia ambiental destes ecossistemas na Amazonia e uma tentativa de evitar sua
rapida erosao.

Com o intuito de reduzir o déficit de informacdes em zonas florestais do ecotono
norte da AmazoOnia, esse estudo construiu a seguinte hipotese de trabalho: filtros
(condicionantes) ambientais e variabilidade climatica afetam o crescimento, a
mortalidade e o recrutamento de arvores em florestas ecotonais no norte de Roraima. A
distribuicdo dessas florestas é determinada pela variacdo hidro-edéafica (periodicidade

do lencol freatico e textura/fertilidade do solo), onde fitofisionomias florestais
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estabelecidas nas areas com maiores restricdes (maior periodo de inundacédo, solos mais
pobres e arenosos) resultam em parametros estruturais (e.g. didmetro do caule) distintos
dos de menores restricbes, com a variacdo climatica afetando de forma diferenciada
crescimento, recrutamento e mortalidade de arvores. Para testar essa hipOtese a
investigacdo foi realizada em 129 parcelas permanentes com area amostral individual de
500 m? com ampla distribuicéo espacial ao longo das trilhas de caminhamento leste-
oeste da grade de pesquisa do PPBio situada na ESEC Maraca. Este conjunto de
parcelas é aditivo as 30 parcelas permanentes padrdo (1 ha cada uma) ja instaladas nesta
grade do PPBio, servindo ndo apenas para aumentar o nimero de individuos arboéreos
monitorados, mas também para propiciar analises temporais anuais (curto prazo) que
possibilitam averiguar de melhor forma os efeitos da variabilidade climatica nas taxas
vitais de espécies mais/menos tolerantes a eventos extremos pontuais (e.g. EI Nifio).
Para testar a hipétese supracitada, o estudo foi divido em quatro capitulos
(artigos) que correspondem aos seguintes objetivos especificos: (1) composicdo
floristica (artigo 1), onde foram investigados quais elementos floristicos compde as
parcelas permanentes amostradas; (2) estrutura da floresta (densidade e altura das
arvores) (artigo 2), onde foram investigados os efeitos do solo (textura e fertilidade) e
da topografia (altitude) nos parametros estruturais; (3) papel da espécie Peltogyne
gracilipes Ducke (Leguminosae) na estruturagdo da comunidade (artigo 3), averiguando
o efeito da abundancia de P. gracilipes sobre riqueza e composicdo de espécies; e (4)
dindmica florestal (artigo 4), onde foram analisados os efeitos das condicionantes
ambientais e da variabilidade climatica nas taxas vitais dos elementos arboreos

amostrados.
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Abstract

Background

Ecotone has been defined as “a multi-dimensional environmentally stochastic
interaction zone between ecological systems with characteristics defined in space and
time, and by the strength of the interaction” (Hufkens et al. 2009). This is a known
concept to define transitional zones between two or more ecological communities,
ecosystems or biotic regions. Ecotone forests, dispersed in northern Brazilian
Amazonia, are natural formations which have been largely affected by anthropogenic
impacts, such as deforestation and fire. Maraca Ecological Station, State of Roraima,
Brazil, is a protected area with extensive representations of ecotone forests in this region

of the Amazonia. Forest inventories and floristic surveys are important as they extend
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our knowledge (1) of forest structure and tree species composition and (2) of tree and
palm species ecology in this region of the Amazonia. Both improve our ability to
predict changes in plant diversity, considering the future scenarios of climate change in

comparison with previous surveys performed in Maraca.

New information

We present a forest inventory carried out in 129 plots (10 m x 50 m; 6.45 ha in total)
dispersed in a grid (5 km x 5 km) located in a forest zone ecotone in the eastern part of
Maraca Ecological Station. All stems (tree + palm) with diameter at breast height > 10
cm were recorded, identified and measured. A total of 3040 stems were recorded (tree =
2815; palm = 225), corresponding to 42 botanic families and 140 identified species.
Seven families and 20 genera contained unidentified taxa (12.2%). Sapotaceae (735
stems; 10 species), Leguminosae (409; 24) and Rubiaceae (289; 12) were the most
abundant families. Peltogyne gracilipes Ducke (Leguminosae), Pradosia surinamensis
(Eyma) T.D.Penn. (Sapotaceae) and Ecclinusa guianensis Eyma (Sapotaceae) were the
species with the highest importance value index (~ 25%). The dominance (m ha) of
these species corresponds to > 36% of the total value observed in the forest inventory.
Our dataset provides complementary floristic and structure information on tree and
palm in Maracé, improving our knowledge of this Amazonian ecotone forest.
Keywords: Amazon, Brazil, forest inventory, Maraca Island, palms, Roraima, tree
species
Introduction

The Pan-Amazon or Continental Amazon has the largest tropical forest area on

the planet with > 6 million km (MapBiomas 2019, WWF 2019). Estimates based on >
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1,100 permanent plots scattered throughout the region indicate that the tree richness
ranges between 7-10,000 species occupying a great diversity of habitats (Cardoso et al.
2017, ter Steege et al. 2019). Brazilian Amazonia accounts for the largest physical area
of this region (Salati and Vose 1984; > 5 x 10 km). However, it has been long
threatened by a series of anthropogenic impacts, such as the replacement of native forest
by pasture and soybean planting (Almeida et al. 2016, Fearnside 2006), combined with
an increase in burned areas of primary and secondary forests (Alencar et al. 2015,
Aragdo et al. 2018, Barni et al. 2015). Modern anthropogenic activities, associated with
global warming, have a negative effect on tree diversity and reduce the conservation
status of Amazonian forests (Barlow et al. 2016, Esquivel-Muelbert et al. 2019).
Despite having large areas of ombrophilous forests, the ecotone forests are important
ecological areas because they occupy the peripheral zone to the Amazon basin (Central
Amazonia) and are considered as the forest formations most impacted by anthropogenic
activities in the Southern (Marques et al. 2019, Nogueira et al. 2015) and Northern
(Barni et al. 2015, Santos et al. 2013) Amazonian "arcs of deforestation”. The
accelerated increase of anthropogenicactivities within the Amazonian ecotones has been
a major contributor to the fact that the region as a whole is now approaching to the
"tipping point”, limiting forest growth and potentially favouring low-density
environments when compared to those currently supported by the region (Lovejoy and
Nobre 2018).

Several floristic surveys and forest inventories have been carried out in these
peripheral regions, especially from 1980-1990 (Nelson and Oliveira 2001). However,
this period was insufficient to accumulate realistic information on forest structure and

floristic in view of the continuous advance of anthropogenic activities. This impedes the
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reliable characterization of plant diversity in these peripheral Amazonian regions. One
such area is the State of Roraima, located in the northern part of the Brazilian
Amazonia. This ~225,000 km area contains ecotone forest zones of great geoecological
importance because they are located between Guiana Shield (highland savannas and
tropical dry forests) and Central Amazonia (lowland tropical forests) (Barbosa and
Bacelar-Lima 2008, Oliveira et al. 2017), which gives them a unique phytogeographical
and ecoevolutionary history, where a high degree of endemism is observed and unique
vegetation sets exist (Nascimento and Proctor 1997, Milliken and Ratter 1998).
However, the region has received few forest inventories and floristic surveys (Suppl.
material 1); main of them are associated with the monodominant forests (Nascimento
and Proctor 1997, Nascimento et al. 1997), campinas and campinaranas (Barbosa and
Ferreira 2004, Damasco et al. 2013) and forest fragments dispersed in savannas (Sette-
Silva 1993, Santos et al. 2013, Jaramillo 2015).

In an attempt to expand studies on plant diversity in this part of the Amazon, two
PPBio (Biodiversity Research Program, https://ppbio.inpa.gov.br) 25-km research grids
were installed in areas defined as ecotone forests in Roraima taking into account the
Brazilian Vegetation Classification System (Brazil-IBGE 2012): Maraca Ecological
Station and Virua National Park. Both are protected areas under Brazilian government
management. Surveys of structure (vertical and horizontal) and tree species composition
of the main forest types of these research grids have been expanded in Maraca
(Nascimento et al. 2014, Nascimento et al. 2017, Villacorta 2017) and Virua (Damasco
et al. 2013, Barbosa et al. 2017). Accordingly, the current study provides preliminary

data from a forest inventory carried out in the Maraca research grid. These data expand
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the scale of floristic and structural observations in this northern Amazonian ecotone

zone from those initiated by Milliken and Ratter (1998) and Nascimento et al. (1997).

Project description

Title: "Tree growth and mortality in Roraima ecotonal forests” (Crescimento e
mortalidade de arvores em florestas ecotonais de Roraima). The dataset is associated
with the PhD thesis of Williamar Rodrigues Silva (Analysis of environmental
conditions and climate variability on tree growth and mortality in ecotonal forests of

Maracé Island, Roraima), PRONAT/UFRR, Boa Vista, Roraima, Brazil.

Personnel: Williamar Rodrigues Silva

Study area description: The dataset was constructed from a forest inventory conducted
in the ecotone forests of eastern Maracd Island, state of Roraima, northern Brazilian
Amazonia: 3.360086 N to 3.405148 N/-61.44169 W to -61.48583 W (Fig. 1; figure was
constructed using QGIS 2019 free software). A mosaic of ombrophilous and seasonal
(deciduous and semideciduous) forest types predominates in this region. Maraca Island
is part of the Maraca Ecological Station, a Brazilian protected area (~ 101,000 ha),
located between two channels of the Rio Uraricoera (Maraca and Santa Rosa). The
study region is a continuum of ecotone forests that have contact with the largest savanna
area in northern Brazilian Amazonia (Barbosa et al. 2007, Barbosa and Campos 2011).
Although it was inhabited until the mid-1970s (Proctor and Miller 1998) and there has
been an increase in anthropogenic pressures in adjacent regions (Couto-Santos et al.
2014), the conservation status of Maraca remains excellent and the area may be
considered an important representative of mature forest tree species diversity for the

region. Eastern Maraca soil classes are directly related to drainage and relief (51-99 m
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a.s.l.). These local constraints determine different forest types that occupy such seasonal
flooding-free areas as moist lowlands and rocky slopes (Villacorta 2017). Well-drained
soils are situated in areas of higher reliefs (Ultisols) or on slopes dominated by base-rich
rocky soils. Soils occupying the lower-lying areas are poorly drained with a dominance
of typical hydromorphic sandy soils (Nortcliff and Robison 1998). Regional climate is
characterised as a transition between Aw/Am climate subtypes by the Ko&ppen
classification (Barbosa 1997). Average annual rainfall is ~ 1900 mm (1986-2010), with
a rainy season between April and September (140-420 mm month) and a dry season

between October and March (40-130 mm month) (Couto-Santos et al. 2014).
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Figure 1 Study area with emphasis on the PPBio research grid (Maraca), Roraima,
northern Brazilian Amazonia.
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Funding: CNPq (Proc. CNPq 403591/2016-3) funded data collection.

Sampling methods

Study extent: The floristic survey was carried in March and December 2017.

Sampling description: The PPBio research grid was installed between 2005-2006 in
eastern Maraca Island (see details in https://ppbio.inpa.gov.br/sitios/maraca/infra). The
grid is formed by 12 x 5-km trails (six parallel trails in N-S direction and six in E-W
direction, forming a 1-km resolution grid (Magnusson et al. 2005, Pezzini et al. 2012).
A floristic survey was conducted within the grid in two periods (March and December
2017) to sample tree and palm species richness and composition in the ecotone forest
mosaic. The floristic survey was carried out in 129 plots (10 m x 50 m each one; 6.45 ha
in total), distributed on the six E-W trails (Fig. 1; Suppl. material 2). Each plot was
systematically arranged along each trail with a minimum distance of 150 m between
them to avoid pseudoreplication. This method was adopted to better cover the great
environmental heterogeneity, characteristic of ecotone forests. The floristic survey
included measurements of stem diameter (diameter tape - precision 0.1 cm), collecting
botanical material and general description of the individuals/species, following
standardised tree measurement methods established for PPBio grids and modules
(Castilho et al. 2004). Palm height was estimated with Android technology using the
Measure Height App (Ol 2014), while trees height was estimated by regression using a
Maracéa-specific allometric model (Barbosa et al. 2019).

Analysis: We calculated abundance (number of stems) and richness (number of species)
for all arboreal stems > 10 cm in diameter (tree and palm) recorded in the floristic
inventory. Frequency and dominance (absolute and relative) were also calculated to

estimate the importance value indexes for family (FIV) and species (IVI1). All stems
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were classified by diameter size and total height classes to analyse the horizontal-
vertical structure. We tabulated all floristic composition and diameter data (n = 129
plots) using a multiple interacting spreadsheet programme (Excel Office 365) and
applied the vegetation analysis methods described in Kent and Coker (1994) to calculate
frequency, dominance and importance value indexes (family and species).

Quality control: All observed individuals were collected and morphotyped in the field,
then subsequently botanically identified. Vouchers representing most of the inventoried
species were deposited in the herbarium of the INPA (Instituto Nacional de Pesquisa da
Amazonia), MIRR (Museu Integrado de Roraima) and UFRR (Universidade Federal de
Roraima). The species identification was performed by Antbénio Tavares Mello by
comparison with exsiccates in the INPA Herbarium and by R.O. Perdiz and R. I.
Barbosa, taking into account comparison with exsiccates in the INPA, UFRR and MIRR
herbariums and material available via the digitised collection of project REFLORA
(Reflora — Virtual Herbarium, available at
http://reflora.jbrj.gov.br/reflora/herbarioVirtual/). Species scientific names were
checked and corrected by comparison with data from Brazil Flora Group (BFG 2015).
Family-level delineations followed APG-1V (2016).

Step description: The floristic survey described here was done in two periods (March

and December 2017).

Geographic coverage

Description: Data was collected in 129 plots across PPBio-Maraca research grid
located on the eastern end of Maraca Ecological Station (see Fig. 1). All permanent
plots are located on coordinates: 3.40515 N and -61.48583 W; 3.36009 N and -61.44169

W (Datum WGS 84).
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Taxonomic coverage

Description: We observed a total of 3040 stems (tree = 2815; palm = 225) in the
floristic inventory (129 plots = 6.45 ha), corresponding to 42 families, 119 genera and
140 identified species (Table 1). Seven families and 20 genera contained unidentified
taxa (12.2% of total), all of which occurred due to a lack of appropriate taxonomic
material (individuals dormant or without fertile material) to provide a definite
determination. Sapotaceae (735 stems; 10 species), Leguminosae (409; 24) and
Rubiaceae (289; 12) were the most important families with the highest family
importance values (FIV = 42.4%). P. gracilipes Ducke (Leguminosae), P. surinamensis
(Eyma) T.D.Penn. (Sapotaceae) and E. guianensis Eyma (Sapotaceae) were the species
with the highest importance value index; ~ 25% in total (Table 2). Dominance (m ha™)

of these species corresponds to > 36% of the total observed in the forest inventory.
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Table 1 List of the most important arboreal families observed for eastern Maraca Island, where: Abundance = number of stems > 10 cm in
diameter; BA = total basal area (m?); ReAb = relative abundance (%); ReFq = relative frequency (%); ReDo = relative dominance (%); FIV
= family importance value (%) representing the mean between ReAb, ReFq and ReDo. Raw data can be accessed on the GBIF website
(Silva et al. 2019).

Family (1) Genus Species Abundance BA ReAb ReFq ReDo FIV

Sapotaceae 4 10 735 459795 24.2 104 271 205
Leguminosae 18 24 409 3615.21 135 7.8 21.3 14.2
Rubiaceae 9 11 289 860.76 9.5 8.5 5.1 7.7
Arecaceae 6 6 225 1228.04 74 7.4 72 74
Lecythidaceae 5 6 239 880.84 7.9 7.2 52 6.7
Burseraceae 2 8 160 705.41 5.3 5.7 42 50
Chrysobalanaceae 7 7 116 831.58 3.8 5.1 49 46
Apocynaceae 2 4 114 402.16 3.8 4.9 24 3.7
Moraceae 7 8 91 344.19 3.0 4.5 20 32
Annonaceae 3 5 86 214.72 2.8 3.0 13 24
other 33 56 52 576 3286.97 189 355 194 246

Total 119 141 3040 16967.83 100 100 100 100
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Table 2 List of the most important arboreal species (stem diameter > 10 c¢cm) observed on eastern Maraca Island, northern Brazilian
Amazonia, where: Density = stem density (absolute and relative), Dominance = BA in m (absolute and relative). Frequency = number of of
plots where the species was observed (relative), IVl = importance value index (mean between %Density, % Dominance, %Frequency). The
raw data can be accessed on the GBIF website (Silva et al. 2019).

_ _ Abundance Density Dominance  Frequency
Species Family . VI
(nd) " Sndhal % mZhal % %
Peltogyne gracilipes - Ducke Leguminosae 299 46.4 984 47 1792  3.39 10.38
Pradosia surinamensis (Eyma) T.D.Penn,  Sapotaceae 170 264 559 30 1122 496  7.26
Ecclinusa guianensis (Eyma) Sapotaceae 276 428 9.08 19 7.09 4.58 6.92
Attalea maripa (Aubl.) Mart. Arecaceae 156 242 513 15 586 4.33 5.15
'(‘Segljgfe‘fg“g:‘rtg)Sgt:ngﬁea Lecythidaceae 178 276 58 09 347 402 445
Alseis longifolia Ducke Rubiaceae 160 248 526 09 356 3.58 4.13
Pouteria surumuensis Baehni Sapotaceae 113 175 372 08 299 3.26 3.32
Pouteria hispida Eyma Sapotaceae 85 132 280 1.0 3.73 3.01 3.18
Protium stevensonii (Standl.) Daly Burseraceae 98 152 322 08 295 2.82 3.00
Licania discolor Pilg. Chrysobalanaceae 72 112 237 10 380 2.70 2.96
Himatanthus articulatus (Vahl) Apocynaceae 100 155 329 05 193 314 278

Woodson
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Pouteria venosa (Mart.) Baehni Sapotaceae 62 9.6 204 04 138 2.20 1.87
Simaba orinocensis Kunth Simaroubaceae 30 47 099 08 3.06 151 1.85
Pseudolmedia laevigata Trécul Moraceae 48 7.4 158 02 071 2.13 1.47
Duroia eriopila L.f. Rubiaceae 47 73 155 01 046 1.88 1.30
Astrocarium aculeatum G.Mey Arecaceae 37 57 122 02 0.76 1.63 1.20
;?ssrost:nfg?\l/ﬁg.(gﬁrpt)eW.S. Malvaceae d 14030 07 259 0.38 1.09
Guatteria schomburgkiana Mart. Annonaceae 30 47 099 02 074 1.51 1.08
Duguetia lepdota (Mig.) Pulle Annonaceae 47 73 155 01 043 1.19 1.06
Quiina rhytidopus Tull. Ochnaceae 26 40 08 01 021 1.51 0.86
Other 120 - 997 1546 3280 6.6 2515 46.26 34.74
Total 43 3040 4713 100 26.3 100 100 100

Palm stems (225) were observed only amongst the 10-40 cm diameter size classes, with the main distribution concentrated in the
20-30 cm class (62.2%) (Table 3). Most tree stems fell within the 10-20 cm class (56.7%), with the largest diameter class (> 50 cm)
representing 5.9% of measured stems. The species with the largest structural parameters were Laetia procera — Salicaceae (stem diameter =

89.3 cm; total height = 33.5 m; stems = 1), Pochota fendleri (Seem) W.S. Alverson & M.C. Duarte — Malvaceae (63.4 cm; 25.6 m; 9) and
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Anacardium giganteum Hancock ex Engl. - Anacardiaceae (63.3 cm; 30.2 m; 2), all of these being encountered at low abundance. Thirty-

four species were represented by a single stem.

Table 3 Mean and standard deviation of structural parameters (stem diameter and total height) observed in ecotone forests of eastern
Maraca Island, northern Brazilian Amazonia.

Palm Tree
Classes
(cm) Height Diameter  Abundance | Height Diameter  Abundance
(m) (cm) (n) (m) (cm) (n)
10-20 | 15.0#4.0 16.8+2.6 32 13.5+1.9 13.8+2.8 1598
20-30 |15.4+5.3 25.4+2.8 138 19.2+1.4 23.8£3.0 591
30-40 |19.745.7 32.1+1.7 55 23.3+1.0 34.0+2.9 297
40-50 26.2+0.8  43.9+3.0 159
>50 29.8+2.0 62.5+13.1 170
Total |16.4456 25.845.3 225 17.445.4 22.7+14.1 2815
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Additional information
Discussion

Our floristic composition results for ecotone forests on eastern Maraca Island
complement previous investigations carried out at the macro (Milliken and Ratter 1998)
and micro (Thompson et al. 1992, Nascimento et al. 1997, Nascimento and Proctor
1997) sampling scale at this location. Although our study was not conducted to
differentiate the forest types comprising this ecotone region, the broad dispersion of 129
small plots (0.05 ha each) over a wide area (25 km), aids understanding of the various
forest types present in the area. This occurred since small plots were better suited to the
environmental variability scale of this ecotone region, because they covered specific
sampling areas of each forest type comprising the ecotonal mosaic. Use of plots smaller
than those commonly used in tropical forest inventories (0.5-1.0 ha; e.g. Phillips et al.
2016) may be an alternative for floristic surveys or forest inventories in regions with
high environmental variability. However, sampling, using small plots in Maraca,
followed basic rules: (i) sampling design maintained the independence of each sampling
unit, (ii) large number of samples (> 100) to adequately represent the environment and
(iii) annual tree censuses. All these recommendations are important to reduce the
coefficient of variation between samples and to avoid temporal measurement problems
associated with the descriptors of floristic composition, dynamics and forest structure
(Keller et al. 2001, Wagner et al. 2010).

Our study recorded stem density (471 stems ha ) as the basal area (26.3 m? ha™%)
values compatible with those of Thompson et al. (1992) (range 340-476 ind ha™; 21.7-

26.7 m? ha') and Nascimento et al. (2014) (408-512 ind ha™ ; 26.0-32.5 m? ha™)>, both
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studies also being performed in eastern Maracd, but using smaller sampling areas.
Overall, our study indicates that the main families described in previous inventories,
such as Arecaceae, Burseraceae, Chrysobalanaceae, Leguminosae, Rubiaceae and
Sapotaceae (Milliken and Ratter 1998, Nascimento et al. 1997), retained the
proportional representation they had in surveys two decades earlier — indicating the site
had little anthropic impact in the intervening time period. Additionally, the similarity of
our larger sample to smaller-scale efforts of the past indicates that compositional units
repeat, underscoring the near-fractal nature of the vegetation mosaic. The main families
observed in Maracéd are common throughout the Amazon, are always present in forest
inventories and floristic surveys and almost always have the largest number of species,
so that they are considered to be hyperdominant in the region (ter Steege et al. 2013).
For example, Leguminosae and Sapotaceae (Condé and Tonini 2013) and Burseraceae,
Chrysobalanaceae and Leguminosae (Alarcon and Peixoto 2007) were also families
with high importance value indices in other Roraima forest types. We emphasise that
the importance of each family in these surveys differs from Marac4, indicating that the
ecotone forests of this region have their own composition and dynamics, so differing
from mosaics or forest types observed elsewhere in the State of Roraima.

As with the families, most plant species, described in past inventories, are also
present in our list, especially those with higher IVI (P. gracilipes, P. surinamensis, E.
guianensis), besides Lecythis corrugata subsp. rosea (Lecythidaceae), Attalea maripa
(Arecaceae) and Licania discolor (Chrysobalanaceae), all of which were strongly
represented in previous surveys. The case of L. discolor Pilg. is the most interesting
because the individuals attributed to this species in our work were largely attributed to

L. kunthiana Hook.f. in previous surveys, a very similar taxonomic species, but were far
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less abundant at Maraca. The proportion and spatial distribution of species inventoried
in Maraca ecotone forests are conditioned by a variety of environmental filters. For
example, P. gracilipes is a deciduous species endemic to this area of the northern
Amazonia that can form monodominant agglomerations (Nascimento and Proctor
1997). However, the monodominance of this species occurs only in seasonally flooded
areas in bottom lands, with high Fe* concentration in the soil (Nascimento et al. 2017).
Such conditions are non-existent or rare in fertile and flood-free soils (Villacorta 2017).
These distinct P. gracilipes-associated environmental characteristics reveal an ecotone
region where forest types are intertwined with topographic, edaphic and hydrological
constraints. The species P. gracilipes plays an important ecological role (IVI = 10.4%)
and it has been used to delimit forest types on Maraca. For example, Milliken and Ratter
(1998) used this species to define forests monodominant with Peltogyne as “Peltogyne
gracilipes forest”. Similarly, Nascimento et al. (1997) used this species to divide the
Maraca ecotone zone into three forest types: (i) PRF (Peltogyne-rich Forest) or forests
monodominate with P. gracilipes, (ii) FWP (Forest without Peltogyne) or types where
this species do not occur and (iii) PPF (Peltogyne-poor Forest), which are mixed types
with low P. gracilipes abundance. The three types correspond analogously to the
Deciduous Seasonal Forest (= PRF), Semideciduous Seasonal Forest (= PPF) and Open
Ombrophilous Forest (= FWP) of the Brazilian Vegetation Classification System
(Brazil-IBGE 2012), all with distinct hydroedaphic and topographic characteristics
(Carvalho et al. 2018). These forest types definitions have enhanced the understanding
of variation in biomass/carbon stocks estimates for the Maraca Island (Nascimento et al.

2007, Nascimento et al. 2014).
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Conclusion

The results of this study agree with data from previous investigations, indicating
that the environmental heterogeneity of the ecotone forests of eastern Maracé Island
influences floristic richness and structural distinctions, with P. gracilipes abundance
acting as a descriptor variable for forest types. Consequently, the floristic survey
conducted by this study is important because it expands our knowledge of forest
structure and tree species composition in ecotone zones of the northern Brazilian
Amazonia, improving our ability to predict changes in species composition and plant
diversity when we take into account comparisons between previous forest inventories
performed in Maracé. Finally, this study contributes to the local floristic knowledge,
complements the herbarium collections with new collections, allows the development of
similar studies and also enables the elaboration of management plans for the

conservation of the local biota.
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Effect of environmental conditions and biotic interactions in the forest structure of

a Northern Amazonia ecotone

ABSTRACT

Vegetation structure may depend on environmental filters which select species
phenotypic traits, such as topography and soil type, and on biotic interactions among
individuals, such as competition or facilitation. The goal of this study was to determine
the extension to which environmental factors and biotic interactions explain the
variability of forest structure in forests of an ecotonal zone in Roraima, Northern
Brazilian Amazonia. We sampled 129 permanent plots (10 m x 50 m) over a hydro-
edaphic gradient which underlies different forest types. In each plot, we measured the
diameter and height of all treetpalm individuals with stem diameter > 10 cm. Path
analysis was used to test the direct and indirect effects of altitude (proxy for seasonal
soil drainage) and soil variables (fertility and texture) on both tree density and height.
We observed 3122 individuals (2897 trees and 225 palms). Soil organic matter and sum
of bases explained 16% of the variation in tree density, whereas tree density and sum of
extractable bases explained 13% of the variation in mean tree height. The dependence of
tree height on tree density is suggestive of competition, so that environmental factors
affecting tree density have indirect effects on tree height. These results indicate distinct
roles for soil fertility and biotic interactions in shaping the forest structure in the studied
ecotone. Our study advances the understanding about drivers of structural patterns of
forest types composing this regional ecosystem, allowing for distinct estimates of

carbon flux and stocks in ecotonal forests of Northern Amazonia.

KEYWORDS: Density, height, hydro-edaphic gradient, seasonal forest, Maracé Island,

Roraima,
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Efeito das condicionantes ambientais e das interacdes bidticas na estrutura

florestal de um ec6tono no Norte da Amazobnia

RESUMO

A estrutura da vegetacdo pode depender de filtros ambientais, como topografia e tipo de
solo, e de interacbes bidticas entre individuos, como competicdo ou facilitacdo, na
selecdo caracteristicas fenotipicas das espécies. O objetivo deste estudo foi determinar a
extensdo em que fatores ambientais e interacfes bidticas explicam a variabilidade da
estrutura florestal de uma zona de ecotono em Roraima, norte da Amazonia brasileira.
Foram amostradas 129 parcelas permanentes (10 m x 50 m) em um gradiente hidro-
edafico que constitui a base de diferentes tipos florestais. Em cada parcela foram
medidos o diametro e a altura de todos os individuos arbéreos (incluindo palmeiras)
com didmetro do caule > 10 cm. Foi utilizada uma andlise de caminhos para testar os
efeitos diretos e indiretos da altitude (proxy para drenagem sazonal do solo) e das
variaveis do solo (fertilidade e textura) sobre densidade e altura das arvores. Foram
observados 3122 individuos (2897 arvores e 225 palmeiras). A matéria organica do solo
e a soma das bases explicaram 16% da variacdo na densidade das arvores, enquanto a
densidade das arvores e a soma das bases explicaram 13% da variacdo na altura das
arvores. O efeito da densidade na altura das arvores é sugestivo de competicdo, de modo
que fatores ambientais que afetam a densidade das arvores tém efeitos indiretos na
altura das arvores. Esses resultados indicam papéis distintos para a fertilidade do solo e
interacOes bidticas na formagdo da estrutura da floresta no ecétono estudado. Nosso
estudo avancga no entendimento sobre fatores determinantes dos padrdes estruturais dos

tipos florestais que compdem esse ecossistema regional, permitindo distintas
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estimativas do estoque e do fluxo de carbono nas florestas ecotonais do norte da

Amazo0nia.

PALAVRAS-CHAVE: densidade, altura, gradiente hidro-edéafico, floresta estacional,

Ilha de Maraca, Roraima

INTRODUCTION

Amazonia has a heterogeneous plant community regarding the species
composition and forest structure that strongly respond to changes in climate, topography
and soil type (Laurance et al. 1999; Esquivel-Muelbert et al. 2019). Large-scale studies
recognize that distinct forest structure in Amazonia have different biomass allocation
patterns (Houghton 2005; Saatchi et al. 2007; Nogueira et al. 2015). Variation in tree
density, diameter and height determines different horizontals and verticals forest
structures, affecting directly the carbon stocks (Guilherme et al. 2004; De Céceres et al.
2019). Understanding the factors driving the structural patterns across Amazonia has
been considered of high relevance to reduce uncertainties in estimating carbon stocks
(Alvarez-Davila et al. 2017; Malhi et al. 2017; Storch et al. 2018).

Most community and dynamic forest studies are highly concentrated in Central
and Eastern Amazonia, where investigations have shown that soil and topographic
features affect species composition (John et al. 2007; Bohlman et al. 2008), mortality
rate (Gale and Barfod 1999; Ferry et al. 2010), tree species growth rate (Paoli and
Curran 2007) and accumulated dry biomass (Suwa et al. 2013). In central Amazonia,
variation in forest structure occurs as a function of topographic variation (Castilho et al.

2006), the latter being also strongly related to soil texture. These variables could
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represent the main environmental gradients over which plants and other organisms are
established (Costa et al. 2005). Furthermore, key attributes of forest structure such as
tree height and tree density can be correlated due to biotic interactions, e.g. competition
for light and/or water and nutrients, which limits tree growth under high density (self-
thinning) (De Céceres et al. 2019). Therefore, while environmental gradients may drive
species abundance and, thus, tree density, the latter may control average tree height,
creating an indirect relationship between environmental gradients and tree height.

The peripheral forest zones in the Amazonia encompasses large regions of transitions
between open ombrophilous forests, seasonal forests and savannahs which are distinct
from the vegetation of central Amazonia (Nascimento et al. 2017; Marques et al. 2019).
This mosaic is defined as ecotones by the Brazilian system vegetation classification
(Brazil-IBGE 2012). The peripheral forests are examples of a poorly-studied regions
which still need a better spatial resolution for information regarding tree species
diversity, variation in wood density and structural patterns to support modelling of
spatial tree distribution and more accurate estimates of biomass and carbon stocks
(Ometto et al. 2014; Saatchi et al. 2014; Le Clec'h et al. 2019).

In the Northern Amazonian peripheral forests, data on the dynamics of carbon
stocks and fluxes (above and belowground) have undergone a breakthrough in recent
years, but are still limited to relatively small decadal time series or spatial extents (e.g.
Barbosa et al. 2012; Nascimento et al. 2014; Carvalho et al. 2018). In this sense, general
estimates may carry significant uncertainty, which is amplified by knowledge gaps on
the relationships between soil, climate and forest structure (Fearnside et al. 2013; Barni
et al. 2016). Consequently, the lack of information about the forest structure variation

on this region may add more uncertainty to results reported by the Brazilian government
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on anthropic emissions and removal of greenhouse gases (e.g. Bustamante et al. 2015).
This occurs especially because estimates of carbon stocks and fluxes derived from
different vegetation types in Amazonia are based on structural parameters and species
composition, which are rarely measured for remote peripheral regions.

With the goal of improving knowledge on the factors underlying forest structure
in ecotone forests in Northern Amazonia, we investigated the effects of soil (texture and
fertility) and topography (altitude as a proxy) on forest structure (tree density and
height) in a transitional mosaic of different forest types. Our hypothesis was that these
environmental factors determine differences in structural descriptors both directly, by
affecting tree density, and indirectly, as trees occurring at different densities are
expected to experience varying levels of competition, thus affecting their growth and

height.

MATERIALS AND METHODS

Study area

The study was carried out on at the eastern of Maracé Ecological Station (ESEC
Maraca), a Brazilian protected area formed by Maraca Island and other minor islands in
the Rio Uraricoera, State of Roraima, Northern Brazilian Amazonia (Figure 1).
Prevailing climate is between wet tropical of the savannah (Aw) and monsoonal
subtypes (Am) (Barbosa 1997; Alvares et al. 2013). According to data from the
meteorological station of Maraca, mean annual cumulative rainfall is 2.086 mm, with a
rainy season between May and August, and a dry season between December and March
(Barbosa 1997; Couto-Santos et al. 2014). Maraca Island encompasses mosaic of

different phytophysiognomies which are typical of a large ecotonal zone formed by the
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forest-savannah transition of Northern Amazonia (Nascimento et al. 2007; Couto-
Santos et al. 2014). The dominant forest ecosystems in this contact zone are open
ombrophilous forest, seasonal semideciduous forest and seasonal deciduous forest
(Carvalho et al. 2018), which occur on different soil types based on texture and drainage
as Gleysols (Entisols) and Ultisols (yellow and red-yellow) (Robison and Nortcliff

1991).
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Figure 1 Geographic location of 129 permanent plots on the eastern of Maraca Island,
state of Roraima, northern Brazilian Amazonia.
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Sampling design

Forest structure was determined using a forest inventory carried out in 129 plots
(10 m x 50 m; 6,45 ha) distributed over six parallel east-west trails (Biodiversity
Research Program — PPBio grid trail; Magnusson et al 2005)., each 5 km long and
distant at least 1 km from each other (Figure 1). Plots were delimited in 2015-2016, and
they have relatively small dimensions in order to capture small-scale variation in forest
structure and species composition along the hydro-edaphic gradient which underlies the
different forest types distributed over the eastern part of Maraca Island (Silva et al.
2019b). Minimum distance between plots on the same trail was 150 m, based on the
distance-markers located every 50 m along the trails (Vale and Romero 2015). Altitude
(m) of each plot was determined using a topographic survey data available at PPBio’s
data repository website (Vale et al. 2012). Aquatic environments (swamps) and

savannahs were not considered in this study.

Forest inventory

The forest inventory was performed in 2019, where all trees and palms with
stem diameter equal or higher than 10 cm within each sampling plot were measured
using a graduated tape (model 283D/5m) at the most suitable point of measure (POM)
generally taken at 1.30 m above the base of the tree, or 0.5 m above any buttress roots,
according to the manual for measuring and marking live and standing trees in PPBio
grids and modules (Castilho et al. 2014). This survey represented the fourth census of a
continuous forest inventory which is being performed annually in the eastern of Maraca
Island (Silva et al. 2019b). The fourth census occurred in a year without extreme

climatic events (e.g. El Nifio/La Nifia) and it can be considered within of the regional
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normal rainfall curve. The biometric dataset supporting all analyses and conclusions of
this study are freely available at Silva et al. (2019a). Instituto Chico Mendes de
Conservacao da Biodiversidade (ICMBIo) provided official permits for this study.

Palm height was estimated using Android technology by means of the Measure
Height app (OU 2014). This software uses trigonometric equations to estimate
individual height, where the observer is located at a distance that is possible to view the
top of the individual's crown. Then, the distance (m) from the palm tree is checked with
a tape measure. This is recorded in the application along with the height of the observer,
and finally, the equipment is aimed at the top of the individual's canopy, the cell phone
is stabilized, and then the height estimate (m) is made available on the screen. Tree
height was estimated using a locally derived allometric models (Barbosa et al. (2019a).
This Michaelis-Menten model is the one which best describes the relation between
trunk diameter and total tree height (standard error of the estimate; Syx = 3.35 m) in the

different forest types of Roraima’s northern ecotone, as indicate below:

_ 458528 X, X
©32.8330 + X

where Y = total height (m); X = stem diameter (cm).

Soil sampling

For the physical and chemical analyses, we analysed compound samples
collected with a layer auger to a depth of 20 cm, at two points within each plot. After
collection, all samples were dried at room temperature and sieved (2-mm sieve). Soil

samples were analysed for texture (% of sand, silt and clay) and fertility (concentration
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of macro and micronutrients, and organic matter), besides pH (H,0) and Al. Chemical
and physical data/metadata on the soil of sampled plots are available in Barbosa et al.

(2019c).

Statistical analysis

To investigate relationships between environmental factors and vegetation
structure, we used path analysis (Grace 2006). Vegetation structure was represented by
tree density (individuals ha™) and by mean tree height (m). The environmental factors
were represented by altitude (m), a topographic variable used as a proxy for seasonal
soil drainage (see Baldek et al. 2013), and other five soil features: (1) soil clay content
(%), (2) organic matter content (mg kg™), (3) sum of bases (K+Ca+Mg; cmol kg™), (4)
total phosphorus content (mg kg™) and (5) and sum of micronutrients (Fe, Zn, Mn, Cu e
B; mg kg™*). Our path model considered that (1) both tree density and tree height could
be directly affected by the six environmental factors, and that (2) tree height could be
also directly affected by tree density. Therefore, environmental factors could affect tree
height both directly and indirectly, through tree density. Variables representing nutrients
(i.e. sum of bases, phosphorus and micronutrients) were analyzed in natural log scale to
account for possible saturating responses by the vegetation (i.e. stronger response under
nutrient shortage). To visualize significant independent effects, we used partial residuals
to make conditional (or partial regression) plots (Breheny and Burchett 2017). All

analyses were performed in R 3.4.4 (R Core Team 2020).
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RESULTS

Effect of organic matter and sum of bases on individual density

Averages of structural descriptors were estimated from 3122 tree individuals
observed in the 129 inventoried plots: mean stem diameter (22.08+3.58 cm; range =
13.06-31.76 cm), mean height (16.5+1.68 m; 11.96-20.22 m) and individual density
(484 ind ha'). Path analyses indicated that soil organic matter (SOM) and sum of bases
(K, Ca and Mg) explained 16% of the total variance in the density of tree individuals
(Table 1). Tree density increased linearly with soil organic matter content and decreased

nonlinearly with sum of bases (Figure 2).
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Figure 2 Relationship between tree density and (A) soil organic matter content, and (B)
soil base sum in an ecotonal landscape in Northern Amazonia. Each point represents
one sampling plot (n = 129). Lines represent regression fits.
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Effect of individual density and sum of bases on mean tree height

Tree density and sum of bases explained 13% of the total variance in mean tree
height (Table 1). Tree density was the strongest predictor of mean tree height, so that
the latter decreased with increasing tree density (Figure 3). Sum of bases had a more
subtle effect on tree height, with generally higher tree height in soil richer in extractable
bases. Thus, results of path analysis were consistent with forest structure was
determined both by direct and indirect effects. In particular, soil fertility (as represented
by sum of bases) had direct effects on both descriptors of structure and, at the same

time, had an indirect effect on mean tree height, through tree density (Figure 4).
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Figure 3 Relationship between mean tree height and (A) tree density, and (B) soil base
sum in an ecotonal landscape in Northern Amazonia. Each point represents one
sampling plot (n = 129). Lines represent regression fits.
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Table 1. Regression models relating descriptors of forest structure to topographic and
soil features in an ecotonal landscape in Northern Amazonia (n = 129). Model
coefficients are unstandardized. Numbers in bold represent statistically significant
effects (P < 0.05). SOM = soil organic matter.

Response R? Predictor Coefficient T P
Tree density 0.16 Intercept 11.99 - -
Mean altitude 0.08 1.48 0.141
Clay contente -0.07 -0.66  0.509
SOM 0.35 3.91 0.0001
Log base sum -3.85 -4.20  0.00005
Log P contente 1.43 1.00 0.316
Log micronutrient sum  -0.07 -0.09  0.926
Mean tree 0.13 Intercept 19.61 - -
height
Mean altitude -0.00 -0.22  0.826
SOM -0.03 -1.16  0.247
Clay contente -0.01 -0.32  0.743
Log base sum 0.79 2.39 0.018
Log P contente 0.11 0.23 0.816
Log micronutrient sum  0.07 0.288 0.790
Tree density -0.09 -3.14  0.002
Altitude

Clay content Mean tree height

T
SOM
-0.29

Base sum

P content Tree density

Micronutrient content

Figure 4 Path diagram showing hypothetical relations between forest structure and
topographic and soil features in an ecotonal landscape in Northern Amazonia (n = 129).
Each arrow represents one hypothetical effect. Grey arrows indicate statistically non-
supported effects (P > 0.05); black arrows indicate statistically supported, positive
effects; and red arrows indicate statistically supported, negative effects. Arrow width is
proportional to effect size, given by the standardized regression (or path) coefficients
(numbers near arrows). SOM = soil organic matter.
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DISCUSSION

Our study indicated that forest structure (tree density and mean height) varied
along the soil gradient (chemical and physical composition) across the different forest
types (ombrophilous forest, semideciduous seasonal forest and deciduous seasonal
forest) which form the forest ecotone area on the eastern portion of Maraca Island. Yet,
much of the observed variation in descriptors of forest structure could not be attributed
to any of investigated factors, as indicated by the low R2. This suggests an important
role for stochasticity in the analyzed spatial scale.

The density of trees found in the studied ecotone (484 ind ha™) is intermediate to
those observed in natural forest ecosystems when compared, for example, with the
range-data calculated from ter Steege et al. (2003) (400 to 750 ind ha™) in Amazonian
dense forests. The same result can be observed when our data are compared within the
range (408 to 512 ind ha™) reported by Nascimento et al. (1997) for the same forest
types in Maracad Island. However, they are lower when compared to the other
Amazonian peripheral ecotone forests from State of Tocantins (646 ind ha™) (Haidar et
al. 2013), and to “terra firme” forest in southern Roraima (525 ind ha™) (Condé and
Tonini 2013).

The positive relationship found between tree density and soil organic matter
content may be related to increased concentration of humic substances (i.e. the final
products of plant and animal decomposition) in soils richer in organic matter. Humic
substances alter the physical, chemical and biological properties of soils by interacting
with clay, playing important roles in the structure and fertility of soils (Primo et al.
2011) and, thus, the growth of plants. These conditions involve nutrient availability (e.g.

nitrogen, phosphorus, sulfur and micronutrients), water, oxygen for roots, light and
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temperature (Kosobucki and Buszewski 2014). In the study area, bottom lands are prone
to seasonal flooding during rainier months due to fluctuations in water table depth,
which creates hydro-edaphic restrictions (e.g. anoxia and poor drainage) to microbial
activity (Moreira and Siqueira 2006) and root growth (Ramirez-Narvéaez 2017), likely
slowing decomposition down and compromising nutrient re-absorption by plants. Thus,
our results in the eastern of Maracd Island corroborate with Dent et al. (2006)
hypothesis that tree density is favoured by soils with high organic matter content, as this
reflects higher nutrient availability due to faster decomposition and a better substrate
structure for plant growth.

The negative effect of sum of bases on tree density may be due to competitive
interactions, because tree density is generally lower in plots dominated by a single
species; Peltogyne gracilipes Ducke (Leguminosae) (Nascimento et al. 1997). It is
possible that this species can harvest available resources faster than other species, thus
having a higher fitness relative to other species and reducing their density when
resources are abundant (HilleRisLambers et al. 2012). Also, P. gracilipes occurs only in
seasonally flooded bottomlands with high soil Fe** content (Nascimento et al. 2017).
The poor drainage of such soils in Maracd may result in short and poorly developed
radicular systems (Ramirez-Narvéaez 2017), thus increasing tree fall (Gale and Barfod
1999; Quesada et al. 2012). Furthermore, low-density areas had taller trees, which may
suppress the growth of smaller trees and sustain lower densities, as suggested by
Laurance et al. (2010).

The negative effect of tree density on mean tree height in Maraca Island suggests
is consistent with a self-thinning process, indicating increasing competition under

higher densities, which generally occur in uplands. Competition may be driven by
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limitation of light (Poorter et al. 2003), water (Grieu et al. 2001) and/or nutrients
(Morris and Myerscough 1991). However, among these factors, light may have the
strongest effect, because the closed canopy of the studied forests implies uneven
interception of light by trees, so that the growth of smaller individuals is
disproportionately suppressed relative to that of larger individuals (Schwinning and
Weiner 1998). This creates vertical stratification among individuals in the tree
community.

We found that plots with fertile soils (high sum of exchangeable bases) tended to
have highest mean tree heigth. Remarkably, in the studied landscape, some areas are
dominated by a single tree species (Nascimento et al. 1997), P. gracilipes, a slow-
growing species whose maximum height (33.8 m in our data) is much higher than the
average tree height in the studied landscape (16.5 m). Thus, the increase in mean tree
height with soil base sum may be driven by dominance by P. gracilipes. In the study
area, P. gracilipes generally occurs in bottomlands, where such areas have soils richer
in organic matter (humic substances), but they are also areas with hydro-edaphic
restrictions. Our result diverges from those reported for other areas in Amazonia
(Phillips et al. 2004; Stephenson and Van Mantgem 2005), which indicate that the
fertile soils tend to have smaller trees, as the nutrient surplus favours tree species with
fast life histories and, thus, high mortality and turnover rates (Quesada et al., 2012). By
contrast, nutrient-poor soils tend to favour tree species with slow life histories, resulting
in low mortality and turnover rates (Gale and Barfod 1999; Ferry et al. 2010). Thus,
under different environmental conditions in Marac4, trees tend to be taller/smaller as a
response to hydro-edaphic niches which defines the size trees that influence as species

composition as forest structure, as pointed by Brum et al. (2018).
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CONCLUSIONS

We conclude that the forest structure of the studied ecotone in Northern
Amazonia is shaped both by biotic interactions and edaphic factors, particularly
exchangeable bases. In general, tree height decreased with tree density, so that factors
affecting the latter indirectly affected the former. Therefore, the availability of
exchangeable bases increased mean tree height both directly, by favouring larger trees,
and indirectly, by suppressing tree density. Yet, most of the variation in forest structure
observed at the considered spatial scale was unexplained by the investigated factors,
suggesting a major role either for neglected factors or stochasticity. This study
contributes to the understanding of local forest and carbon dynamics in ecotonal

ecosystems of northern Brazilian Amazonia.
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RICHNESS AND SPECIES COMPOSITION IN ECOTONE FORESTS OF
NORTHERN BRAZILIAN AMAZONIA
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4.1.1 Qualis CAPES Classificacio B3 na Area de Ciéncias Ambientais



71

Environmental filters affecting species richness and composition in ecotone forests

of the northern Brazilian Amazonia

Williamar Rodrigues Silva®”, Pedro Aurélio Costa Lima Pequeno®, Hugo Leonardo
Sousa Farias', Valdinar Ferreira Melo®, Carlos Darwin Angulo Villacorta®, Lidiany
Camila da Silva Carvalho®, Ricardo Oliveira Perdiz®, Arthur Camurca Cit6?, Reinaldo

Imbrozio Barbosa®

! PRONAT - Programa de Pés-graduacéo em Recursos Naturais, Universidade Federal
de Roraima - UFRR, 69310-000 Boa Vista, Roraima, Brasil; 2 Instituto Nacional de
Pesquisa da Amazonia - INPA, Nicleo de Roraima, Boa Vista, Roraima, Brasil; *
Departamento de Solos e Engenharia Agricola, Universidade Federal de Roraima —
UFRR, Boa Vista, Roraima, Brasil; * Estacién Experimental Agraria San Ramon,
Direccion de Recurso Geneticos y Biotecnologia. Instituto Nacional de Innovacién

Agréria (INIA), Yurimaguas, Peru; > University of Exeter, Exeter, UK

(*) Corresponding author: w.r.silval984@gmail.com



72

Abstract

The structure of tree communities in tropical forests depends on abiotic filters and biotic
interactions such as competition and facilitation, which select functional traits and
influence species richness and composition. Interestingly, many ecotone forests in
Northern Amazonia are populated by tree assemblages characterized by distinct
abundances of a single species, Peltogyne gracilipes (Leguminosae), which contrasts
with the typically high diversity of other Amazonian forests. However, it is unclear
whether this pattern solely reflects environmental filters or also antagonistic interactions
among species with similar habitat requirements. The goal of this study was to
determine the response of species richness and composition to environmental gradients,
and analyze the role of P. gracilipes in structuring tree communities in ecotone forest
areas of the Northern Brazilian Amazon. We sampled 129 permanent plots (10 m x 50
m; 6.45 ha) along a hydro-edaphic gradient. All trees and palms with stem diameter >
10cm were measured and identified. Multiple regressions were performed to test the
effects of altitude (proxy for soil drainage), edaphic factors, and abundance of P.
gracilipes on the local species richness and composition of trees. Species richness and
composition responded to the same variables: altitude, soil clay content and soil sum of
micronutrients. These variables affected species composition directly and indirectly,
through the abundance of P. gracilipes. In particular, the latter suppressed species
richness, independently of soil conditions. Our results support the hypothesis that both
abiotic filters and biotic interactions shape the studied tree communities. P. gracilipes
can be considered an indicator species of hydro-edaphic conditions, but also is itself a
driver of tree community structure, distinguishing forest types that occur under lower

(higher species richness) or higher abundance (lesser richness).
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Keywords: Competition. Community Structure. Seasonal Forests. Maraca Island.

Roraima.

1. Introduction

Studies in central Amazonia have shown that edaphic and topographic filters
affect the species richness and composition of plants at different spatial scales (Toledo
et al. 2017; Figueiredo et al. 2018; Oliveira et al. 2019). Most analyses have shown that
species distribution is related mainly to soil macronutrient and clay contents (Fine et al.
2005; Quesada et al. 2010; Moser et al. 2014), which vary along topographic gradients
(Bohlman et al. 2008; Zuleta et al. 2018). It is assumed that these factors represent the
main environmental conditions along which plant communities are structured in
Amazonia (Costa et al. 2015). Likewise, soil micronutrients also function as
environmental filters which can affect species distribution and community structure
(Baldeck et al. 2013). Soil micronutrient availability can be both limiting and toxic to
plants (Sperotto et al. 2014), or even affect indirectly the availability of other nutrients
that limit plant growth even on more fertile tropical soils (Kaspari et al. 2008; Barron et
al. 2009).

Despite these findings on areas closer to the Amazon river channel, it is unclear
what is relative importance of different environmental conditions for the structure of
tree communities in terms of species richness and composition in peripheral areas of
Amazonia. This is partly due to natural correlations among different environmental
conditions acting alone or synergistically in the spatial distribution of plants in regions
dominated by ecotones, which complicate disentangling their effects. Ecotones are

ecosystems located in the northern and southern borders of Amazonia and represent
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transition between open vegetation (savannas) and different forest mosaics, which are of
great importance from the perspective of biological conservation (Marques et al. 2019).
The paucity of studies is clearer in Northern Amazonia, where forest types have been
increasingly threatened by anthropogenic disturbances (Barni et al. 2015; Almeida et al.
2016).

Peripheral zones of Northern Amazonia encompass much of the Brazilian state
of Roraima, at the boundary with Venezuela and Guyana, where there are vast
vegetation mosaics comprising transitions between ombrophilous forests, seasonal
forests and savannas (Milliken and Ratter 1998; Barbosa et al. 2007; Santos et al.
2013). Woody vegetation in these forests diverges from that observed in well studied
savannas sites of other parts in Amazonia (Ratter et al. 2003). In peripheral zones of
Northern Amazonia Peltogyne gracilipes Ducke (Leguminosae) is a common species
that can dominate forest stands (Nascimento and Proctor 1997; Nascimento et al. 2017).
Monodominance by P. gracilipes has been related to hydro-edaphic conditions, such as
poorly drained soils and high Fe+2 content (Nascimento et al. 2017; Villacorta 2017).
However, it is unclear whether this pattern solely reflects exclusion of most species
from such areas due to their physiological requirements, or whether competitive
interactions with P. gracilipes can exclude other species from sites where they could
occur otherwise.

To better understand the effects of environmental conditions and interactions
with P. gracilipes in structuring tree communities in ecotone forests of Northern
Amazonia, we tested the hypothesis that soil gradients shape species richness and
composition both directly and indirectly. Direct effects would result from species

sorting along soil gradients due to niche partitioning and local adaptation, whereas
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indirect effects would result from environmentally-driven changes in P. gracilipes
abundance, which would affect the abundances of other species due to P. gracilipes
being a better competitor for soil resources under restrictive soil conditions. We
predicted that altitude — a proxy for the risk of seasonal waterlogging — and soil
micronutrient content would be the main drivers of P. gracilipes abundance, species
richness and species composition, whereas P. gracilipes would have a negative effect on
species richness and would change species composition independently of environmental

conditions.

2. Methods

2.1 Study area

This study was performed in eastern part of Maracd Island, a conservation area
managed by the Chico Mendes Institute for Biodiversity Conservation (ICMBio).
Maracé Island is part of the Maracé Ecological Station (3°15° - 3°35° N e 61°22’ -
61°58° W), State of Roraima, Northern Brazilian Amazonia (Fig. 1). Maraca has moist
tropical climate and is located in a region characterized by the transition between
savanna (Aw) and monsoon (Am) climatic subtypes in Koppen’s classification
(Barbosa, 1997; Barni et al., 2020). Average annual temperature and rainfall are 26°C
and 2.086 + 428 mm, respectively, with a rainier period from May to August and a drier
period from December to March (Couto-Santos et al., 2014). Maracas’s vegetation is
associated with the biogeographic and climatic transition zone between continuous
forests and open vegetation plains, with predominance of savannas (Milliken and Ratter,

1998). In those areas, continuous forests are a mosaic of ombrophilous and seasonal
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forests, spread over a hydro-edaphic gradient which is related to these forest types

(Robison and Nortcliff, 1991; Carvalho et al., 2018).
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Figure 1 Study area indicating the grid of the Biodiversity Research Program (PPBio)
and Geographic location of 129 permanent plots on the eastern of Maracéa Island, state
of Roraima, Northern Brazilian Amazonia.

2.2 Sampling design

We sampled trees in 129 permanent plots (10 m x 50 m; 6,45 ha) spread over six

East-West trails belonging to a sampling grid established by the Brazilian Biodiversity
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Research  Program  (PPBio) on the eastern of Maraca Island
(https://ppbio.inpa.gov.br/sitios/maraca). Each trail is 5 km long, along which 18-29
plots where established in each one with at least a distance of 150 m between them. This
sampling design aimed at capturing small-scale structural variation in tree communities
(Silva et al. 2019b). Swamps and savannas were not considered in this study. All plots
were georeferenced in UTM and had their altitudes determined topographically (Vale
and Romero 2015). Permanent plots have been censused annually since 2015. All
biometric data can be freely accessed by 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.

2.3 Forest inventory

We obtained tree data using the protocol for forest inventory in PPBio research
sites (Castilho et al. 2014). We sampled all trees and palms with stem diameter > 10 cm,
within each of the 129 sampling plots. When trees had deformities or aerial roots, stem
diameter was measured 0.5 m above these features (cf. Castilno et al. 2014).
Measurements were taken using a diameter tape (283D/5m).

All individuals were morphotyped based on field observations and collection of
biological material between 15 and 23/12/2017 for posterior taxonomic identification.
Collected material represented most sampled species and were deposited in the
herbarium of the National Institute for Amazonia Research (INPA), Integrated Museum
of Roraima (MIRR) and Federal University of Roraima (UFRR) (acronyms follow
Thiers 2020 [continuously updated]). Species identification was mainly performed by

A. T. Mello by comparison with material from INPA’s botanical collection, with further
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checking by R. O. Perdiz and R. I. Barbosa using the botanical collections of INPA,
UFRR and MIRR, and consultations to the REFLORA virtual herbarium (REFLORA
2020). Scientific names were verified and corrected with reference to the species list of
the Brazilian Flora (Brazil Flora Group 2015); family-level groupings followed APG-IV
(2016). Species composition by sampling plot is freely available in both the Brazilian

Biodiversity Information System (Silva et al. 2020) and Silva et al. (2019b).

2.4 Soil sampling and analysis

Soil samples (20-cm deep) were collected at two points within each of the 129
sampling plots. The two sub-samples were mixed to form a compound soil sample and,
subsequently, each one was air-dried and sieved (2-mm mesh size). Physical (soil clay
content, %), and chemical variables (contents of available K*, Ca**, Mg, P, Fe, Zn,
Mn, B and Cu) were obtained using standard protocols (Embrapa 2011). All soil data

are freely available through Mendeley Data (Barbosa et al. 2019b).

2.5 Statistical analysis

Tree community structure was described as species richness (defined as the
number of species found in a plot) and species composition, defined as the combination
of species abundances in a plot. The latter was summarized in a single variable using the
first axis of a Principal Coordinate Analysis (PCoA), based on Bray-Curtis
dissimilarities computed from Hellinger-transformed species abundances (Legendre and
Legendre 2012). Further, we considered the following environmental variables as
potential drivers of tree species abundance: altitude (m), soil clay content (%), sum of

base (K*, Ca**, Mg®*; cmol kg™), sum of micronutrients (Fe, Zn, Mn, B, Cu; mg kg™),
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and soil available P (mg kg™). We performed three analyses: one testing for the effects
of environmental variables on the abundance of P. gracilipes; one testing for the effects
of environmental variables and P. gracilipes abundance on the richness of remaining
species; and one testing for the effects of environmental variables and P. gracilipes
abundance on the composition of remaining species, as represented by the first Principal
Coordinate (PCol). This allowed us to examine the extent to which P. gracilipes could
shape community structure on its own, independently of environmental variables.
Predictor effects were visualized using partial residual plots, which control for variation
in remaining predictors (Breheny and Burchett 2017). All analyses were performed in R
3.6.3 (R Core Team 2020), with the aid of packages “vegan” for ordination (Oksanen et
al. 2015) and “visreg” for partial residual plots to visualize predictor effects (Breheny

and Burchett 2017).

3. Results

3.1 Response of P. gracilipes abundance to topographic and edaphic gradients

Mean altitude, soil Clay content and sum of micronutrients explained 49% of the
variation in the abundance of P. gracilipes (Table 1). Abundance was lower at higher
altitude, soil clay content and sum of micronutrients, the latter having the strongest

effect on P. gracilipes abundance (Fig. 2).

Table 1 Regression models relating Peltogyne gracilipes abundance, species richness
and species composition to topographic, edaphic and biotic drivers in an ecotone
landscape in Northern Amazonia (n = 129). Bold numbers represent statistically
significant effects (P <0.05).

Response R2? Predictor Coefficient T P

Abundance of P. 0.49 Intercept - -
gracilipes
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Mean altitude -0.15 -3.86  0.001
Clay content -0.19 -2.76  0.006
SOM 0.07 1.30
0.196
Log base sum -0.76 -1.15  0.252
Log P content 0.21 0.82 0.411
Log micronutrient 0.03 6,97 0.001
sum
Species richness 0.27 Intercept 6.24 - -
Mean altitude 0.08 1.97  0.050
Clay content -0.04 -0.61  0.539
SOM 0.08 146  0.144
Log base sum -0.75 -1.15  0.251
Log P content 0.41 1.63 0.103
Log micronutrient 0.00 1.16  0.869
P. gracilipes -0.42 -4.79  0.001
Species Composition 0.65 Intercept -5.59 - -
(PCol)
Mean altitude 8.34 485 0.001
Clay content 6.38 207  0.039
SOM -1.61 -0.64  0.518
Log base sum -3.13 -1.13  0.259
Log P contente 6.30 0.05 0.953
Log micronutrient -1.04 -0.04  0.962
sum
P. gracilipes -2.96 -7.90 0.001
a) (b) ©
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Figure 2 Relationship between abundance of Peltogyne gracilipes and (A) average
altitude (B) clay content and (C) sum of soil micronutrients in an ecotonal landscape in
North of the Brazilian Amazon. Each point represents one sampling plot (n = 129).
Lines represent regression fits.



81

3.2 Response of species richness to environmental gradients and P. gracilipes

abundance

Altitude and the abundance of P. gracilipes together explained 27% of the
variation in tree species richness observed in the study area (Table 1). The abundance of
P. gracilipes was the strongest predictor of tree species richness, which decreased with
the former (Fig. 3a). Moreover, forest stands in higher areas tended to have more

species (Fig. 3b).
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Figure 3 Relationship between species richness and (A) average altitude and (B)
abundance of Peltogyne gracilipes in an ecotonal landscape in North of the Brazilian
Amazon. Each point represents one sampling plot (n = 129). Lines represent regression
fits.

3.3 Response of species composition to environmental gradients and P. gracilipes

abundance

The joint effect of altitude, soil Clay content and abundance of P. gracilipes
explained 65% of the strongest pattern of change in species compositions (as

represented by PCol) (Fig. 4). Altitude and the abundance of P. gracilipes were the
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strongest predictors of species composition, whereas soil Clay content had a more subtle

effect (Table 1).
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Figure 4 Relationship between species composition and (A) average altitude, (B) clay
content and (C) abundance of Peltogyne gracilipes in an ecotonal landscape in North of
the Brazilian Amazon. Each point represents one sampling plot (n = 129). Lines
represent regression fits.

4. Discussion
4.1 Effect of altitude, soil clay content and sum of micronutrients on the abundance
of P. gracilipes

Our results indicate a strong effect of environmental conditions (altitude, soil
clay content and sum of micronutrients) on the abundance of P. gracilipes. The spatial
distribution of this species is shaped by different environmental filters in the eastern of
Maraca Island, supporting the proposals of Nascimento and Proctor (1997) and
Nascimento et al. (2017). Seasonally flooded areas located in bottomlands with higher
micronutrient content are seemingly more suitable for the occurrence of this species in
the study area. These findings are similar to those of Villacorta (2017), who suggested
that P. gracilipes would not occur or would have low abundance in non-flooded soils,

but could become monodominant in areas with higher hydro-edaphic restrictions.
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Poorly structured and nutrient-poor soils, as those where P. gracilipes is more
abundant in eastern Maraca Island, can be considered limiting to the growth and
survival of plants, causing root systems to be shorter and underdeveloped due to the
low tolerance of most species to restrictive soils (Gale and Barfod 1999; Quesada et
al. 2012). This was also observed by Ramirez-Narvéaez (2017), who found lower root
biomass in areas were P. gracilipes is more abundant, indicating that this species has
greater tolerance to environments with stronger hydro-edaphic restrictions relative to
other species occurring in eastern Maraca Island. Thus, greater abundance of P.
gracilipes is expected in more restrictive environments (e.g. seasonally flooded areas)
in eastern Maraca Island and, depending on the prevalence of this species,
monodominance can result, as discussed by Nascimento and Proctor (1997) and

Milliken and Ratter (1998).

4.2 — Effect of altitude and abundance of P. gracilipes on species richness

Our results showed that altitude, used a proxy for soil drainage, and the
abundance of P. gracilipes control tree species richness in the studied area. The positive
effect of altitude on species richness is related to the fact that bottomlands have greater
hydro-edaphic restrictions (hydromorphic, nutrient-poor soils), as also observed by
Nascimento et al. (2017) and Villacorta (2017).

Our analyses are similar to those of other studies performed in different regions
of tropical forest, which indicated that environments with greater hydro-edaphic
restrictions tend to have lower species richness (Jones et al. 2008; Silva et al. 2010;
Mosquera and Hurtado 2014). For instance, in an ecotone area between Brazilian

Amazonia and “Cerrado” (savanna), Elias et al. (2019) also reported that tree species
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richness is related to topography, indicating that hydric restrictions function as a filter to
species in environments of sandy soils. Likewise, Lozada et al. (2012) indicated that
environments with poorly drained soils in eastern Venezuela can generate restrictive
hydric conditions which reduce local species richness and contribute to the formation of
monodominance. This observation is similar to that found in our study area, where
environments with greater hydro-edaphic restrictions featured greater abundance of P.
gracilipes, which often achieved monodominance (sense Connell and Lowman 1989).

In this context, we suggest that monodominant aggregations of P. gracilipes
individuals in eastern Maraca Island tend to exclude other species through competitive
interactions (e.g. tolerance to seasonal anoxia), optimizing its growth and survival in
environments with greater hydro-edaphic restrictions. As P. gracilipes is a slow-
growing species (Carvalho 2014), it could have greater fitness under these conditions by
being able to accumulate biomass under soil nutrient levels which tend to exclude most
plant species also occurring in this area. Fitness differences among species can
negatively impact species richness because abundant soil nutrients are not necessarily

available to plants, as suggest by Chesson (2000).

4.3 Effect of altitude, soil Clay content and abundance of P. gracilipes on species

composition

Tree species composition in eastern Maraca Island was related to the same
predictors of species richness, varying as a function of the risk of seasonal
waterlogging. These findings indicate that lower lands with lower clay content favour
the survival of specialist species (e.g. P. gracilipes), contrary to uplands, where

species composition is more diversified, as also observed by Nascimento and Proctor
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(1997) and Silva et al. (2019b). In western Amazonia, the effect of topography on tree
species composition was explained by Valencia et al. (2004) and Moser et al. (2014),
who concluded that the topographic gradient imposes a restriction on species
composition, even though most species are generalist relative to topographic variation.
In Central Amazonia, Kinupp and Magnusson (2005) described that topography and a
suite of variables (e.g. soil texture, water table depth and frequency of floods) restrict
certain species to lower altitudes, although almost species occurred both in
bottomlands and uplands, even when species groups were analyzed separately.
Similarly, Toledo et al. (2017) analyzed the effect of ecological characteristics
separately and concluded that soil Clay content was responsible for 50% of the
variation in species composition along the altitude gradient in Reserve Ducke, Central
Amazonia. This observation is analogous to that by Damasco et al. (2013), who
showed that soil Clay content was one of the most important predictors of tree species
diversity in an ecotone area between ombrophilous forest and “campinarana” open
forest in the Virua National Park, Northern Amazonia.

Studies on different tropical forests (Peh et al. 2011a; Peh et al. 2011b;
Marimon-Junior et al. 2019) have suggested that the clustering of specialist species is
not conditioned by a single factor, but rather by a suite of environmental filters of
different types (chemical, physical and biological) which favour species dominance.
For instance, Marimon et al. (2001a; 2001b) showed that a higher Mg:Ca ratio and
high Fe+?> and Mn+? contents in the soil were responsible for the dominance by
Brosinum rubescens, which prevails in environments considered unfavourable to other
species due to chemical toxicity. An effect of Fe+2 was also observed by Lozada et al.

(2012) in forests of eastern Venezuela which are dominated by Mora exelsa. These
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finds indicate strong relationship with the monodominance by P. gracilipes at lower
altitudes in Maraca Island. These finds in other tropical regions indicate strong
relationship with the monodominance by P. gracilipes in Maracéa Island. In this light,
our results also suggest synergism between higher concentrations of micronutrients in
the soil (especially Fe+?), and P. gracilipes, where sites at lower altitudes, poorly
drained and clay-poor soils have as characteristic species composition dominated by P.

gracilipes.
5. Conclusion

Tree species richness and composition of ecotone forests in eastern Maraca
Island respond primarily to the same environmental filters, i.e. altitude, soil clay content
and sum of micronutrients. These factors affect species composition directly and
indirectly, through the abundance of P. gracilipes. Species richness is suppressed by
both greater hydro-edaphic restrictions and abundance of P. gracilipes. Therefore, our
results indicate that both soil nutrients and biotic interactions, in the form of competitive
effects of P. gracilipes on other species, play a role in the structuring of tree

communities in the studied ecotone area.
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Abstract

A dindmica de florestas tropicais (mudangas nas taxas vitais) vem sendo creditada as
condicionantes ambientais (e.g. topografia e variaveis edéficas) e climéticas (e.g. altas
temperaturas e mudancas na precipitagdo). Em Roraima, estado brasileiro situado no
extremo norte da Amazonia, os dados sobre a dinamica dos ecossistemas florestais,
tomando como base a biomassa/carbono, ainda podem ser considerados incompletos.
As atuais estimativas estando carregadas de incertezas devido a problemas relacionados
as escalas espacial (concentracdo e numero reduzido) e temporal (intervalos longos; >
10 anos) das amostragens nos diferentes tipos florestais. O objetivo do estudo foi
verificar se filtros ambientais e variabilidade climéatica afetaram o crescimento, a
mortalidade e o recrutamento de arvores em uma zona de florestas de ec6tono de
Roraima, leste da llha de Maracé (janeiro/2016 a janeiro/2020). Foram amostradas 129
parcelas permanentes (10 m x 50 m; 6.45 ha) ao longo do gradiente hidro-edafico que
caracteriza a regido de estudo. Em cada parcela foi medido anualmente o didmetro do
caule (> 10 cm) de todos os individuos arbéreos (&rvores + palmeiras). Numero de
caules (n) e biomassa viva acima do solo (AGB; Mg ha®) foram utilizadas como
variaveis dependentes para representar a variacao das taxas vitais a partir de trés grupos
arboreos: Palmeiras (Arecaceae), P. gracilipes (Leguminosae de maior importancia
ecoldgica na area de estudo) e Arvores (todas as demais espécies). Os resultados
demonstraram que houve variagdo do numero de caules e da AGB. O nimero de caules
foi reduzido em 4,6% no periodo, passando de 3041 (2016) para 2902 (2020)
considerando os trés grupos arboreos (Palmeiras, Arvores e P. gracilipes) do ectono
estudado. AGB total dos trés grupos arbéreos foi reduzida de 295,76 Mg ha™ para

287,97 Mg™ (2,63%). Essas reducdes representam taxas de mortalidade de caules de
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1,94%, rotatividade de -1,18% e recrutamento de 0,77%. A taxa de mudanca total dos
trés grupos arboreos foi condicionada unicamente pela varidvel soma dos
micronutrientes (Fe, Zn, Mn, B, Cu; mg kg™). Quando analisados 0s grupos arbéreos
separadamente foi observado que cada grupo responde diferentemente quando
observado 0 mesmo conjunto de varidveis ambientais. O contetudo de fosforo afetou a
taxa de mudanca de AGB das Palmeiras enquanto a taxa de mudanca de AGB do grupo
das Arvores foi afetada pelo teor de argila e a soma dos micronutrientes. A taxa de
mudanca da AGB Total, considerando todos os grupos arbdreos, ndo foi condicionada
por variaveis climaticas (cumulative water déficit = CWD, sea surface temperature =
SST, El Nifio e La Nifa). Isto sugere que essa relacdo de causa e efeito precisa ser
melhor investigada dentro de um intervalo de tempo mais longo, visto que o periodo de
estudo (2016-2020) foi um dos mais secos das Ultimas duas decadas em Roraima, com

registro de altas taxas de mortalidade e reduzidas taxas de recrutamento.

Keywords: biomassa, carbono, varidveis edéficas, CWD, SST, eventos climéticos

1. Introduction

As florestas tropicais estruturalmente intactas atuam como sumidouros de 40-
55% do carbono terrestre, fixando-o em grande parte na biomassa vegetal (Pan et al.,
2011; Phillips et al., 1998; Saatchi et al., 2011). O incremento de biomassa & um dos
principais componentes da produtividade primaria liquida acima do solo (Clark et al.,
2001; Clark and Clark, 2001; Zhao and Running, 2010) afetando diretamente o
sequestro de carbono e, consequentemente, o ciclo global do carbono (Barni et al.,

2016; Malhi et al., 2006). Além disso, o estoque de biomassa € um parametro da
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produtividade primaria diretamente condicionado pelas variaveis ambientais, tais como
clima e relacGes hidro-edéaficas (Chave et al., 2004).

Na Amazbnia, maior area continua de florestas tropicais do planeta, as
formacdes florestais sdo estimadas a armazenar cerca de 30% de todos o0s estoques
terrestres de carbono, 0 que consiste em uma gigantesca reserva de carbono de
aproximadamente 50-80 Gt (Malhi et al., 2002; Nogueira et al., 2015; Rodig et al.,
2018). No entanto, alguns autores vem indicando que parte desta reserva esta
desaparecendo rapidamente nos ultimos anos (Aguiar et al., 2016; Almeida et al., 2016;
Amigo, 2020), pois os estoques de carbono contidos em areas de florestas vém sendo
perdidos devido a alta taxa de conversao das florestas para usos nao sustentaveis, como
pastagens para a criacdo de gado e/ou expansdo de areas agricolas (Fearnside, 2001;
Malhi et al., 2008; Nobre et al., 2016).

A heterogeneidade ambiental das florestas tropicais e as variacdes climaticas sao
outros fatores importantes que, em sinergia com a alteracdo do uso do solo, influenciam
no estoque de carbono/biomassa arbérea (Chave et al., 2001; Chave et al. 2003;
Laurance et al., 1999). A maioria dos estudos na Amazonia tem identificado diferengas
nos estoques de carbono/biomassa devido a distingdes estruturais entre diferentes
fitofisionomias florestais (Fearnside and Ferraz 1995; Houghton, 2005; Houghton et al.,
2001). Algumas analises em menor escala ttm mostrado que as caracteristicas edaficas
e topograficas afetam diferentemente a taxa de mortalidade, o recrutamento e o
crescimento das espécies arbdreas e, portanto, nos fluxos e estoques de
carbono/biomassa (Castilho et al., 2006; Chao et al., 2009; Gale and Barfod, 1999;

Laurance et al., 1999; Nepstad et al. 2007).
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De forma geral, o monitoramento das florestas amazénicas maduras e néo
fragmentadas ao longo dos altimos anos, vinham indicando, até o inicio dos anos 2000,
uma tendéncia de aumento do estoque de carbono como resultado do incremento nas
taxas de crescimento e recrutamento (Baker et al., 2004; Phillips et al., 2008). Aumento
da temperatura, radiacdo solar e fertilizacdo da atmosfera devido ao aumento na
concentracdo de didxido de carbono (CO,) e nitrogénio (N) estariam entre as principais
causas do aumento de incorporacdo de carbono por essas florestas (Lewis et al., 2004).
As excecOes estariam associadas apenas a periodos de grandes secas, onde haveria
consideravel reducdo da precipitacao anual (Gloor et al., 2013; Tomasella et al., 2013),
observando-se entdo uma queda na produtividade primaria (Shi et al., 2014; Zhao and
Running, 2010) devido a reducdo na taxa de crescimento (Clark et al., 2010) e pelo
aumento da taxa de mortalidade de arvores (Phillips et al., 2009; Nepstad et al. 2007).

Essa tendéncia vem sendo gradualmente contestada, pois 0s modelos mais
recentes, englobando analises mais apuradas sobre um grande nimero de dados de
parcelas permanentes, tém indicado que a Amazonia pode estar entrando em um periodo
de declinio do estoque de carbono devido as mudancas climaticas estarem provocando,
no médio e no longo prazo, maior mortalidade de arvores e induzindo a uma menor
produtividade (Brienen et al., 2015; Feldpausch et al., 2016). Secas poderdo ocorrer
com maior frequéncia no futuro (Gloor et al., 2013; Good et al., 2013; Marengo et al.,
2011) resultando no aumento do déficit hidrico (Williams et al., 2007) e na perda de
areas florestais do bioma Amazonia ocasionada pelo aumento da mortalidade de
arvores. Tais consequéncias provocariam uma intensa modificacdo na estrutura e
composicgdo das espécies, afetando diretamente o estoque e os fluxos de carbono nessas

florestas (Malhi et al., 2009).
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Neste contexto, estudos de longa duracdo vém sendo descritos como essenciais
para verificar o efeito da variabilidade climatica e das condicionantes ambientais sobre a
dindmica das florestas tropicais (Clark et al., 2003, 2010; Phillips et al., 2010; Schippers
et al., 2015). Isso porque € necessario maior espacialidade (maior ndmero de
ecossistemas estudados), temporalidade (serie temporal anual e maior nimero de anos
de investigacdo) e abundancia de parcelas permanentes monitoradas para que a
modelagem dos efeitos macrorregionais seja capaz de predizer com maior acuracia a
dindmica do carbono florestal no longo prazo (Tejada et al., 2019).

No estado de Roraima, extremo norte do Brasil, os dados dos estoques e da
dindmica do carbono nos ecossistemas florestais locais ainda sdo incompletos e, por
isso, as estimativas ainda sdo carregadas de incertezas e amplificadas pelo déficit de
conhecimento sobre as relacfes entre variaveis edaficas e clima com os tipos florestais
(Barbosa et al., 2010; Barni et al., 2016; Fearnside et al., 2013). Entre estes
ecossistemas, estdo as florestas ecotonais (~26.363 km?), que sdo areas de tensdo
ecoldgica que representam zonas de contato entre diferentes tipos florestais e nédo
florestais em Roraima (Barni et al., 2016). Essas zonas ecoldgicas que vem sendo
historicamente as mais perturbadas por disturbios antrépicos devido ao avanco do
desmatamento regional estar fortemente associado a sua proximidade com os grandes
centros urbanos locais e com a expansao dos grandes eixos rodoviarios (Barni et al.,
2015; Santos et al., 2013; Turcios et al., 2016; Xaud et al., 2013). Essa caracteristica
espacial vem fazendo com que este conjunto de tipos florestais fique ainda mais
sensivel ao efeito das mudancas climaticas (por exemplo, maior mortalidade e menor
taxa de crescimento) devido a propria resposta ecossistémica diante de condicionantes

adversas mais frequentes (por exemplo, estacdes secas mais longas) associada com a
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atividade humana de alto impacto (desmatamentos e incéndios) na floresta (Brando et
al., 2020; Barbosa and Fearnside 1999; Alencar et al., 2015; Martins et al., 2016;
Morton et al., 2013).

O objetivo deste estudo foi investigar o efeito das condicionantes ambientais e
da variabilidade climética sobre as taxas vitais expressas em taxas de mudanca de
biomassa/carbono total acima do solo (AGB/C) de trés grupos arbOreos em uma
paisagem de floresta de ecotono de Roraima: Palmeiras (apenas individuos da familia
Arecaceae), P. gracilipes (composto pela espécie monodominante Peltogyne gracilipes
Ducke — Leguminosae) e Arvores (todos os demais individuos arbdreos). Considerando
que condicionantes ambientais gerais sao compostas por varidveis que determinam a
estrutura florestal local (ver Silva et al. trabalhos anteriores), foi admitida a hipdtese que
(i) a mudanca das taxas vitais, na forma de AGB/C dos trés grupos arbdreos, esta
associada com variaveis edaficas e topogréaficas (altitude), onde é previsto que o grupo
formado por P. gracilipes situado em locais com menor altitude e maior conteudo de
micronutrientes (Fe, Zn, Mn, B, Cu mg kg™) apresentara menores taxas de mudanca de
AGB, pois esta ¢ uma espécie que pode formar conglomerados monodominantes
associadas a condi¢des hidro-edaficas mais restritas e, (ii) a variacdo das condi¢des
climaticas entre 2016-2020 afeta as taxas de mudanca de AGB (-/+), sendo previsto que
em anos mais quentes e menos chuvosos (e.g. El Nifo), as taxas de mortalidade
tenderdo a aumentar enquanto as de crescimento e recrutamento sofrerdo um

decréscimo.

2. Methods

2.1 Study area
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Este estudo foi desenvolvido nas florestas ecotonais situadas no setor leste da
Ilha de Maraca, uma area de protecdo ambiental federal localizada entre 3°15° - 3°35° N
e 61°22° - 61°58” W (Estacdo Ecoldgica de Maraca; ESEC Maraca), Estado de
Roraima, norte do Brasil. A Ilha de Maracéa possui cerca de 60 km de comprimento e 15
a 25 km de largura, com uma area total ca. 100.000 ha (Nascimento et al., 2014) (Fig.
1). O clima predominante da regido é tropical Umido do subtipo savana (Aw) em
transicdo para o subtipo de mongdes (Am), de acordo com a classificacdo de Koppen,
apresentando uma estacdo seca bem definida (Alvares et al., 2013; Barbosa, 1997).
Tomando como base a estacdo meteorologica da ESEC Maraca, as médias anuais de
temperatura e precipitacdo registradas entre os anos de 1986 e 2010 foram de 26°C e
2.163 mm ano™, respectivamente, com 0s meses de maio a agosto representando o
periodo mais chuvoso enquanto os meses entre dezembro e mar¢o o periodo mais seco
(Barbosa, 1997; Couto-Santos et al., 2014).

A vegetacdo de Maraca é caracterizada por uma zona de ecdtono formada pelo
contato das formacGes florestais continuas com a grande area de savana localizada na
parte norte da Amazonia brasileira (Couto-Santos et al., 2014). Os ecossistemas
florestais dominantes desta regido de contato sdo do tipo ombréfila aberta e estacionais
(semedecidual e decidual) (Barbosa et al., 2010; Carvalho et al., 2018), que estdo
associadas ao gradiente hidro-edafico o que indicam ser determinante para a formacéo

de distintos tipos florestais (Robison and Nortcliff, 1991).
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Figure 1 Area de estudo indicando a grade do Programa de Pesquisa em Biodiversidade
(PPBIo) e localizacdo geografica de 129 parcelas permanentes distribuidas em uma

floresta de ecotono no norte da Amazonia Brasileira.

2.2 Sampling design

O monitoramento do crescimento, recrutamento e mortalidade de arvores foi

realizado anualmente entre janeiro/2016 e janeiro/2020 com base nos censos arbéreos

realizados em 129 parcelas (10 m x 50 m; 6,45 ha) instaladas nas seis trilhas de

caminhamento Leste-Oeste da grade de pesquisa do Programa de Pesquisa em

Biodiversidade - PPBio (PPBio 2020a). Foram instaladas 20-22 parcelas em cada trilha
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de caminhamento distanciadas 150 m umas das outras, tomando como base 0s piquetes
de distanciamento dispersos em todas as trilhas a cada 50 m; todos georrefenciados em
UTM e com altitude definida topograficamente (Vale and Romero 2015). Esta distancia
entre as parcelas foi apenas ampliada em funcdo de ambientes aquéticos (brejos) e
encraves de areas abertas (savanas), que ndo sdo configurados como ambientes
florestais. Informacdes descritivas e com maior detalhamento de cada uma das parcelas
podem ser acessadas livremente na plataforma ForestPlots.NET

(https://www.forestplots.net/) sob os cédigos ETA, ETB, ETC, ETD, ETE e ETF.

2.3 Estimates of biomass and carbon

Para a realizacdo dos censos arbdreos foram medidos os didmetros dos caules
igual ou superior a 10 cm de todas as arvores e palmeiras encontradas em cada parcela,
seguindo as normas estabelecidas pelo protocolo padronizado de inventarios florestais
do PPBio elaborado por Castilho et al. (2014). O POM (Point of Measure) foi utilizado
como ponto de referéncia para a medida de didmetro, sendo na maioria das vezes a 1,30
m acima do solo. Nas arvores com sapopemas grandes ou que apresentavam algum
obstaculo para a realizacdo da medida, 0 POM foi deslocada para a parte mais cilindrica
acima deste obstaculo natural (cf. Castilho et al., 2014). As medidas dos diametros dos
caules foram realizadas atraves do uso de uma fita diamétrica modelo 283D/5m. A
altura das palmeiras foi estimada por meio da tecnologia Android usando o aplicativo
Measure Height (Ou 2014), enquanto que a altura das arvores foi estimada por regresséo
usando um modelo alométrico especifico para Maraca (Barbosa et al., 2019a).

As taxas anuais de recrutamento, crescimento e mortalidade foram calculadas

por meio da contabilidade anual dos individuos vivos, mortos e recrutas em cada


https://www.forestplots.net/
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inventario. Essa técnica foi desenvolvida por (Sheil et al., 2000) que explicam as taxas
anuais medias de mortalidade (M), recrutamento (R), perda (P) e ganho (G) em éarea

basal.

R=[1-(1-r/Nt)]x 100

M = {1 - [(No - m)/No]""} x 100

G ={1-[1- (AGBr + AGBg)/ AGBt] '} x 100

P = {1 - [(AGBt - AGBm - AGBd)/AGB,] "} x 100
TN =(M +R)/2

TAGB = (P + G)/2

ChN = [(N/Ng)"" - 1] x 100

ChAGB = [(AGB/AGB)"" - 1] x 100

R = taxa de recrutamento

M = taxa de mortalidade

r = recrutas

m = mortos

No / AGBo = individuos/AGB iniciais
Nt / AGBt = individuos/AGB finais
G = ganho AGB

P = perda AGB

AGBTr = biomassa recrutas

AGBg = incremento biomassa
AGBd = decremento biomassa
AGBmM = biomassa morta

T = rotatividade (turnover rate)

Ch = taxa de mudanca

Para a andlise da variacdo da biomassa acima do solo foi utilizado a diferenca
entre estoque de biomassa inicial e final para um determinado intervalo de tempo, como
sugerido por Clark et al. (2001). A biomassa dos grupos Arvores e P. gracilipes foi
estimada pelo modelo alométrico desenvolvido por Chave et al. (2014) utilizando a
medida de didmetro dos caules, altura e a densidade da madeira de cada individuo

inventariado.

AGB¢y = 0:0673 x (pD?H)%*"®
(o = 0.357, AIC=3130, df = 4002)
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Onde:
AGB = Estimativa da biomassa arborea acima do solo (kg)
p = densidade (g cm™)
D = Diametro a altura do peito (DAP = POM; cm)
Os dados de densidade da madeira de cada espécie foram obtidos das mesmas
parcelas amostradas e estdo disponiveis livremente na literatura cientifica (Farias et al.,

2020, 2019).

A biomassa de palmeiras foi estimada pelo modelo de Goodman et al. (2013).

Ln (AGB)= -3,3488+2,7483*Ln (D)

Onde:
AGB = Estimativa de biomassa arborea acima do solo (kg)
D = Diametro a Altura do Peito (DAP = POM; cm)
O estoque de carbono contido nas estimativas de biomassa de arvores e

palmeiras foi calculado com base no estudo de Soares et al. (2011), que inferiu o teor de

carbono como um constituinte que representa 50% biomassa estimada.

Carbono (Mg) = Biomassa (Mg) x 0,5

2.4 Soil sampling and analysis

Em cada uma das 129 parcelas, duas sub amostras de solos foram coletadas
sistematicamente em dois pontos fixos (15 m e 35 m do inicio da parcela) na
profundidade de 0-20 cm. As sub amostras de cada parcela foram misturadas e
convertidas em uma amostra composta. Em seguida, todas as amostras foram
armazenadas em sacos plasticos e encaminhadas ao Laboratério do Nucleo de Apoio a

Pesquisas do Instituto Nacional de Pesquisas da Amazonia (INPA), Boa Vista, Roraima.
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As amostras foram secas em temperatura ambiente (TFSA — terra fina seca ao ar) e
peneirada com o auxilio de uma peneira de 2 mm. Posteriormente, estas foram enviadas
ao Laboratdrio Agrotécnico Piracicaba Ltda. para as analises de textura (% argila), e
fertilidade (conteudo de macronutrientes e micronutrientes) seguindo a metodologia
utilizada pela Embrapa (Embrapa 2009). Todos os dados fisicos e quimicos do solo das
parcelas amostradas estdo disponiveis em repositério de dados livres (Barbosa et al.,

2019b).

2.5 Rainfall data

Um time delay (tempo de retardo — anos 2014 e 2015) foi usado devido ao
namero de observacdes (n = 5 anos; 2016 - 2020) relacionadas aos efeitos simultaneos
dos eventos de seca ou chuva extrema nas taxas de mudanca no estoque de
biomassa/carbono. Para determinar a precipitagdo acumulada anualmente entre os anos
de 2014 e 2020 foram utilizados dados da estacdo meteoroldgica de Maraca (estacao
31902 — AGROMET; Amajari — RR) (Hidroweb 2020). Para identificar a intensidade e
a duracdo dos periodos secos em uma série temporal longa foi utilizado o modelo
(CWD - cumulative water deficit) também aproveitado por Aragédo et al. (2007). O
déficit hidrico ocorre quando os valores de precipitacbes sdo inferiores aos da
evapotranspiracdo das plantas. Neste caso, foi calculado o déficit hidrico mensal (DHt)
para cada ano, tendo como valor de referéncia a evapotranspiracéo (E) e a precipitacdo
mensal (Pt), como proposto por Aragdo et al. (2007). Além disso, foram coletados
dados mensais (um valor representado as oscilagcbes da temperatura de cada més) de
anomalias da temperatura da superficie do mar (SST) no pacifico (El Nifio, La Nifia e

anos considerados dentro da Normal Climatica), extraido do Climate Prediction Center,
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associado ao National Weather Service da NOAA

(https://origin.cpc.ncep.noaa.gov/products/analysis monitoring/ensostuff/ONI v5.php).

2.6. Statistical analysis

A fim de testar a hipotese de que a taxa de mudanca de biomassa esté associada
a condicionantes ambientais, foi utilizada uma analise de regressdo mdultipla. As
variaveis altitude (m), teor de argila do solo (%), soma da base (K*, Ca?*, Mg?*"; cmol
kg™), soma dos micronutrientes (Fe, Zn, Mn, B, Cu; mg kg™) e P disponivel do solo
(mg kg™) sdo determinantes para a estrutura da vegetacio em Maraca (ver Silva et al.
trabalho anterior) e foram usadas como preditoras. As variaveis respostas foram a taxa
de mudanca de biomassa total (Arvores + Palmeiras + P. gracilipes) e as taxas
individualizadas para biomassa de Palmeiras, Arvores e P. gracilipes. O conjunto de
parcelas distribuidas no ecdtono estudado foram as unidades amostrais (N=129). Os
graficos parciais para entender os efeitos preditores foram derivados da funcdo visreg
implementada no pacote visreg (Breheny and Burchett, 2017). Todas as analises foram

realizadas no programa R 3.6.3 (R Development 2020).

3. Results
3.1 Dados estruturais dos grupos arboreos (Palmeiras, Arvores e P. gracilipes)

Os resultados demonstraram que houve variagdo do nimero de caules e de AGB
entre janeiro/2016 a janeiro/2020 levando em consideracdo todas as 129 parcelas
permanentes. A variacdo do nimero de caules total foi reduzida em 4,6%, passando de
3041 (2016) para 2902 (2020) considerando os trés grupos arbéreos do ecétono

estudado (Palmeiras, Arvores e P. gracilipes). Nesse mesmo sentido, a variacdo da


https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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AGB por unidade de 4rea foi de 295,76 Mg ha™ para 287,97 Mg™ resultando em uma
reducdo de 7,79 Mg ha™ (2,63%) (Tabela 1). As estimativas de reducdo do niimero de
caules e AGB foi percentualmente maior para o grupo das Arvores (114 caules = 3,75%
e 5,37 Mg ha* AGB = 1,82%), e menor tanto para o grupo das Palmeiras (14 caules =
0,46% e 0,59 Mg ha™ ABG = 0,20%) quanto para o de P. gracilipes (11 caules = 0,36%
e 1,83 Mg ha™ AGB = 0,62%) (Tabela 1).

Table 1 Estimativas do numero total de caules (N) e biomassa total acima do solo

(AGB, Mg ha™) dos componentes arbéreos (Palmeiras, Arvores e P. gracilipes) nas 129
parcelas permanentes distribuidas nas florestas ecotonais do leste da Ilha de Maraca.

Estoque de biomassa total

aGrLuéprzs(,)S Numero de total caules (N) acima do solo (AGB: Mg ha™})
Censo 1 Censo 5 Censo 1 Censo 5
Palmeiras 225 211 10,21 9,62
Arvores 2518 2404 209,25 203,87
P. gracilipes 298 287 76,30 74,47
Total 3041 2902 295,76 287,97

Exceto para Palmeiras, o maior nimero de caules foi encontrado na classe de
didmetro de 10-20 cm. Contudo, esta classe de diametro possui 0 menor acimulo de
AGB em todos os trés grupos arbéreos. O grupo Palmeiras foge do padrdo dos grupos
Arvores e P. gracilipes, apresentando maior acimulo de AGB nas maiores classes de
diametro de 20-30 cm e 30-40 cm (Figura 2). Exceto a classe de diametro 20-30 de P.
gracilipes, todas as demais classes de todos os grupos arboreos perderam caules e AGB
entre os anos de 2016 e 2020, indicando maior mortalidade de arvores nesse periodo em

relagdo ao recrutamento e ao crescimento natural.
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Figure 2 Distribuicdo de caules e biomassa total acima do solo (AGB) em classes de
diametro de trés grupos arboreos (Palmeiras, Arvores e P. gracilipes) nas 129 parcelas
permanentes distribuidas em uma floresta de ecétono no norte da Amazénia Brasileira.
Barras brancas representam o ano de 2016 e as pretas 2020.

3.2 Taxas de recrutamento, mortalidade e mudanca
Houve variagdo das taxas de recrutamento, mortalidade e mudanga no nimero

de caules entre diferentes grupos arboreos (Palmeiras, Arvores e P. gracilipes) ao longo
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do periodo de estudo. Entre 2016-2020 (periodo total) foi observada uma taxa de
mortalidade total de caules de 1,94% em associacdo com uma baixa taxa de
recrutamento (0,77%), resultando em uma taxa de mudanca total de -1,18% (Figura 3;
Tabela 2). Entre os diferentes grupos arbéreos analisados, destacou-se P. gracilipes que
apresentou a menor taxa de mortalidade (1,12%) de caules e uma baixa taxa de
recrutamento (0,18%), compondo a menor taxa de mudanca (-0,95%) ao longo de todo

0 periodo analisado (Tabela 2).
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Figure 3 - Variacdo das taxas de recrutamento (R), mortalidade (M) e de mudanga
(ChN) de caules e variacdo das taxas de ganho (GainAB), perda (LostAB) e de mudanga
(ChAGB) da biomassa dos diferentes grupos arbéreos entre os anos 2016-2020 nas 129
parcelas per permanentes distribuidas em uma floresta de ecotono no norte da Amazoénia

Brasileira.
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As taxas de ganho (GainAB), perda (LostAB) e de mudanca (ChAGB) de ABG
também variaram ao longo dos anos entre os diferentes grupos arboreos. Considerando
0 periodo total (2016-2020) a taxa de perda de AGB total foi de 2,39%, associada a taxa
de ganho del,74%, resultando em uma mudanca liquida negativa de -0,67% da
biomassa total (Tabela 2). A maior taxa de ganho de AGB entre os grupos arboreos foi
atribuida ao grupo Arvores (1,95%), enquanto a maior perda foi associada ao das
Palmeiras (2,68%) e a menor taxa de mudanca ao P. gracilipes (-0,61%) entre 2016-

2020.

Table 2 Variacdo das taxas de recrutamento (R), mortalidade (M) e de rotatividade
(ChN) de caules e variacdo das taxas de ganho (GainAB), perda (LostAB) e de
mudanca (ChAGB) da biomassa dos diferentes grupos arboreos entre os anos 2016-
2020 nas 129 parcelas permanentes distribuidas nas florestas ecotonais do leste da
Ilha de Maraca.

Stem number (% ano™)

AGB rates (% ano™)

Srrb”éprzzs (2016-2017) (2016-2017)

R M ChN GainAB Lost AB Ch AGB
Palmeira 0,00 2,12 -2,12 1,91 3,34 -1,09
Arvores 1,19 2,66 -1,48 2,41 3,67 -0,88
P. gracilipes 0,32 0,96 -0,64 1,38 1,34 -0,28
Total 1,02 2,45 -1,44 2,13 3,06 -0,73
Grupos (2017-2018) (2017-2018)
arboreos R M ChN Gain AB Lost AB Ch AGB
Palmeira 0,00 3,00 -3,00 1,26 5,43 -3,54
Arvores 1,47 1,91 -0,44 1,13 1,28 -0,36
P. gracilipes 0,37 1,11 -0,74 0,95 1,30 -0,64
Total 1,26 1,91 -0,66 1,09 1,43 -0,55
Grupos (2018-2019) (2018-2019)
arbéreos R M ChN Gain AB Lost AB Ch AGB
Palmeira 0,00 0,93 -0,93 0,76 2,30 -2,06
Arvores 0,61 1,61 -1,01 1,42 2,44 -1,07
P. gracilipes 0,00 1,69 -1,69 0,91 5,13 -2,57
Total 0,51 1,57 -1,07 1,26 3,13 -1,49
Grupos (2019-2020) (2019-2020)
arbéreos R M ChN Gain AB Lost AB Ch AGB
Palmeira 0,00 0,48 -0,48 1,60 -0,48 0,58
Arvores 0,25 1,92 -1,67 2,47 2,58 -0,27
P. gracilipes 0,00 0,70 -0,70 1,55 -0,92 1,09
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Total 0,21 1,69 -1,49 2,20 1,58 0,10
Grupos (2016-2020) (2016-2020)

arbéreos R M ChN GainAB Lost AB Ch AGB
Palmeira 0,00 1,62 -1,62 1,45 2,68 -1,50
Arvores 0,91 2,07 -1,17 1,95 2,61 -0,66
P. gracilipes 0,18 1,12 -0,95 1,23 1,77 -0,61
Total 0,77 1,94 -1,18 1,74 2,39 -0,67

3.3 Resposta das taxas de mudanca (ChAGB) aos filtros ambientais

A soma dos micronutrientes (Fe, Zn, Mn, B, Cu; mg kg™) foi o Unico fator que
afetou a ChAGB total quando analisado os grupos arbéreos conjuntamente (Tabela 3).
Em solos com maior soma de micronutrientes, as taxas de mudanca da AGB tenderam a
ser menores (Figura 4). Quando analisados os grupos arboreos separadamente foi
observado que cada um responde a diferentes fatores ambientais. O conteudo de fésforo
(P) afetou a ChAGB das Palmeiras positivamente enquanto a ChAGB das Arvores
esteve associada negativamente com o aumento do teor de argila e soma dos
micronutrientes (Fig. 4, 5, 6). A ChAGB do grupo P. gracilipes foi a Unica que nao
esteve associada a qualquer fator do conjugado de fatores (Tabela 3).
Table 3 Modelos de regressdo relacionando a taxa de mudanga da biomassa (ChAGB)
dos individuos arboreos entre os censos 1 e 5. Os modelos (Total, Palmeiras, Arvores e
P. gracilipes) foram realizados usando a taxa de mudanca média de cada parcela (n =
129) em um ecotono florestal do norte da Amazonia Brasileira. Os coeficientes dos

modelos sdo padronizados. Os nimeros em negrito representam efeitos estatisticamente
significativos (P < 0.05).

Response Predictor Coefficient P

Total ChAGB rate  Intercept 0.05 <0.01
Mean altitude <-0.01 0.18
Clay content <0.01 0.55
Log P content <-0.01 0.37
Log base sum <0.01 0.42
Log micronutrient sum <-0.01 0.02*

Palms Ch AGB rate Intercept <-0.01 0.91
Mean altitude <-0.01 0.96

Clay content <0.01 0.23
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Log P content <0.01 0.04*
Log base sum <-0.01 0.60
Log micronutrient sum <-0.01 0.15
Trees ChAGB rate  Intercept <0.01 0.22
Mean altitude <0.01 0.20
Clay content <0.01 <0.01*
Log P content <-0.01 0.29
Log base sum <0.01 0.60
Log micronutrient sum <-0.01 <0.01*
P. gracilipes Intercept 0.17 0.13
ChAGB rate Mean altitude <-0.01 0.81
Clay content <-0.01 0.73
Log P content <-0.01 0.52
Log base sum <-0.01 0.17
Log micronutrient sum <-0.01 0.20
e
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Figure 4 Relagéo parcial entre a taxa de mudanca de biomassa (ChAGB) e a soma de
micronutrientes em individuos arboreos (Palmeiras, Arvores e P. gracilipes) em 129
parcelas de uma floresta de ec6tono no norte da Amazonia Brasileira. Os valores do
eixo X encontram-se na escala original, enquanto os valores do eixo y representam 0s
residuos controlados para as demais variaveis preditoras (altitude, argila, fésforo e soma
de bases). A linha azul representa a linha de tendéncia.
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Figure 5 Relacdo parcial entre a taxa de mudanca de biomassa (ChAGB) e fosforo (P)
no grupo Palmeiras amostrado em 129 parcelas de uma floresta de ecétono no norte da
Amazonia Brasileira. Os valores do eixo x encontram-se na escala original, enquanto os
valores do eixo y representam os residuos controlados para as demais variaveis
preditoras (altitude, argila, soma de bases, e soma de micronutrientes). A linha azul
representa a linha de tendéncia.
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Figure 6 Relacdo parcial entre a taxa de mudanca de biomassa (ChAGB) para (A)
porcentagem de argila e (B) soma de micronutrientes do solo no grupo Arvores
amostrado em 129 parcelas de uma floresta de ecotono no norte da Amazonia Brasileira.
Os valores do eixo x encontram-se na escala original, enquanto os valores do eixo y
representam os residuos controlados para as demais variaveis preditoras (altitude, argila
e soma de bases). A linha azul representa a linha de tendéncia.
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3.4 Resposta das taxas de mudanca (ChAGB) a variacéo das condigdes climaticas

As taxas de mudanca da biomassa total (ChAGB) variaram ao longo do periodo
analisado (2016-2020; Tabelas 2, 3 e 4), mas essa variacdo ndo foi afetada
significativamente pela variacdo das condicGes climaticas tomando como base o déficit
acumulativo de agua (CWD) e os episodios de anomalias da temperatura da superficie
do mar (SST) no Pacifico (EI Nifio/La Nifia/Normal Climatica representando episodios

quentes, frios e normais) (Figuras 7 e 8).

Table 4 Relacdo entre taxas de mudanca da biomassa (ChAGB) e variacdo das
condigdes climéticas tomando como base o déficit acumulativo de 4&gua (CWD) em uma
floresta de ecotono no norte da Amazonia Brasileira.

Forest Standard
component Model error t value P

Total Change N ~ -1.08 + 0.0002*CWD 0.001 1,12 0.91
Change AGB~ -1.60 —0.002*CWD <0.01 -0.969 0.43
Palm Change N ~0.21 + 0.004 *CWD 0.004 1.171 0.36
Change AGB ~ -1.48+ 0.0001*CWD 0.008 0.013 0.99
Tree Change N ~ -1.07 + 0.0002*CWD 0.002 0.078 0.94
Change AGB ~ -1.07 — 0.001*CWD 0.001 -0.678 0.56
Peltogyne | Change N ~-2.13 — 0.003*CWD <0.01 -3.757 0.07
gracilipes | Change AGB ~ -3.06 — 0.006*CWD 0.005 1.19 0.356
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Figure 7 Relacdo entre taxas de mudanca da biomassa (ChAGB) e variagdo das
condicdes climaticas tomando como base o déficit acumulativo de agua (CWD) em uma
floresta de ecotono no norte da Amazonia Brasileira.
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Figure 8 Relacdo entre taxas de mudanca da biomassa (Ch AGB) e os episodios de
anomalias da temperatura da superficie do mar (SST) no Atlantico tropical N/S
(episddios frios, normais e quentes), por trimestre, em uma floresta de ecétono no norte
da Amazonia Brasileira.
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4. Discussion

4.1 Dados estruturais e de dindmica dos grupos arboreos (Palmeira, Arvores e P.

gracilipes) das florestas ecotonais situadas no setor leste da Ilha de Maracéa

Os resultados gerais mostraram que houve reducdo do nimero de caules e de
AGB dos trés grupos arboreos ao longo de 2016-2020. As taxas de mortalidade foram
maiores que as taxas de recrutamento, resultando em uma taxa total de mudanca
negativa levando em consideracdo todo o periodo e todos os caules dos individuos dos
trés grupos arboreos (Palmeiras, Arvores e P. gracilipes). A taxa de mortalidade média
(1,91% ano™) é similar aos 1,6% % ano’ de média que foram calculados por
Nascimento et al. (2007) considerando os trés tipos florestais dominantes da Illha de
Maracéa (todos baseados na abundancia de P. gracilipes) em um intervalo censitario de
11 anos. A taxa de mortalidade para as florestas do leste de Maracd indicam
semelhancas com outros estudos desenvolvidos em éareas de florestas tropicais,
apresentando valores estimados entre 1,0-2,0% (Phillips and Gentry, 1994; Rolim et al.,
2005). Apesar dos valores estarem dentro do intervalo inferido por outros autores, a
comparagdo das taxas de mortalidade entre o estudo em tela e o de Nascimento et al.
(2007) remete ao salientado por Lewis et al. (2004), indicando um possivel viés de
reducdo das taxas de mortalidade, recrutamento e rotatividade em fungéo do aumento do
intervalo censitario. Nesse caso especifico de Maraca, esse efeito ndo pode ser
verificado por causa do tempo de coleta de informagdes de campo ser difuso entre os
dois estudos.

Entre os grupos arbdreos observados, o de P. gracilipes foi o de menor taxa de

mortalidade de caules, divergindo da observacdo de Nascimento et al. (2014) que
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encontram maior taxa de mortalidade em floresta rica em P. gracilipes (PRF) na
mesma area de estudo. Como P. gracilipes é a espécie de maior abundancia do leste de
Maraca (Silva et al., 2019), isso indica que as parcelas e/ou os tipos florestais onde ele
é dominante devam ser analisados separadamente, pois trata-se de um grupo tolerante
a maiores restricdes hidro-edaficas, como solos sazonalmente alagados e pobres em
nutrientes (Nascimento et al., 2017; Villacorta, 2017). Essa caracteristica de tolerancia
imprime a essa espécie uma dindmica que pode variar de forma significativa entre
periodos censitarios, e mesmo entre outros grupos, como Palmeiras e demais espécies
de Arvores.

A taxa de recrutamento meédia (0,77%) verificada entre 2016-2020 esta dentro
do estimado por Wagner et al. (2010) para uma area de floresta tropical proxima a
Sinnamary, Guiana Francesa (0,73-1,01%). Por outro lado, os resultados verificados
em Maracd estdo abaixo dos valores encontrados por outras investigacbes em
diferentes areas de florestas na Amazonia. Por exemplo, Lewis et al. (2004) e Phillips
et al. (2008) indicam que a taxa de recrutamento é consistentemente maior que a taxa
de mortalidade em distintos estudos na regido. Esta observacdo também foi realizada
por Sheil et al. (2000) considerando os resultados obtidos de uma floresta de Budongo,
Uganda. Contudo, nossas observacbes em Maraca indicaram que a taxa de
recrutamento foi anualmente menor do que a de mortalidade, provavelmente devido a
dois fortes periodos de seca na regido (2015-2016 e 2019-2020).

Nossos resultados sédo analogos ao de Oliveira et al. (2018) que observaram
menor taxa de recrutamento tanto em area de campinarana quanto em floresta
ombrofila, indicando que mesmo para diferentes tipos de ambientes, ndo se pode

considerar que espécies de arvores que coocorram nas duas areas sejam
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ecologicamente equivalentes, uma vez que estes habitats podem limitar o
estabelecimento das espécies de maneiras diferentes. Por outro lado, Nascimento et al.
(2007) encontraram maior taxa de recrutamento de caules em area de florestas sem P.
gracilipes (FSP) na mesma localidade de estudo dessa investigacdo, coincidindo com
nossos resultados, onde o grupo Arvores (mais abundante em areas sem P. gracilipes)
foi o que revelou a maior taxa de recrutamento de caules. Contudo, no nivel das
espécies, os autores indicaram que P. gracilipes foi a espécie com maior taxa de
recrutamento, observacdo que foi confirmada anos depois por Nascimento et al.
(2014). Os referidos autores sugerem que a area de floresta rica em P. gracilipes
(PRF) determina consistentemente taxas de recrutamento e crescimento de arvores
suficientes para substituir os caules e a area basal (AGB) perdida em anos menos
favoraveis devido a mortalidade das arvores. Porém, os resultados nao sdo capazes de
produzir efeitos significativos no aumento do estoque de biomassa no longo prazo.

Os achados de nosso estudo demonstram que houve uma redugdo nas taxas de
AGB em funcéo das maiores taxas de mortalidade de caules associado a maiores taxas
de mudanca de AGB no leste de Maraca. Estes resultados séo distintos dos resultados
de outros estudos desenvolvidos nas florestas tropicais da Amazonia (e.g. Baker et al.,
2004; Phillips et al., 2008), onde os autores indicam aumento da AGB e classificam as
florestas tropicais como possiveis sumidouros de carbono. Por outro lado, nossas
observagdes no leste de Maraca a partir das 129 parcelas permanentes se assemelha a
logica expressa por Nascimento et al. (2007) sobre a interdependéncia das taxas de
recrutamento e crescimento, indicando que a reducdo da AGB (2016-2020) ocorreu
porque as taxas de recrutamento e crescimento de arvores ndo foram suficientes para

substituir as taxas de mortalidade de caules e perda de area basal, como também
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sugerido por Johnson et al. (2016). Por fim, entre os grupos florestais foi observado
que o de P. gracilipes foi 0o de menor taxa de perda de AGB, sendo discordante do
apresentado por Nascimento et al. (2014) que indicaram que os valores de AGB foram
similares entre trés tipos de florestas por eles estudados (floresta rica em P. gracilipes
- FRP, floresta pobre em P. gracilipes - FPP e floresta sem P. gracilipes - FSP), com
o0s autores ndo tendo verificado alteracdo significativa ap6s 20 anos entre censos em
Maraca. A partir de nossos resultados é indicado que as florestas do leste de Maraca
atuaram como fontes emissoras de carbono atmosférico entre 2016-2020 devido a
reducdo de AGB por causa da reducdo das taxas de crescimento e recrutamento
associada a altas taxas de mortalidade arborea de individuos com didmetro do caule >

10 cm.

4.2 — Efeito dos filtros ambientais (soma dos micronutrientes, contetdo de fésforo e

teor de argila) sobre a taxas de mudanca de AGB/C

O estudo mostrou um efeito negativo da soma dos micronutrientes sobre a taxa
de mudanca total da AGB dos grupos arboreos estudados (Palmeiras, Arvores e P.
gracilipes), e em particular, do grupo Arvores que, separadamente, foi também
positivamente afetado pelo teor de argila do solo. Nesse sentido, sugere-se que o efeito
negativo da soma dos micronutrientes sobre a taxa de mudanca da AGB total e do grupo
Arvores ocorreu porque o maior contetido de micronutrientes notadamente ocorre em
areas sazonalmente inundadas e situadas em terrenos de baixa altitude. Essas areas vem
sendo caracterizadas como mais propicias para a ocorréncia monodominante da espécie
P. gracilipes (Silva et al. ndo publicado; Nascimento et al., 2017; Villacorta, 2017). P.

gracilipes € uma espécie de crescimento lento (Carvalho, 2014) que possui maior
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capacidade fisioldgica para acumular biomassa e absorver (ou tolerar) maiores
concentracdes de alguns micronutrientes do solo (e.g. Fe™) que pode afetar
negativamente a maioria das outras espécies que habitam a mesma area. P. gracilipes
foi o Unico grupo arboreo em que a taxa de mudanca de biomassa ndo esteve associada a
nenhum fator ambiental e, desta forma, os resultados desse estudo discordam dos
apresentados por Nascimento et al. (2007) que concluiram que a maior taxa de mudanca
da AGB ocorreu devido a morte de arvores grandes em florestas especialmente
monodominadas por P. gracilipes (FRP e FPP). Nesse contexto, os resultados obtidos
por nosso estudo no norte da Amazonia sdo semelhantes ao de outras investigacoes
realizadas na Amazonia Central (Laurance et al., 1999; Castilho et al., 2006; Castilho et
al.,, 2010; Toledo et al.,, 2016) que indicaram que as caracteristicas edéaficas e
topograficas possuem efeito direto na variacdo espacial da taxa de mudanca da AGB das
florestas da regido.

Em nosso estudo foi encontrado um efeito positivo do contetdo de fosforo sobre
a taxa de mudanca da AGB do grupo das Palmeiras. As Palmeiras indicaram um melhor
desempenho em &reas com maior conteudo de fosforo do que outros individuos
arbéreos em Maracd, indicando que seu ciclo de vida pode ser mais acelerado devido ao
ganho de biomassa nessas florestas. Nosso resultado é concordando ao sugerido por
Paoli and Curran (2007), indicando que em florestas tropicais ha uma forte relacdo
positiva entre biomassa, crescimento basal e produtividade primaria liquida com os
nutrientes do solo, principalmente com o fosforo extraivel. Os referidos autores
concluiram que o suprimento de fosforo no solo foi o principal fator da variacéo
espacial na produtividade primaria liquida em sua area de estudo. No sentido contrério,

Schietti et al. (2016) encontraram relacdes negativas entre o estoque de biomassa e a
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concentracdo de fosforo, além da soma de bases e restricdes fisicas do solo, em um
estudo conduzido em 55 parcelas de 1 ha ao longo de um transecto de 600 km no
interflivio dos rios Purus-Madeira, sul do rio Amazonas, Amazonia central. Por outro
lado, Quesada et al. (2009) relataram que em areas de florestas tropicais da bacia
Amazonica, o fosforo do solo tem sido considerado o nutriente limitante para a
producdo primaria, sugerindo que ndo sao apenas as formas de fosforo imediatamente
disponiveis, mas provavelmente todo o pool de fésforo no solo que esta interagindo
com o crescimento da floresta em escalas de tempo mais longas (Quesada et al., 2012).
Essa observacdo condiz com o observado por Aragado et al. (2009), indicando que as
taxas de crescimento florestal sdo relacionadas principalmente ao fosforo disponivel,
sugerindo que os solos podem ser considerados o principal fator determinante no
funcionamento e composicdo das florestas na larga escala da Bacia. Assim sendo,
nossos resultados indicam que tanto o estoque quanto a dindmica da biomassa/carbono
das florestas do leste de Maraca dependem do conteldo de fdsforo, com especial
destaque para o grupo arbéreo das Palmeiras, que fazem uso mais eficiente desse

nutriente.

4.3 — Efeito da variacdo das condig¢des climaticas sobre taxas de mudanca AGB/C

Apesar de nossos resultados apresentarem resultados graficos compativeis de
variacdo (aumento ou reducdo) das taxas vitais em relacdo a um tempo tardio (time-
delay) de 1-2 anos para 0s anos secos/Umidos ocorridos na regido de estudo,
estatisticamente nossos resultados ndo mostraram significancia na variagdo das taxas em

relagdo ao CWD e as anomalias da temperatura (SST) entre os anos 2016 e 2020.



125

Nossos resultados obtidos em curto prazo de avaliacdo sdo discordantes dos
resultados de outros estudos (Aleixo et al., 2019; Clark et al., 2003; Rifai et al., 2018;
Rolim et al., 2005; Vilanova et al., 2018) desenvolvidos em prazos mais longos em
diferentes regides de florestas tropicais, onde foram determinados fortes efeitos
significativos dos eventos climaticos extremos (SST, El Nifio e La Nifia) sobre as taxas
vitais de ecossistemas florestais. Por exemplo, Lewis et al. (2011) e Brando et al. (2019)
documentaram que secas extremas sdo grandes causadoras de perdas de maiores
quantidades de carbono para atmosfera por meio dos impactos ocasionados nos
diferentes tipos de florestas tropicais. Essas observacdes sdo coincidentes com a de
Brienen et al. (2015) que observaram um declinio de carbono causado por meio das
maiores taxas de mortalidade de arvores em areas de florestas na Amazonia durante as
secas de 2005 e 2010.

Outros estudos como os de Aragdo et al. (2007) e Jiménez-Mufioz et al. (2016)
indicaram que as recentes grandes secas (1982-1983, 1997-1998, 2005, 2010,
2015/2016) registradas na Amazonia foram associadas aos eventos de El Nifio e as
anomalias da temperatura da superficie do mar (SST) no Atlantico tropical, ou a uma
combinacdo de ambos, como sugerido por Marengo et al. (2008) e Marengo e Espinoza
(2016). Em todas essas ocasifes, houve grande mortalidade de arvores associada a esses
eventos extremos. Em Maraca, Nascimento et al. (2014), sugeriram que as oscilagdes da
taxa de mudanga de AGB entre 1991 e 2011 podem estar associadas ao numero de
fortes eventos ENSO que ocorrem em Roraima nesse periodo, pois encontraram
diferencas das taxas de AGB entre os intervalos do censo (e.g. intervalo 1991-2003
houve perda enquanto que durante 2003—2011 houve um aumento). Estes resultados sao

distintos dos resultados de nosso estudo que indicou que os efeitos dos eventos
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climaticos extremos no curto prazo ndo foram suficientes para estressar
significativamente a taxa de mudanca de AGB.

No caso de Maraca, a maior mortalidade de individuos e, consequentemente as
maiores perdas de biomassa e reducdo da taxa de recrutamento, foram observados em
um tempo de retardo que variou de 1 a 2 anos, mas que nao foi suficiente para gerar um
padrdo significativo. N6s sugerimos que o reduzido nimero de observacBes temporais
(n = 5 anos) tenha tido influéncia nesses resultados e, desta forma, é necessario uma
série temporal mais longa de observacdes para verificar com maior grau de acuracidade
qual o padrdo de ganho/perda de biomassa/carbono arbéreo no leste de Maraca. Isso é
importante porque secas extremas seguidas podem diminuir consideravelmente 0s
estoques de carbono das florestas na Amazonia no longo prazo, mas esse resultado pode
passar desapercebido quando o periodo de analise é pequeno e, por isso, S80 necessarios

varios anos de observacdo (Brando et al. 2008).

5. Conclusion

Houve variacdo anual das taxas vitais (recrutamento, mortalidade e rotatividade)
de caules dos diferentes grupos arbéreos (Palmeira, Arvores e P. gracilipes) entre 2016-
2020 nas florestas de ecotono do leste de Maraca, com reducdo do numero total de
caules e da AGB na maioria dos anos observados. A taxa de mudanca da AGB dos
diferentes grupos arbdreos das florestas do ecotono estudado responderam apenas a
soma de micronutrientes. Quando analisados separadamente, a taxa de mudanga de
AGB das Palmeiras respondeu ao contetdo de P disponivel, enquanto a taxa de AGB
das Arvores respondeu ao teor de argila e & soma dos micronutrientes. As taxas de

mudanca de AGB dos grupos arbdreos avaliados ndo foram significativamente
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relacionados aos indices climaticos adotados pelo estudo (CWD e anomalias da
temperatura SST), embora graficamente foi claramente visivel identificar tempos de
demora (1-2 anos) na resposta da floresta aos eventos climaticos extremos. Assim
sendo, sugere-se que essa relacdo de causa e efeito precisa ser investigada em um prazo
mais longo, mantendo uma série temporal com registros anuais das taxas vitais de AGB
e das variaveis climaticas, com o objetivo de dar luz a um melhor entendimento da
dindmica florestal e do ciclo do carbono nos ecossistemas de florestas ecotonais do

norte da Amazonia brasileira.
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CONCLUSAO GERAL

Os resultados do estudo da floristica desta investigagcdo corroboram com dados de
estudos anteriores, indicando que a heterogeneidade ambiental das florestas ecotonais
do leste da Ilha de Maraca influencia na distingdo da composicdo floristica e estrutural,
com a abundancia de P. gracilipes atuando como variavel descritiva para os tipos de
florestas. O levantamento floristico realizado por este estudo amplia o conhecimento
sobre estrutura florestal e composicdo de espécies arbdreas em zonas ecotonais do norte
da Amazbnia brasileira, melhorando nossa capacidade de prever mudangas na
composicao de espécies e na diversidade de plantas quando levamos em consideragédo
comparagdes entre inventarios florestais anteriores realizados em Maraca. Nesse
sentido, a investigacdo em tela indicou que a estrutura florestal do ecétono estudado é
modelada por interacBes bioticas e por fatores edaficos, principalmente bases
permutaveis. Em geral, a altura das arvores diminuiu com a densidade das arvores, de
modo que os fatores que afetam a Ultima afetaram indiretamente a primeira. Portanto, a
disponibilidade de bases trocaveis influenciou no aumento da altura média das arvores,
tanto diretamente, favorecendo arvores maiores, quanto indiretamente, suprimindo a
densidade das arvores. A maior parte da variacdo da estrutura florestal observada na
escala espacial considerada néo foi explicada pelos fatores investigados, sugerindo um
papel desconhecido de fatores negligenciados ou estocastica. O estudo também revelou
que a riqueza de espécies arboreas e a composicdo floristica das florestas ecotonais no
leste da Ilha de Maraca respondem principalmente aos mesmos filtros ambientais, ou
seja, altitude, teor de argila do solo e soma de micronutrientes. Esses fatores afetam a
composicao das espécies direta e indiretamente, atraves da abundéncia de P. gracilipes.
Em particular, a riqueza de espécies é suprimida tanto pelas maiores restricbes hidro-
edaficas quanto pela abundancia de P. gracilipes. Portanto, os resultados indicam que 0s
nutrientes do solo e as interacdes bidticas proporcionam efeitos competitivos de P.
gracilipes e outras espécies, desempenhando um papel importante na estruturacdo das
comunidades arboreas na area ecotonais estudada. Por fim, foi concluido que houve
variacdo das taxas de recrutamento, mortalidade e de rotatividade de caules dos
diferentes grupos arboreos (Palmeira, Arvores e P. gracilipes) analisados entre 2016-

2020. Nesse contexto, houve reducdo do numero total de caules e taxas negativas de
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AGB. A taxa de mudanca da AGB dos diferentes grupos arbdreos das florestas do
ecotono estudado respondeu apenas a soma de micronutrientes. Quando analisados
separadamente, a taxa de mudanca de AGB das Palmeiras respondeu ao contetido de P
disponivel no solo, enquanto a taxa de AGB das Arvores respondeu ao teor de argila e a
soma dos micronutrientes. A taxa de mudanca Total da AGB dos grupos arboreos nao
respondeu significativamente as varidveis climaticas (cumulative water déficit = CWD,
sea surface temperature = SST) relacionadas, embora graficamente foi percebido um
tempo de demora (1-2 anos) na resposta da floresta ao estresse climatico, em especial
em anos de seca. Isto sugere que essa relacdo de causa e efeito precisa ser melhor
investigada no longo prazo por meio de registros anuais de dados sobre as taxas de
mudanca da AGB e de variaveis climaticas em séries temporais de longo periodo de
tempo. Os resultados gerais da investigacdo melhoram nosso entendimento sobre a
dindmica das florestas ecotonais do extremo norte da Amazonia brasileira, podendo
serem utilizados como base de informacGes para construcdo de politicas publicas
direcionadas a mitigacdo dos efeitos negativos do aquecimento global nas éareas

florestais do extremo norte da Amazonia.



