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Sinopse

Foram monitoradas com dendrémetros 1879 arvores por 12 meses, com
intervalos bimestrais, em um gradiente hidro-topografico de uma floresta de
terra-firme na Amazonia Central. Avaliou-se o incremento em circunferéncia
de arvores e palmeiras entre os periodos de monitoramento e 0os ambientes
topograficos. Os maiores valores de incremento em circunferéncia das
arvores ocorreram na transicdo da estacdo seca para a estagdo chuvosa e ao
longo do periodo chuvoso. Em relagdo a topografia, no final do periodo
chuvoso as arvores das areas de platds apresentaram incremento em
circunferéncia maior que as demais areas, e no periodo da seca as areas de
baixio tiveram &rvores com maior incremento do que as arvores dos platds e
vertentes. Aspectos como nivel do lencol freatico, precipitacdo e textura do
solo foram avaliados. Considerou-se também a densidade da madeira
relacionada as variaces de incremento em circunferéncia entre os periodos
de monitoramento e ao longo da topografia.

Palavras-chave: Ecofisiologia, sazonalidade, densidade da madeira,
topografia, Amazonia Central.
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RESUMO

Mudangas climaticas sdo reconhecidas como um dos maiores impactos ambientais sobre o
estoque de carbono das florestas tropicais, mas os efeitos e os mecanismos pelos quais o clima
afeta o balanco de carbono das florestas tropicais ainda séo incertos. A sazonalidade de
crescimento tem sido estudada visando compreender isto. Neste estudo foi investigado como
o gradiente hidro-topogréafico e a densidade da madeira modulam o crescimento intra-anual
das arvores em uma floresta de terra-firme na Amazonia Central, Brasil. Foram monitoradas
1879 arvores e palmeiras com dendrometros, a cada dois meses em nove parcelas de 1lha. O
crescimento variou em funcéo da distancia vertical da drenagem mais proxima, da textura do
solo e densidade da madeira ao longo do tempo. O aumento em circunferéncia foi
principalmente associado com o aumento das chuvas no periodo de transi¢do da estacdo seca
para chuvosa. No final da estacdo chuvosa, as arvores situadas em solos argilosos e
verticalmente mais distantes do lencol freatico tiveram maior crescimento do que as arvores
nas vertentes e nos baixios. No entanto, no comeco da estacdo seca, as maiores taxas de
crescimento ocorreram nos baixios e nas vertentes com solos arenosos. Além disso, arvores de
alta densidade da madeira mantiveram uma baixa variabilidade de crescimento intra-anual em
circunferéncia, com incremento aumentando no periodo de transicdo da estacdo seca para
chuvosa, enquanto as arvores de baixa densidade da madeira tivera alta variabilidade de
crescimento. Estas diferencas sugerem que o balanco entre o investimento em crescimento de
madeira e a prevencdo ao embolismo podem direcionar as respostas fisiologicas ao longo de
gradientes hidro-topograficos. O crescimento em circunferéncia é direcionado pelo aumento
de chuvas no periodo de transicdo da estacdo seca para chuvosa, o qual ndo é o periodo de
maior irradiagdo e nem com maior quantidade de chuvas, como recentes estudos tem
sugerido. Além disso, as condi¢Ges mais favoraveis para o crescimento variam na topografia
ao longo do tempo, de acordo com as melhores condi¢cdes de agua disponivel no solo. Os
baixios podem ser beneficiados por um periodo de seca, com o balango de crescimento em
favor destas areas. Isto poderia significar um menor efeito negativo das secas ao longo da
paisagem do que esperado por experimentos, os quais foram conduzidos em areas distantes do
lencol-freatico.

Palavras-chave: Dendrometros, ecofisiologia, alta densidade da madeira, irradiacdo, baixa
densidade da madeira, interagbes planta-clima, sazonalidade de chuvas, floresta tropical,
estacao chuvosa.
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ABSTRACT
Topography and wood density modulate seasonal growth of central Amazonian forests

Global climatic changes are widely recognized as the greatest current environmental impact,
but the effects and mechanisms by which climate affects the carbon balance of tropical forests
are uncertain. Growth seasonality has been studied in an attempt to understand this. Here we
investigated how hydro-topographic gradients and wood density modulate intra-annual
growth of trees in a terra-firme forest in central Amazonian Brazil. A total of 1,879 trees and
palms were monitored with dendrometers every two months in nine 1ha plots. Growth varied
as a function of terrain height above the nearest drainage, soil texture and wood specific
gravity across time. Increases in girth were mostly associated with raising rainfall during the
transition from dry to wet season. At the end of the wet season, trees in clayey soils and
vertically far from the water table had greater growth increments than trees in slopes and
sandy valleys. However, at the start of the dry season, higher growth rates occurred in valleys
and slopes with sandy soils. Additionally, trees with high specific gravity woods maintained
low intra-annual girth growth variability, with increment increases in the transition period
from dry to wet season, while trees with low specific gravity woods had a broad range of
growth variability. These differences suggest that a trade-off between wood growth
investment and hydraulic safety may be driving physiological responses along
topographically-driven hydrological gradients. Tree stem growth is driven by the rainfall
increase in the transition from dry to wet seasons, and not by greater irradiation or greater
amount of rainfall as recent studies have suggested. Moreover, the most favorable conditions
for growth move across the landscape along time, in association with topography, tracking the
best conditions of soil-water availability. Valleys around terra-firme streams may benefit from
some level of drought, therefore if dry-seasons become longer, the balance of growth may
shift in favor of these areas. This would mean a lower net effect of droughts over the
landscape than expected from drought experiments, which were conducted in upland areas far
from places with a superficial water-table.

Key-words: Dendrometers, ecophysiology, high wood density, irradiation, low wood density,
plant-climate interactions, rainfall, seasonality, tropical forest, wet season.
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1. Introducéo

As mudancas climaticas sdo reconhecidas como um dos maiores impactos ambientais na
atualidade. Estudos recentes indicam que as florestas tropicais sdo sensiveis ao aumento de
diéxido de carbono na atmosfera (Phillips & Gentry 1994; Phillips et al. 2004), a0 aumento
de temperatura (Clark et al. 2010), alteracdes nos padrdes de chuva (Phillips et al. 2009), ao
aumento das secas (Phillips et al. 2008; Malhi et al.2008) e alteracdes na disponibilidade de
agua no solo (Malhi et al. 2008). Alguns autores sugeriram que 0 maior impacto destas
mudancas sobre a biomassa florestal tropical € dado pela fertilizacdo por CO, (Korner et
al.2006; Huang et al, 2007), causando o aumento da biomassa que tem sido registrada em
varios estudos (Phillips et al. 1998, Baker et al. 2004, Lewis et al. 2009, Castilho et al. 2010).
Entretanto, esta hipdtese foi refutada por Clark et al. (2010), que mostraram reducdo do
crescimento das arvores com o aumento anual da temperatura noturna em 1°-2°C e
diminuicdo das chuvas na estacdo seca, sugerindo que a producdo de madeira e a mortalidade
das arvores podem ser severamente afetadas pelo aquecimento ou resfriamento do clima. De
fato, ainda sdo incertas as causas diretas das mudancas nos padrdes de dinamica e estoque de
biomassa observados nas florestas tropicais e se estas estdo se comportando como fontes ou

sumidouro de carbono (Phillips et al. 1998, Clark et al. 2004, Pan et al. 2011).

O estudo da sazonalidade da fotossintese e da producdo de folhas e madeira pode fornecer
pistas para entender a sensibilidade da floresta aos diferentes fatores climéticos (temperatura,
precipitacdo e irradiacdo) afetados pelas mudancas globais. Na Amazonia, alguns estudos
observaram um aumento de 25% no Indice de Vegetacio Melhorada — EVI (um proxy para
capacidade fotossintética do dossel) com o aumento da irradiancia na estacdo seca (Huete et
al. 2006) e um aumento de produtividade primaria associada as areas da bacia mais afetadas

por um evento de seca extrema ocorrida em 2005, a qual foi atribuida ao aumento de



irradiancia e a reducdo da nebulosidade (Saleska et al. 2007, e.g Samanta et al. 2010). Estes
resultados podem ser associados a mecanismos de aclimatacdo sazonal das folhas, através da
manutencdo de sua capacidade fotossintética em periodos secos (Domingues et al. 2014).
Outros estudos, no entanto, mostraram que a respiracéo da floresta aumenta e a produtividade
primaria liquida declina nos periodos secos e/ou com baixa disponibilidade de agua no solo
(Malhi et al. 2004, Bonal et al. 2008, Metcalfe et al. 2010), bem como o0 crescimento em
diametro das arvores (Silva et al. 2010; Wagner et al. 2012). Em meio a estes resultados
aparentemente contraditérios, com medicGes de campo apresentando um aumento de
biomassa e de incremento em didmetro das arvores na estacdo chuvosa e dados de satélites e
torres de fluxo mostrando flushing de folhas e aumento da produtividade da floresta no
periodo da seca, Wagner et al. (2013) demonstraram que ha um assincronismo e mudanca de
alocacdo de carbono entre a producdo de folhas e madeira, indicando que a producdo de
folhas foi direcionada pela irradiancia enquanto a producdo de madeira pelas chuvas.
VariagGes sazonais nas chuvas resultam em grande alteracdo de agua disponivel no solo
para plantas (Comita et al. 2009; Stahl et al. 2012). O estoque de &gua no solo é influenciado
pelo regime de precipitagdo mas também por variagdes no nivel do lengol freatico (Tomasella
et al. 2007) e por propriedades fisicas do solo, como textura e porosidade, que determinam a
retencdo de agua. Na Amazonia central o relevo € bem dissecado pela rede de drenagem,
resultando em uma paisagem com areas altas em relacdo a drenagem (platés), onde os solos
sdo argilosos, e areas de vales a beira das drenagens (baixios), onde 0s solos sdo arenosos. Na
estacdo seca, as plantas situadas nos platds podem estar sob estresse hidrico por déficit de
agua, pois ha uma diminuicdo no aporte de chuvas e o lengol freatico esta distante da
superficie (Hodnett et al. 1997). Na estacdo chuvosa, as plantas dos platds devem ter as
melhores condicGes de crescimento, tendo em vista a alta disponibilidade de agua associada a

alta porosidade, boa drenagem e alta capacidade de retencdo de agua dos solos argilosos. Nas



regibes de baixios, as plantas estdo verticalmente mais proximas a drenagem e estdo
suscetiveis a alta saturacéo dos solos por dgua nos periodos chuvosos (Hodnett et al. 1997). A
saturacdo e a inundacdo resultam em supressdo do crescimento radial atribuida as condi¢des
de anaerobiose no solo (Schongart et al. 2002, 2010, Rodriguez- Gonzalez et al. 2010), de
forma que a intensidade de chuvas pode se caracterizar como um fator limitante e ndo um
estimulo ao crescimento das plantas no baixio.

As arvores das florestas tropicais apresentam grande variabilidade de respostas
fisioldgicas frente as mudancas das condi¢cdes hidricas no ambiente (Stahl et al. 2012).
Diferentes respostas individuais das arvores a seca dos solos foram observadas, sendo que
alguns individuos regularam a fotossintese e a transpira¢do quando a agua disponivel no solo
foi drasticamente reduzida e outras apresentaram pequenas Vvariacdes, indicando boa
adaptacdo aos solos secos (Stahl et al. 2012). O estudo dos tracos funcionais pode trazer
grandes contribuicdes para entendimento desta variacdo. Por isso a densidade da madeira
parece um bom ponto de partida, ja que reflete as estratégias de crescimento das arvores assim
como relaciona-se com o tamanho e frequéncia dos vasos, por seguinte a condutividade
hidraulica (Poorter et al. 2010). Arvores de baixa densidade da madeira sio associadas a um
rapido crescimento e possuem poucos mas amplos vasos condutores, por outro lado arvores
de alta densidade da madeira apresentam baixo crescimento e vasos condutores finos e
abundantes. O trade-off entre quantidade e tamanho dos vasos condutores é a razdo que
direciona a eficiéncia e seguranca da condutividade hidraulica (Baas et al. 2004, Poorter et al.
2010). Vasos de maior calibre possuem maior condutividade hidraulica, contudo maior risco
de embolia e cavitacdo (Sperry et al. 2006), enquanto vasos menores apresentam uma maior
seguranca hidraulica, apesar de possuirem uma baixa condutividade hidraulica (Baas et al.

2004, Santiago et al. 2004, Poorter et al. 2010, Fan et al. 2012).
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Dado o conhecimento das variagdes nas propriedades da madeira, nas taxas de
crescimento individuais (Grogan & Schulze 2012) e entre grupos funcionais (Santiago et. al
2004) ao longo de gradientes de disponibilidade hidrica (Ferry et al. 2010, Baker et al. 2003,
Bellingam et al. 2000), parece logico esperar que diferentes combinacdes destes fatores
devem levar a diferentes respostas sazonais, indicando diferentes sensibilidades da floresta as
mudangas climéaticas. O entendimento destas interaces pode ajudar a resolver alguns
conflitos aparentes nos resultados atuais sobre o balanco de carbono das florestas tropicais.
Neste trabalho procuramos contribuir para compreensdo do funcionamento do balango de
carbono e para predicdes de como a floresta pode responder as mudancas climaticas,
avaliando como caracteristicas ambientais limitam o crescimento secundario intra-anual de
arvores em escala local. Visamos responder as seguintes perguntas: (i) como as caracteristicas
hidro-topograficas influenciam o crescimento secundario intra-anual das arvores e palmeiras
de uma floresta de terra-firme da Amazo6nia Central? (ii) Como as caracteristicas hidro-
topograficas modulam o crescimento secundario das arvores e palmeiras, considerando a
densidade da madeira? Esperamos que a disponibilidade de &gua no solo, influenciada pela
topografia e a sazonalidade de chuvas, seja o principal preditor para as diferentes respostas de
incremento em circunferéncia das arvores e palmeiras, e que os periodos mais favoraveis ao
crescimento variem entre os ambientes topograficos, de acordo com o conteudo de agua no
solo. Esperamos ainda que as arvores de alta densidade da madeira apresentem menor
variacdo de crescimento secundério intra-anual, crescimento conservativo, e ao longo da
topografia, em funcdo de sua alta densidade de vasos condutores de baixo calibre, enquanto as
arvores de baixa densidade da madeira apresentem maior variabilidade de respostas em
crescimento secundario ao longo do ano e da topografia, em funcdo de sua anatomia do

xilema com poucos vasos condutores, contudo de alto calibre.



2.0Dbjetivos
2.1. Objetivo Geral

O objetivo geral deste trabalho consiste em responder as perguntas: (i) como as
caracteristicas hidro-topograficas influenciam o crescimento secundario intra-anual das
arvores e palmeiras de uma floresta de terra-firme da Amazénia Central? (ii) Como as
caracteristicas hidro-topograficas modulam o crescimento secundario das arvores e palmeiras,

considerando a densidade da madeira?

2.2. Objetivos Especificos

- Monitorar bimestralmente o crescimento em didmetro das arvores;

- Relacionar o crescimento em didametro das arvores com precipitacdo acumulada bimestral e

radiacdo fotossinteticamente ativa.
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ABSTRACT

1. Global climatic changes are widely recognized as one of the greatest current
environmental impacts, but the effects and mechanisms by which climate affects the
carbon balance of tropical forests are uncertain. Growth seasonality has been studied
in an attempt to understand this.

2. Here we investigated how hydro-topographic gradients and wood density modulate
intra-annual growth of trees in a terra-firme forest in central Amazonian Brazil. A total
of 1,879 trees and palms were monitored with dendrometers every two months in nine
1ha plots distributed over 16 km?.

3. Growth varied as a function of terrain height above the nearest drainage, soil texture
and wood specific gravity across time. Increases in girth were mostly associated with
rising rainfall during the transition from dry to wet season. At the end of the wet
season, trees in clayey soils and vertically far from the water table had greater growth
increments than trees on slopes and in sandy valleys. However, at the start of the dry

season, higher growth rates occurred in valleys and slopes with sandy soils.



4. Additionally, trees with high specific gravity woods maintained low intra-annual girth
growth variability, with increment increases in the transition period from dry to wet
season, while trees with low specific gravity woods had a broad range of growth
variability. These differences suggest that a trade-off between wood growth
investment and hydraulic safety may be driving physiological responses along
topographically-driven hydrological gradients.

5. Synthesis. The highest tree stem growth rates are driven by the rainfall inputs in the
transition from the dry to wet season, and not by the periods with highest values of
irradiation or precipitation. Moreover, the most favorable conditions for growth move
across the landscape along time, in association with topography, tracking the best
conditions of soil-water availability. Valleys around terra-firme streams may benefit
from some level of drought, therefore if dry-seasons become longer, the balance of
growth may shift in favor of these areas. This would mean a lower net effect of
droughts over the landscape than expected from drought experiments, which were

conducted in upland areas far from places with a shallow water-table.

Key-words: Dendrometers, ecophysiology, high wood density, irradiation, low wood

density, plant-climate interactions, rainfall, seasonality, tropical forest, wet season.

Introduction

Climate change is recognized as one of the greatest current environmental impact. Recent
studies indicate that tropical forests are sensitive to increased atmospheric carbon dioxide
(Phillips & Gentry 1994, Huang et al. 2007), increased temperature (Clark et al. 2010),
rainfall pattern changes (Phillips et al. 2009; Clark et al. 2010) and increased drought (Phillips

et al. 2009; Malhi & Phillips, 2004). Some authors have suggested that the major impact of



these changes on the tropical forest biomass is due to CO, fertilization (Cox et al. 2004; Lloyd
& Farquhar 2008), causing the increase in biomass recorded by several studies (Phillips et al.
1998; Lewis et al. 2009; Castilho et al. 2010). However, this hypothesis was refuted by Clark
et al. (2010), who found a reduction of tree growth with an annual 1°-2°C increase in night
temperature and decreasing dry season rainfall, suggesting that wood production and tree
mortality may be severely affected by either a warming or cooling climate. Overall, the direct
causes of the changes in growth patterns and biomass dynamics observed in tropical forests
are still uncertain, and it remains unclear if they are behaving as sources or sinks of carbon

(Phillips et al. 1998, Clark et al. 2004; Pan et al. 2011).

The study of seasonal variations in photosynthesis and leaf and wood production
can provide clues to understand forest sensitivity to those climatic factors (e.g. temperature,
precipitation, radiation) affected by global climate changes. Studies in Amazonia have
observed a 25% increase in the Enhanced Vegetation Index (a proxy for photosynthetic
capacity) 25% increase in the Enhanced Vegetation Index (a proxy for photosynthetic
capacity) with increasing dry season insolation (Huete et al. 2006), and the increase in
primary productivity that occurred in those parts of the Amazon basin most affected by the
extreme drought of 2005 were attributed to increased insolation and reduced cloudiness (e.g.
Saleska et al. 2007; Samanta et al. 2010). Such results may be associated with mechanisms
for leaf seasonal acclimation, allowing the maintenance of photosynthetic capacity during dry
periods (Domingues et al. 2014). Other studies, however, have shown that forest respiration
increases and forest net primary productivity declines (Malhi et al. 2004; Bonal et al. 2008;
Metcalfe et al. 2010), as well as stem growth (Silva et al. 2010; Wagner et al. 2012) in dry
season and/or periods of low soil water availability. Amid these apparently contradictory

results, where field measurements show trees increasing in biomass and diameter in the rainy
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season, while satellite data and flux towers showing leaf flushing and increased forest
productivity during the dry season, Wagner et al. (2013) demonstrated that there is an
asynchrony between the carbon allocation to leaf production and to wood, indicating that the

former was principally driven by insolation while the later was primarily influenced by rain.

Seasonal variations in rainfall can result in large changes in soil water availability for
plants (Stahl et al. 2012). The reserve of water in the soil is influenced by rainfall regime but
also by variations in water-table level (Tomasella et al. 2008), as well as by physical soil
properties such as texture and porosity, which determine water retention (Hodnett &
Tomasella 2002). In central Amazonia the topography of the landscape is shaped around the
drainage network mainly as result of chemical (but also physical to a certain degree)
processes of the soil (Chauvel et al. 1987). The result is a landscape with high relative
drainage areas (plateaus), where the soils are clayey, and valley lowlands (bottomlands) near
waterways, where soils are sandy (Chauvel et al. 1987). These variations in soil properties
and terrain height can result in strongly contrasting seasonal water regimens in plateaus and
bottomlands, even when they are horizontally highly proximate. In the dry season rainfall
contribution greatly decreases and groundwater is far from the surface (Hodnett et al. 1997),
therefore plants on plateaus and upper slopes may be under water stress from water deficit
(Tomasella et al. 2008). In the rainy season, plateaus appear to provide conditions highly
favorable to plant growth, with high water availability associated with high porosity and high
water retention capacity of clay soils. Rainfall may therefore be expected to be a growth
stimulant in such habitats. By contrast, in bottomlands during the rainy season, plant roots are
vertically closer to the water-table and susceptible to high soil water saturation and flooding
(Hodnett et al. 1997). This may give rise to anaerobic conditions which may result in the

suppression of radial growth (Schongart et al. 2002, 2005; Rodriguez-Gonzalez et al. 2010).
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Hence, for bottomland plants, rain intensity can be characterized as a limiting factor, not a

growth stimulus.

Tropical forests trees exhibit great variability in their physiological responses to
changing water conditions in the environment (Stahl et al. 2012). Different responses between
species and within-species to dry soils have been observed, with some individuals regulating
photosynthesis and transpiration when soil water availability was drastically reduced, while
the response of others have indicated good adaptation to dry soils (Stahl et al. 2012). The
study of functional traits can greatly aid in understanding this variation. Wood density offers a
potentially productive point of entry since, via relationships with hydraulic conductivity, it
reflects both the growth strategies of trees and the size and frequency of the vascular tissue
components (principally the water-conducting xylem: Poorter et al. 2010). Trees with low-
density wood are associated with rapid growth and have few but large xylem vessels, while
high-density wood trees have slow growth, and xylem vessels that are abundant but narrow.
The trade-off between xylem vessel quantity and size is driven by considerations of hydraulic
conductivity efficiency and reliability (Baas et al. 2004; Poorter et al. 2010): larger xylem
vessels have a higher hydraulic conductivity, but a higher risk of embolism and cavitation
(Sperry et al. 2006), while smaller vessels have a higher hydraulic reliability, despite having a
low hydraulic conductivity (Baas et al. 2004; Santiago et al. 2004; Poorter et al. 2010; Fan et

al. 2012).

Given the knowledge of the variations in wood properties and individual growth rates
(Grogan & Schulze 2012) and how these differ between functional groups (Santiago et al.
2004) along gradients of water availability (Ferry et al. 2010; Baker et al. 2003; Bellingam et
al. 2000), it seems logical to expect that different combinations of these factors should lead to

different seasonal responses, indicating different sensitivities of the forest to climate change.
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Potentially, understanding these interactions offers means to help resolve some of the

apparently conflicting results produced by recent studies of tropical forest’s carbon balance.

This article aims to contribute to the understanding of the functioning of carbon
balance and of how tropical forest might respond to climate change by assessing how
environmental characteristics affect the intra-annual secondary growth of trees at a local scale.
We aim to answer the following questions: (i) do hydro-topographical features influence the
intra-annual secondary growth of trees and palms of a central Amazonian upland forest? (ii)
in such forests, do hydro-topographic features modulate trees and palm secondary growth via

wood density?

We predict that the availability of soil water, influenced by topography and rainfall
seasonality, will be the main explanation for the different responses in tree and palm
circumference increase, and that the temporal distribution of most favorable growth period
will vary across topographical environments in relation to soil water content. We also expect,
over such a topographic gradient, that trees with high wood density will have a lower intra-
annual variation of secondary growth and slow growth-rates (due to a conservative, but safer
strategy), while trees with low wood density will show greater variability of responses in

secondary growth across time and space (year and topography).

Materials and Methods

Study Area

The study was conducted in (Ducke Reserve) the Ducke Forest Reserve (3°5° S,
60°00° W, Amazonas State, northern Brazil), a 10,000 ha (10 x 10 km) area located near the

outskirts of Manaus city (Fig. 1), and considered the most intensely scientifically studied site
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in central Amazonia (Freire & Azevedo 2010). The vegetation cover is Dense Humid Non-
Flooded Lowland Tropical Forest (Brazil 1978), and has a canopy with an average height of
32m (Ribeiro et al. 2002), with emergents to 55m. The average annual temperature site is 26°
C (Ribeiro & Villa Nova 1979). Regionally, most rainfall occurs between December and
May, with a drier period between June and November. Average annual rainfall is 2,421 mm
(based on records from1966-1985), with no year exceeding 3000 mm. However, mean
average rainfall at Reserve Ducke has increased in the last 16 years (to 2814 mm), with very
high (> 3000 mm) values in 2011 and 2013 (see Figure S1 in Supporting Information).
Satyamurti et al. (2009) have reported a similar trend for Barcelos, Belém, Manaus, Rio
Branco and Soure. As well as Gloor et al. 2013 showed this tendency of increasing rainfall
has occurred across Amazonia since 1990. Reserve Ducke soil types vary with topography:
soils of higher altitude areas (plateaus) are classified as Oxisols rich in yellow clay with low
organic C content (Gentry 1990). However, the proportion of sand increases with decreasing
altitude, forming red-yellow podzols on the lower slopes, while sand-dominated soils occur in

the bottomlands (Mertens 2004).
Sampling regime and environmental variables

A grid with trails spaced every 1 km was installed between 2000 and 2003 as part of
the Brazilian Research Program in Biodiversity (PPBio0). Nine trails run North-South (N-S)
and nine East-West (E-W). Each track is 8 km long, giving a total grid area of 64kmz2. On the
E-W tracks there are 72 permanent plots, each 40 x 250 m, whose shape follows local
contours to minimize within-plots variations in soil, topography and distance to the water
table (Costa & Magnusson 2010). To ensure independence, sample plots are separated by at

leastl km (Fig. 1).
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The nine plots selected for this study (Fig. 1) covered the entire range of locally available
vertical distances to the water-table, and therefore represent the entirety of variation in
hydrologic conditions found in the central Amazonian upland forest study site. The vertical
distance to the water table was estimated using the HAND (Height Above Nearest Drainage)
algorithm developed by Renno et al. (2008). This algorithm uses a digital elevation model
(DEM) to estimate the vertical distance of a chosen point from the local water table surface. A
HAND model previously developed for the Ducke Reserve, based on elevation data derived
from SRTM (Shuttle Radar Topographic Mission), indicated that the vertical distances to
drainage are linked to spatial variations in plant species composition (Schietti et al. 2014).
Areas with highest HAND values are vertically farther from drainage, and represent plateau
areas. Slopes have intermediate, more variable, HAND values, while in bottomlands HAND
values are low, reflecting their proximity to the superficial water table. Here surface

outcropping of the water table results in areas where soil is fully saturated or lightly flooded.

Data on precipitation and photosynthetically active radiation (PAR) for the study period was
obtained from the Reserva Ducke meteorological station. Rainfall data were obtained with a
rain gauge (daily measurements every hour) and PAR data obtained hourly with a Licor
pyranometer. Precipitation values used for the current study are the cumulative rainfall values

for the two months preceding each growth recording.

Selection of trees and palms and dendrometer installation

Based on a tree inventory undertaken by C. Castilho (Castilho et al. 2006) between
2000-2003 and the most recent re-census in 2007, 1879 trees with diameter at breast height
(DBH) >10 cm were selected. Within each 250 x 40 m plot 200 trees were selected and

dendrometers installed. Each plot was sub-divided into 10 x 40 m sections, and eight trees
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selected in each, within nine DBH classes of 10 cm intervals. Equal numerical representation
for all classes was attempted. However, since there were fewer (n=47) individuals in DBH
classes > 70 cm, all encountered individuals in these classes were used (Rice et al.
2004).When choosing trees the taxonomic identity was not considered, being randomly
distributed. The dendrometers were manually-constructed
(http://www.rainfor.org/en/manuals) and installed between November and early December
2012. To allow each dendrometer to adjust to the stem of its tree, monitoring only began two
months after initial installation. For details of the sampling protocol see http://
ppbio.inpa.gov.br /repository/database.

Increment monitoring occurred using analog steel calipers and following the
RAINFOR-GEM (Amazon Forest Inventory Network and Global Ecosystem Monitoring
network) protocol (available at http://www.rainfor.org/en/manuals). Data was collected
bimonthly, so between February 2013 and January 2014 six measurements were obtained for

each of the 1879 sample individuals (Table 1).

Wood density

Wood density values were obtained from the Global Wood Density Database (Chave et

al. 2009, Zanne et al. 2009: available at http://datadryad.org/), following identification of the

monitored species used in this study. The density values were available to species level for
969 individuals (~51% of sample), to genus level for 768 individuals (~41% of sample:
average value for all species in genus in the database), and to family for 70 individuals (~4%
of sample: average value for species in family from database). When the monitored individual
was not identified, the average density of all individuals in the plot was used (72 individuals,

~4% of sample).


http://datadryad.org/
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Monitored individuals were categorized into three levels of wood density (using an
adjustment to the definition proposed by Borchert and Pockman (2005): High-density >
0.75g/cm3, Intermediate-density between 0.5 and 0.75g/cm3, low-density < 0.5 g/cm?’.
However, based on the frequency histogram (see Figure S2) of wood densities from trees
monitored with dendrometers at Ducke, the best fit for separating wood density classes in the
study sample would be: > 0.70g/cm? for high density trees, between 0.5 and 0.70g/cm? for

intermediate density, and < 0.5g/cm? for low density wood (see Fig. S2).

Data analysis

Increase in trees and palm circumference was summarized as the average increment
per individuals of each plot. Analyses for all species pooled together and for wood density
categories were conducted. For species with more than 10 individuals (Brosimum rubescens,
Caryocar glabrum, Ecclinusa guianensis, Eperua glabriflora and Iryanthera juruensis),

analyses of the increase in circumference were performed at the individual level.

Differences in average circumference increases between monitoring periods for trees
and palms, as well as the difference in average increase in circumference for trees by wood
density class, were tested with an ANOVA for repeated measures. Simple linear regressions
were used to test the relationship between the average increment in circumference for trees
and palm and the hydro-topographic gradient (represented by the HAND values for each plot)

for each monitoring period.

Results

Photosynthetically Active Radiation and Precipitation
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The average monthly photosynthetically active radiation (PAR) and the accumulated
monthly rainfall in the Ducke Reserve (Table 1) were negatively correlated (p =0.03 and r =
0.30) over the study period (see Figure S3). The annual rainfall was 3386 mm in 2013. No
month had less than 100 mm rainfall, and, by the definitions of Sombroek et al. (2001), no dry
season occurred. However, monthly rainfall in June, August, September and October was less
than ~ 30% of the values recorded in previous months, being barely above 100 mm.
Additionally, the number of days without rain increased in the period from August to October

(16-18 days, compared to 3-9 days in other months).

Average increase in tree circumference

A total of 1879 individuals trees and palms were monitored, of which 1795 trees could be
identified and represented 452 species from 189 genera in 57 families (see Table S1), 84

being palms from 3 genera and 3 species.

The mean increase in circumference (MIC) for all plots for all trees combined (Table 1), was
two-times higher in the period from October to November and three-times higher in the
period from December to January, compared with other four periods (F = 46.08, p <0.01).

These increases in MIC occurred during the transition from wet to dry period (Fig. 2).

Although the average growth in the plots was different only in the transition periods
between drier and wetter months, MIC values showed significant differences between the
topographic environments (as represented by HAND values) within the wet and dry seasons.
At the end of the rainy season (April-May), trees on plateaus showed higher MIC values than
those on slopes and in bottomlands (bsg = 0.29, r2 =0.50, p = 0.03, Fig.3b.). The converse was
observed at the beginning of the dry season (June-July), with bottomland trees showing higher

MIC values than those on slopes or plateaus (bsy = -0.22 , r2 = 0.33, p = 0.10, Fig.3c). In



18

other periods MIC values did not differ significantly (see Table S2) between the topographic

categories (Figs. 3a, ¢, d, e, f).

Mean circumference increments for different wood density classes

Of the 1795 trees in this study, 948 (~53%) had high wood density (= 0.7g/cm?), 724
(~40%) intermediate wood density (0.5 to 0.7g/cm?), and 123 (~7%) low wood density (<
0.5g/cm?). The same pattern of enhanced circumference increase in the periods October-
November and December-January was found for all trees with high (F = 10.93, p = 0.01,
Fig.2c) and intermediate (F = 10.93, p = 0.01, Fig.2d) wood density. Trees with low density
wood showed highly variable MIC responses between plots and there was no significant
differences between the monitoring periods (F = 1.41, p = 0.37, Fig. 2e), although there was a

tendency for greater increment between December-January.

For most periods, there was no difference in MIC at the 5% level of significance
between the topographic environments for any of the wood density classes. In the transition
periods however, trees of intermediate and high wood density exhibited similar growth
increments in relation to topographic environments, which were also the same detected when
all trees were pooled together: in April to May, the transition from the rainy to dry seasons
(Figs. 3 h,n), individuals of intermediate (bsg = 0.09, p = 0.07, r2 = 0.38) and high wood
density (bsq = 0.75, p = 0.02, r2 = 0.52) growing on plateaus displayed greater MIC values
than those on slopes and in bottomlands. In the next sample period (June-July), the early dry
season, this relationship reversed (Figs. 3i,0), and bottomland trees with intermediate (bsqg = -
0.06, p = 0.004, r2 = 0.84) and high wood density (bsg =-0.35, p = 0.25, r2 = 0.18) had greater
MIC values than those on slopes or plateaus. For low wood-density trees, there was no

significant relationship between MIC values and the distance to ground water (see Table S3).
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Mean increase in circumference in palms

Across the nine study plots, 84 dendrometers were installed to monitor palms (Attalea
maripa, n = 2; Euterpe precatoria, n = 3; Oenocarpus bataua, n = 68; Oenocarpus bacaba, n
= 11). During the monitoring periods the average annual increase in palm circumference was
low (0.16 mm) and no significant differences were recorded between monitoring periods.
There was also no relationship between the size increase of palms and the distance to the

water table in any monitoring period (see Table S2).

Intra-specific variation in mean increment in circumference

Though nearly all species selected for intra-specific analyses occur in all plots, no significant
within-species differences in circumference growth associated to topography were found over
the period (see Table S2). Only Ecclinusa guianensis species (bsig = 0.58, p <0.1, r2=0.40), a
species with one of the largest numbers of sampled individuals (n = 22), showed an
association between individual growth and topography: during the rainy season (Dec-Jan)
trees of this species on slopes and plateaus showed a greater increase in circumference than

those in bottomlands (bsig = 0.63, p <0.01 to r? = 0.40, Fig. 4).
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Discussion

In this study we found higher mean increase in circumference (MIC) values for trees
during periods of transition from dry to wet season, and also recorded that interactions
between rainfall, soil texture, vertical distance from the water table and intrinsic

characteristics of trees (wood density) can modulate the seasonal growth responses.

Palms, despite not having secondary growth (Tomlinson & Hugget 2012; Renninger et
al. 2013, Renninger & Phillips 2013), have circumferential deposition of fibers and so can be
a good indicator group for estimates of the amount of water retained in the stipe (stem).
However, we observed no seasonal patterns of increase in stipe circumference between study
periods, nor any changes between topographic environments. This is possibly due to the high
within-sample variation, likely caused by waxing and waning of individual stipe

circumferences in, respectively, wet and dry periods.

Rainfall seasonality

The results of this study indicate that tree growth may be more sensitive to the amount
of rainfall in the transition periods between dry season and rainy season than to the total
rainfall volume throughout the rainy season. Unlike patterns predicted for insolation-
associated growth (Huete et al. 2006; Saleska et al. 2007), current results suggest highest rates
of increase in circumference are not associated with the dry season (when insolation is
highest). They also suggest that patterns of intra-annual tree growth are not simply driven by
accumulation of water in the soil. In Iquitos (Peru), a negative relationship was found between
increasing rainfall and tree diameter increase (C. Pizango & J. del Aquila Pasquel,

unpublished data), while Ishibashi et al. (1996) suggested that high precipitation reduces the
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amount of Rubisco enzyme: this implies the reduction of photosynthesis and thereby a

lessening of carbon assimilation.

In consequence, we believe that increases in circumference recorded in the current
study may be associated with two mechanisms: (i) investment in radial growth is stimulated
by the onset of the rains and the use of non-structural carbohydrates stored during the dry
period. Some studies (e.g., Kitajima et al. 1997; Domingues et al. 2014) indicate that tropical
forest trees have little variation in dry season photosynthetic capacity, which implies that new
tissues construction (sink activity) is more limited by the scarcity of water than actually
capturing carbon (photosynthesis), which can generate large carbohydrate stores (Wdrth et al.
2005). During the rainy season this stock is consumed and growth is reduced, as recorded here
in the final months of the rainy season. Alternatively, (ii) investment in circumferential
growth is greater in the transition from dry to wet seasons, when most plants have new leaves,
which are photosynthetically more productive (Reich & Borchert1988; Kitajima et al. 1997),
and there is still high irradiation despite increasing cloudiness. As the rainy season progresses,
the frequency of cloudy days increases and, correspondingly, growth rates decrease. This
same pattern of growth has been reported in Bolivia for three tree species and suggested
explanations for these results converge with those just described, including the reduction of
photosynthetic capacity of older leaves and mobilization of stored carbohydrates for growth

(Brienen & Zuidema 2005). These mechanisms are not necessarily mutually exclusive.

Rainfall and soil water availability have been reported as key drivers of growth at a
number of study sites ( Nepstad et al. 2002; Dinisch et al. 2003; Brienen & Zuidema 2005;
Wagner et al. 2012; Grogan & Schulze 2012 ). However, Cedrela odorata studied in Bolivia
by Brienen & Zuidema (2005), unpublished data of M. Camargo in the area north of Manaus,

and the present study, all show a reduction in growth between the middle and end of the rainy
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season, suggesting that large amounts of rainfall do not increase tree growth, and that a
substantial volume of rain for an extended period may actually inhibit tree diameter

increment.

Soil and hydrology

Variations in tree circumference increments at Reserva Ducke were related not only to
seasonality, but also to hydro-topographic gradient, suggesting a variation of tree carbon
assimilation behavior linked to interactions between soil texture, rainfall and distance to

groundwater.

In the early dry season (June-July), trees in the bottomland areas showed greater
increases in circumference than those growing on plateaus, indicating that a combination of
reduced rainfall and reduced groundwater level favored plant growth in this environment. For
bottomland trees a growth rate decrease was recorded only at the end of the rainy season
(April-May), so that only extreme waterlogging (probably due to groundwater upwelling),
may lead to this reduction. This may indicate that either anaerobic conditions do not develop
throughout the soil profile for most of the rainy season, or that trees may tolerate anaerobic
conditions up to some level, to then reduce growth. The rapid switch from low to high growth
in the bottomlands between the end of the rainy season and start of the dry season suggests
high sensitivity of trees in these areas to changes in rainfall patterns. This may also allow for
increased growth if the dry season is longer. However, when considering a similar result
along a topographic gradient in Ghana, Baker et al. (2003) attributed low growth rates in
waterlogged soils to a seasonally low nitrogen availability and not to the anaerobic conditions.
Whatever the direct causal factor, drying of waterlogged areas increases growth and therefore

these areas can benefit from droughts.



23

Trees on plateaus, far from the water table, showed smaller circumference increases
in the dry season (June-July). This growth reduction early in the dry period was surprising,
because the clay soils of the plateaus have good water holding capacity and are slow to dry
out: in fact, Tomasella et al. (2008) show that only between August and September are these
soils are effectively dry. These results therefore suggest that either trees on the clay soil
plateaus have especially high sensitivity to rainfall reduction, or other factors that change in

the transition to the dry season are responsible for determining growth rate.

Trees on slopes, located at the transition between plateaus and lowlands, had MIC values
intermediate between those of trees from the plateaus and lowlands at the end of the rainy
season (April-May) and early dry season (June-July). Soils on slopes are under the influence
of water table fluctuation via capillary action between groundwater and unsaturated soil.
Above the limit of water rise by capillarity, water available to plants comes predominantly
from direct precipitation. The sum of these processes by which water can enter the soil means
that slopes do not dry out in the dry season (Daws et al. 2002) and are not inundated in the
rainy season, which may well explain why we found trees there to have the most stable

growth levels throughout the year.

These results, combined with the observation of a higher average secondary growth in
the dry to rainy season transition, and growth decrease at the end of the rainy season, show
that a subtle balance between the availability of water and light is needed to promote growth.
In Amazonian upland forests, this favorable balance migrates across the landscape as the

seasons progress, according to the water conditions given by topographic position and soil

type.
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Wood density

The results of the current study show how biophysical structures of wood can
modulate the seasonal growth responses of trees. Trees with low density wood are associated,
in general, with rapid growth, high carbon assimilation and high water storage capacity in
xylem cells (Santiago et al. 2004; Pockman & Borchert, 2005). Their xylem vessels occur at
low density and are of large diameter, which confers higher risk of embolism (Baas et al.
2004). In the current study, this group showed great variability in the growth responses to
changes in rainfall and between topographical environments. Such variability is likely due to
the large diameter of the conducting vessels: though high hydraulic conductivity makes such
vessels highly efficient when water is readily available, they are more susceptible to

embolism in dry periods, hence the low growth of some individuals during this period.

In terms of comparative growth rates for the three hydro-topographic environments,
trees of intermediate wood-density showed very similar behavior to those with high-density
wood, in both dry and rainy seasons. Trees of both intermediate and high wood-density had
more conservative behavior than trees of low wood-density and their increases in
circumference were less susceptible to short-term fluctuations of soil water. Trees of high
wood-density generally have slow growth rates. This is associated with low photosynthetic
rates (Santiago et al. 2004; Fan et al. 2012), low capacity for water storage in the more elastic
cells of the xylem (Santiago et al. 2004) and small but plentiful conducting vessels (Baas et
al. 2004; Santiago et al. 2004; Poorter et al. 2010), giving low hydraulic conductivity at the
expense of an increased resistance to cavitation and embolism. At the end of the rainy season
(April-May) high wood-density trees on plateaus had a greater increase in circumference than
those in lowland areas. During this period, the rainfall is high at the Ducke Reserve and

groundwater recharge is reaching its peak (Tomasella et al. 2008), the surface layers of the
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soil in the low-lying areas are under the direct influence of the water table and waterlogged
soils are present. These results suggest that, given their low hydraulic conductivity, the best
growing conditions for this functional group occur the end of the rainy season on plateaus —
when the availability of soil water is high. At the same time, trees in lowlands had a sudden
reduction in circumference increase when compared to the previous period (February-March),

possibly due to anoxic conditions in waterlogged soil and so unable to invest in growth.

The above-described relationships integrate the distance of the water table, soil
texture, and tree wood-density as modulators of growth factors. Trees with low wood-density
had great variability of individual responses and therefore no seasonal pattern of increase in
circumference. Trees with high and intermediate wood densities showed similar average
patterns, with the greatest circumferential increases occurring on plateaus at the end of the

rainy season, while bottomlands trees had greater increase in circumference in the dry season.

Intra-specific plasticity in relation to hydro-topographic gradient

The four species examined individually showed little phenotypic plasticity in their
growth patterns in relation to hydro-topographical environments. However, individuals of
Ecclinusa guianensis (intermediate wood-density 0.62g/cm?) growing in plateaus and
bottomlands showed quite different patterns of rainy season (December-January)
circumference increments. These individuals showed great growth rate variability, with
highest values on the plateaus, while those in lowlands were either similar or much lower than
those from the plateaus - indicating a high intraspecific variation between the topographical
environments (Fig. 4). Individuals of this species growing in different topographical
environments vary both in height and in leaf characteristics (Ribeiro et al. 2002), and these

could be subsequently investigated for better understanding growth plasticity.
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It is also worth noting that the only species for which we found intra-specific
relationships between seasonal growth and topographic gradient also had the largest number
of sampled individuals. The absence of patterns for other species, in this as in other studies,
may be simply due to the low number of individuals sampled and not the actual absence of the

effect itself.

Conclusions

Predicted scenarios of global climate change include changes in rainfall patterns and
water availability in the soil that could affect plant growth, and therefore highlight the
importance of a firm understanding of carbon cycle functioning. Contrary to previous studies,
which indicated high irradiation or high rainfall as the best conditions for tree growth, we
found the highest growth in the transition from dry to wet season, which is not the period of
greater irradiation neither of greater water availability to plants. This suggests that the
entrance of water in the system at the end of the dry season triggers growth, but accumulation
of rainfall towards the end of the wet season can inhibit growth. Moreover, local
environmental features, such as soil texture and water-table level, modulate this growth.
Growth performance change along the landscape throughout the year, tracking the best
conditions of soil water availability — not too dry, not too wet. Growth patterns associated to
wood density suggest that a trade-off between investment in wood growth and hydraulic
safety may be driving physiological responses along topographically-driven hydrological

gradients in central Amazonian terra-firme forests.

The implication of these results is that a large amount of the Amazonian forest, in the
valleys around terra-firme streams, may benefit from some level of drought. If dry-seasons

become longer, the balance of growth may shift in favor of these areas, which under the
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present conditions have lower cumulative growth and hence lower biomass than forests on
slopes and plateaus (Castilho et al. 2006). This would mean a lower net effect of droughts
over the landscape than expected from drought experiments, which were conducted in upland

areas far from places with a superficial water-table.
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Tables

Table 1. Values (mm) for average increase in circumference of trees per plot, accumulated
precipitation (mm) and average photosynthetically active radiation (PAR, mol/m?) in each
monitoring period, between February 2013 and January 2014.

HAND Feb Apr Jun Aug Oct Dec

Mar May  Jul Sep Nov Jan
2.15 0.68 0.59 0.59 0.78 1.23 1.03
3.02 0.79 0.18 0.88 0.32 0.94 1.58
13.62 0.48 0.52 0.37 0.38 1.46 1.61
14.56 0.71 0.42 0.42 0.81 0.84 1.68
17.47 0.48 0.26 0.46 0.57 0.86 2.69
19.31 0.62 0.60 0.59 0.10 0.73 0.97
39.48 0.54 0.59 0.33 0.48 1.33 1.96
40.44 0.74 0.68 0.15 0.78 1.14 1.74
45.57 0.87 0.91 0.56 0.74 1.32 1.72

Cumulative rainfall 881.9 829.6 343.7 2499 508.3 4938

PAR 2.8 3.1 3.2 3.1 3.1 2.9
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Figure 1. Map of the Ducke Forest Reserve near Manaus, Brazil, showing dendrometer plots.
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and intermediate wood density pattern of growth of trees. In most of year there is no trend in the relationships among the mean increment in
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Figure 4. Individual increment in circumference (mm) of tree species Ecclinusa
guianensis in the december-january period (wet season) and the vertical distance from
water-table (m). The trees in the greater distance from water-table had the greater
increment than other trees in other areas closest of water-table, as bottomlands.
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SUPPORTING INFORMATION
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Figure S1. Temporal series (between years 1966-2013) of accumulated annual rainfall
at Ducke Reserve, Amazonas (Brazil), which represents the increase of amount rainfall
among years.
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Figure S3. Correlation between accumulated monthly precipitation (mm) and
photosynthetically active radiation (PAR, mol/m?) at Ducke Reserve, Manaus,
Amazonas, in 2013 (p=0.03 e r=0.3).
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Table S1. Number of individuals in plots with circumference at breast height greater
than or equal to 10cm; percentage of number of individuals in plots relative to the total
number of individuals in the plots (% individuals) and taxonomic entities monitored in
each plot relative to their respective values of vertical distance from water-table

(HAND).

Plot HAND Individuals Monitored % Number Number Number
Individuals individuals of of of

Families Genus  Species
LO62500 2.15 308 195 63.31 35 66 73
LO33500 3.02 269 210 78.06 34 63 83
LO31500 13.62 330 197 59.69 38 64 87
LO52500 14.56 321 187 58.25 32 68 90
LO6500 17.47 339 201 59.29 39 77 103
LO22000 19.31 379 198 52.24 40 73 93
LO43500 39.48 322 192 59.62 37 77 108
LO44500 40.44 345 212 61.44 41 73 105
LO42500 4557 332 287 86.44 42 89 123
Total - 2945 1879 63.80 57 189 452
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Table S2. Values of bgq, p e r? from variance analyses of monitoring periods and mean
increment in circumference (MIC), linear regressions between mean increment in
circumference of life history type and the vertical distance from water-table (HAND).

Life history type Predictor  Outcome Dstd P r2
Variable
Periods MIC <0.01
Feb-Mar  0.05 0.61 0.03
Apr-May 029 003 050
1) All trees Jun-Jul -0.22 0.10 0.33
HAND Aug-Sep  0.11 0.52 0.05
Oct-Nov  0.16 0.37 0.11
Dec-Jan 0.28 0.43 0.09
Periods MIC <0.001
Feb-Mar  -0.49 0.23 0.19
Apr-May  0.75 0.02 0.52
High density wood Jun-Jul -0.35 0.25 0.18
HAND  Aug-Sep -0.25 057  0.04
Oct-Nov ~ 0.28 0.47 0.07
Dec-Jan  0.13 0.79 0.01
Periods MIC <0.001
Feb-Mar  0.08 0.08 0.36
Apr-May 009 007  0.38
Intermediate density wood Jun-Jul -0.06 0.0004 0.84
HAND  Aug-Sep 0.06 011  0.32
Oct-Nov  0.03 0.53 0.05
Dec-Jan 0.03 0.36 0.11
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Periods MIC 0.06
Feb-Mar  -0.19 0.72 0.01
Apr-May 0.11 093  0.001
Jun-Jul -0.37 0.67 0.02
Low density wood HAND Aug-Sep -0.37  0.67 0.02
Oct-Nov  0.25 0.85 0.005
Dec-Jan -0.5 0.63 0.03
Periods MIC 0.2
Feb-Mar  0.02 0.66 0.28
Apr-May -058 021  0.20
2) Palms Jun-Jul 025 062 0.3
HAND  Aug-Sep 025 023 0.9
Oct-Nov  -0.10 0.2 0.21
Dec-Jan 0.40 0.19 0.22
Periods Ic 0.7
Feb-Mar  0.20 0.10 0.13
Apr-May  0.01 0.92 0.0004
Jun-Jul 0.12 0.56 0.01
3) Brosimum rubescens HAND Aug-Sep  0.07 0.59 0.01
Oct-Nov ~ 0.12 0.33 0.05
Dec-Jan  -0.37 0.41 0.03
Periods e 0.10
Feb-Mar  0.18 0.22 0.07
Apr-May  0.02 0.87  0.001



46

4)Ecclinusa guianensis Jun-Jul -0.04 0.63 0.01
HAND Aug-Sep  0.10 0.56 0.01
Oct-Nov  0.22 0.36 0.04
Dec-Jan  0.63  0.002  0.40
Periods Ic 0.002
Feb-Mar  0.13 0.2 0.03
Apr-May -0.08 047 0.1
4) Eperua glabriflora Jun-Jul 0.14 0.20 0.03
HAND Aug-Sep  -0.04 0.64 0.004
Oct-Nov  0.04 0.78 0.001
Dec-Jan 0.23 0.25 0.02
Periods e 0.09
Feb-Mar  -0.11 0.42 0.04
Apr-May  0.01 0.91 0.0009
5) Iryanthera juruensis Jun-Jul -0.24 0.40 0.05
HAND Aug-Sep  0.38 0.42 0.04
Oct-Nov ~ 0.31 0.52 0.03
Dec-Jan  -0.04 0.73 0.008

As a service to our authors and readers, this journal provides supporting information

supplied by the authors. Such materials may be re-organized for online delivery, but are
not copy-edited or typeset. Technical support issues arising from supporting information
(other than missing files) should be addressed to the author.
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Conclusdes

As previsdes dos cenarios das mudancas climaticas globais, como alteraces nos
padrdes de chuvas e de disponibilidade de agua no solo, podem ter efeitos diretos sobre
0 crescimento das plantas e, por isso, destacam a importancia da compreensao do
funcionamento do ciclo do carbono. Neste estudo, o aporte de chuvas no periodo de
transicdo entre a estacdo seca e chuvosa e a interacdo desta com a distancia do lencol

freatico e a textura do solo foi um direcionador do crescimento secundario das arvores.

No final da estacdo chuvosa, as arvores das areas de platds, distantes do lencol
fredtico e com solos argilosos, apresentaram os maiores valores de incremento em
circunferéncia superiores as areas de baixios, sugerindo que a retencdo de agua no solo,
em funcdo da baixa granulometria da argila, possibilitou que as plantas tivessem maior
crescimento secundario. J& na estacdo seca, as arvores das areas de baixios, com solos
ndo encharcados ou inundados, como nos periodos anteriores, e com suas raizes
proximas ao lengol fredtico, puderam ter um maior crescimento secundario do que as
arvores das demais areas, as quais possivelmente tinham seus solos ressecados ou as

raizes sem acesso a agua neste periodo.

Seguindo 0 mesmo padrdo descrito a cima, as arvores de alta e intermediaria
densidade da madeira, tiveram crescimentos secundarios com picos na transicdo do
periodo seco para o chuvoso, o que pode ser explicado através da anatomia celular
destas plantas: as arvores de alta densidade da madeira possuem uma baixa
condutividade hidraulica em razéo de vasos condutores finos, contudo esta caracteristica
confere maior seguranca hidraulica a embolia. Além disso sdo arvores de crescimento
mais lento e com menores taxas fotossintéticas, o que representa um comportamento

mais conservativo as mudancas das condi¢cdes ambientais. As arvores de baixa
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densidade da madeira apresentam maior variabilidade de respostas entre os periodos e
entre 0s ambientes topogréficos, o que possivelmente pode ser atribuido as
caracteristicas anatdmicas da madeira como o alto calibre de vasos condutores e altas
taxas fotossintéticas, o que confere maior suscetibilidade a embolia e cavitacdo nos

periodos de seca.

O presente estudo apresenta desdobramentos do crescimento secundario das
arvores em relacdo a topografia e a densidade da madeira, podendo contribuir para uma
melhor compreensdo ecossistémica do funcionamento das florestas tropicais e suas

associacfes com as variaveis climaticas.
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