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As árvores são fáceis de achar 

Ficam plantadas no chão 

Mamam do céu pelas folhas 

E pela terra 

Também bebem água 

Cantam no vento 

E recebem a chuva de galhos abertos 

Há as que dão frutas 

E as que dão frutos 

As de copa larga 

E as que habitam esquilos 

As que chovem depois da chuva 

As cabeludas, as mais jovens mudas 

As árvores ficam paradas 

Uma a uma enfileiradas 

Na alameda 

Crescem pra cima como as pessoas 

Mas nunca se deitam 

O céu aceitam 

Crescem como as pessoas 

Mas não são soltas nos passos 

São maiores, mas 

Ocupam menos espaço 

Árvore da vida 

Árvore querida 

Perdão pelo coração 

Que eu desenhei em você 

Com o nome do meu amor. 

 

Arnaldo Antunes / Jorge Ben Jor 
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RESUMO 

 

Como as árvores da Amazônia são afetadas e reagem à fragmentação florestal e 

mudanças climáticas? Uma abordagem dendrocronológica  

 

As árvores são consideradas elementos fundamentais das florestas tropicais, 

desempenhando papéis centrais na manutenção e equilíbrio dos Ecossistemas a que estão 

associadas e no fornecimento de serviços ambientais indispensáveis para o bem-estar humano. 

Por serem seres sésseis e longevos, se tornam excelente bioindicadores temporais das 

alterações ambientais pretéritas e presentes a que são expostas ao longo de suas vidas. 

Atualmente, a conservação da maior floresta tropical do mundo está fortemente ameaçada 

pelos avanços nas taxas de desmatamento e mudanças climáticas do Antropoceno. Nesse 

contexto, através de uma perspectiva dendrocronológica, o presente estudo teve como 

objetivo avaliar como árvores ocupando diferentes perfis verticais da floresta de terra firme 

na Amazônia central brasileira são afetadas por efeitos de borda e mudanças climáticas e 

reagem a esses fenômenos ao longo da vida. Através dos anéis de crescimento revelamos que 

árvores de Scleronema micranthum (Ducke) Ducke (Malvaceae) localizas no dossel florestal 

são mais sensíveis aos efeitos de borda e mudanças climáticas, apresentando redução de 18% 

em suas taxas de crescimento durante os primeiros 10 anos de fragmentação. Resultado 

oposto aos observados para árvores de Theobroma sylvestre Mart. (Malvaceae) localizadas 

nos perfis verticais inferiores da floresta que aumentaram suas taxas de crescimento em 

aproximadamente 6% durante os primeiros 20 anos de fragmentação. Confirmando que 

mudanças climáticas locais e estruturais provocadas pelos efeitos de borda e alterações 

climáticas de larga escala relacionadas principalmente ao aquecimento e resfriamento dos 

oceanos exercem diferenças contrastantes na dinâmica de crescimento de árvores dependendo 

de sua posição no perfil vertical da floresta. Portanto, destacamos a relevância dos anéis de 

crescimento como bioindicadores da fragmentação florestal e mudanças climáticas locais e de 

larga escala a que as árvores são expostas durante suas vidas. Fornecendo novas perspectivas 

sobre a capacidade de resiliência das árvores da Amazônia, corroborando com práticas de 

manejo e restauração florestal em cenários futuros de fragmentação e aquecimento global.  

 

Palavras-chave: Dendroecologia, Dendroclimatologia, Perda de habitat, Dossel, Sub-dossel, 

Projeto Dinâmica Biológica de Fragmentos Florestais 
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ABSTRACT 

 

How Amazon trees growth are affected and react to forest fragmentation and climate 

changes? A dendrochronology approach 

 

Trees are considered key elements of tropical forests, playing central roles in 

maintaining and balancing of the ecosystems with which they are associated and in providing 

environmental services that are indispensable for human well-being. Because they are sessile 

and long-lived beings, they become excellent temporal bioindicators of past and present 

environmental changes to which they are exposed throughout their lives. Currently, the 

conservation of the world's largest rainforest is strongly threatened by advances in 

deforestation rates and the Antropocene climate changes. In this context, through a 

dendrochronological perspective, the present study aimed to evaluate how trees occupying 

different vertical profiles of the terra firme forest in central Brazilian Amazonia are affected 

by edge effects and climate change and react to these phenomena during their lifetime. 

Through tree rings we reveal that Scleronema micranthum (Ducke) Ducke (Malvaceae) trees 

located in the forest canopy are more sensitive to edge effects and climate change, showing an 

18% reduction in their growth rates during the first 10 years of forest fragmentation. Opposite 

results to those observed for Theobroma sylvestre Mart. (Malvaceae) trees located under 

forest canopy that increased their growth rates by approximately 6% during the first 20 years 

of fragmentation. Confirming that structural and climate changes caused by edge effects and 

large-scale climate changes mainly related to oceans warming and cooling exert contrasting 

differences in tree growth dynamics depending on their position in the vertical profile of the 

forest. Therefore, we highlight the relevance of tree rings as bioindicators of forest 

fragmentation and local and large-scale climate change to which trees are exposed during 

their lives. Providing new perspectives on Amazonian trees resilience, corroborating with 

forest management and restoration practices in future scenarios of fragmentation and global 

warming. 

 

Keywords: Dendroecology, Dendroclimatology, Habitat loss, Canopy, Sub-canopy, 

Biological Dynamics of Forest Fragments Project 
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GENERAL INTRODUCTION 

The Amazonian forest view as a pristine nature before European colonization is 

currently very simplistic and romanticized. Recent studies and archaeological, 

paleoenvironmental and ecological discoveries highlight that the world's largest rainforest 

already presented landscape changes due to human action during pre-Columbian times 

(Heckenberger et al., 2003; Clement et al., 2015; Levis et al., 2018; Andrade et al., 2019).  

 The impact of Homo sapiens on biological equilibrium dates from its appearance on 

earth, and despite not having many tools and high population density for major landscape 

transformations, primitive human was already using a very powerful instrument capable of 

major environmental modifications, the fire (Dorst, 1973; Dean, 1997). The Amazon areas 

covered by terra preta, soils of anthropic origin, resulting from the accumulation of charred 

organic waste, confirm the strong relationship of pre-Columbian indigenous peoples with the 

use of fire (Neves et al., 2003).  

 In this sense, the relationship between humans and the environment depends heavily 

on the group in question, considering that cultural, technological, wealth and political power 

differences reflect the environmental impact of their activities (Fearnside, 2003).  

From the eighteenth century onwards, the massive population density growth 

associated with technological advances of a capitalist world, favored the unprecedented 

impact of human activities on the planet, making human action for the first time in history 

able to produce geological forces (e.g. land use changes, deforestation, fossil fuel burning) 

that cause profound environmental changes (Crutzen, 2006).  

Among these profound environmental changes, we can highlight the forest 

fragmentation and climate changes. Considering that currently, it is estimated that there are 

more than 50 million tropical forest fragments, comprising a area > 1.5 billion ha, with 50 

million km of edge  (Brinck et al., 2017). And future climate scenarios projections reveal a 

global temperatures increase in response to increase burning of fossil fuels by the human 

activities (Intergovernmental Panel on Climate Change 2019). 

According to Haddad et al (2015), the outcome of human impact on forest 

fragmentation can produced three fundamental “debts”: the “extinction debt”, where loss of 

forest species takes more than 10 years to reach 50% of previous mature areas; the 

“immigration lag”, where fewer species arrive in remote areas; and “ecosystem function 

debt”, described as delayed changes in nutrient cycling and to plant and consumer biomass. 

Numerous other “debts” able to influence human well-being can also be attributed to 

climate changes: directly affecting metabolic and developmental rates in many plants, altering 
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fundamental processes such as photosynthesis, respiration, growth and tissue composition 

(Hughes, 2000); increasing the number of extreme drought and flood events (Yoon and Zeng, 

2010; Marengo et al., 2012; Barichivich et al., 2018; Espinoza et al., 2019); intensifying 

psychological (e.g. concern and uncertainty about future risks) and psychosocial (e.g. 

migration and climate-related conflicts) impacts (Doherty and Clayton, 2011); and changing 

the global production of major crops (Lobell and Field, 2007). That is, the future of human 

well-being will depend on its current action on the environment. 

Currently the increase of Brazilian Amazonian forest deforestation by approximately 

88% compared to 2018 (INPE, 2019), and the ongoing potential increases of legal 

deforestation after Brazilian Forest Act revision, that favors the reduction size of the legal 

reserves for nature protection from 80% to 50% in Amazonian private properties (Freitas et 

al., 2018). Together with the promises and actions of the Brazil’s new president, that threaten 

Brazilian Amazonian forest and the traditional people who inhabit it (Ferrante and Fearnside, 

2019) and the tipping point of 20–25% in deforestation rates for the Amazon ecosystem to 

became a non-forest system (Lovejoy and Nobre, 2018). Highlight the urgency for studies that 

evaluate how Amazonian forest ecosystems and their services recover after human 

disturbances. 

In these sense, recognizing the key role of trees in conservation and supply of essential 

environmental services provide by Amazon forest, being a relevant source of water vapor for 

the entire climate system (Nobre et al., 2009a), able to release 20 trillion liters of water a day 

(Nobre, 2014). It also contributes with ~17% of total global freshwater input to the oceans 

(Callede et al., 2010) and to the energy balance and climate maintenance of the planet (Hilker 

et al., 2014; Wang and Fu, 2007). Indispensable for the global carbon cycle (Malhi et al., 

2006; Saatchi et al., 2007) through photosynthetic fixation of 17% of the terrestrial carbon 

biomass (Fauset et al., 2015). 

Researches that seek evaluate how trees species in the world's largest hydrographic 

basin are affected and respond to forest fragmentation and climate change along their life’s 

cycle will be indispensable to understanding the Amazon forest resilience. Knowledge that 

benefit Amazon forest management and restoration practices in current scenarios of forest 

fragmentation and global warming. 

Evaluate how tree growth is influenced by the environment is not necessarily 

contemporary, Leonardo da Vinci already recognized them in the fifteenth century by 

measuring the width of tree rings. However, only from the twentieth century that 

dendrochronology (dendron, wood; chronos, time; and logus, study) was consolidated as a 
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modern science by the North American Andrew E. Douglas in looking at the relationships 

between solar activity cycles and the earth's climate with tree rings  (Schweingruber, 1988). 

By adding a long-term perspective, dendrochronology is an effective tool to evaluate how 

forest fragmentation and climate changes influence tree growth dynamics throughout their 

life’s cycle, reflecting the effect of biotic and abiotic factors on the periodicity of cambial 

activity (Callado et al., 2014).  

Although many dendrochronological studies conducted in tropical forests have already 

revealed important results of the climatic influence on tree growth dynamics (Vetter and 

Botosso, 1989a,b; Worbes, 2002; Dünisch, 2005; Schongart et al., 2006; Brienen et al., 2010; 

Granato-Souza et al., 2018; Venegas-González et al., 2018; Fontana et al., 2018). Until now, 

few have used growth rings as bioindicators of tropical forest fragmentation and edge effects 

(Godoy-Veiga et al., 2018; Albiero-Júnior et al., 2019a, 2019b).  
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OBJECTIVES 

 The present doctoral thesis aims to reveal through a dendrochronological perspective, 

using tree rings as bioindicators, how trees occupying different vertical profiles of the terra 

firme forest in central Brazilian Amazonian are affected by forest fragmentation and climate 

changes and react to these phenomena during their life. Through this work we hope to better 

understand how the current and future scenario of forest fragmentation and climate change 

may modify Amazon trees growth dynamics and resilience. 

This thesis is structured and presented through four chapters. Each chapter represents 

an independent scientific article, although integrated with the general aims of the study.  

The first chapter evaluates how forest fragmentation and edge effects influence tree 

growth dynamics occupying the Amazon forest canopy and was published in the Ecological 

Indicators journal. 

 

I) Albiero-Júnior, A., Venegas-González, A., Botosso, P.C., Roig, F.A., Camargo, 

J.L.C., Tomazello-Filho, M., 2019. What is the temporal extension of edge 

effects on tree growth dynamics? A dendrochronological approach model 

using Scleronema micranthum (Ducke) Ducke trees of a fragmented forest in 

the Central Amazon. Ecol. Indic. 101, 133–142 

 

The second chapter assesses how local and large-scale climate changes influence tree 

growth dynamics occupying the Amazon forest canopy and was published in the Science of 

the Total Environment journal. 

 

II) Albiero-Júnior, A., Camargo, J.L.C., Roig, F.A., Schöngart, J., Pinto, R.M., 

Venegas-González, A., Tomazello-Filho, M., 2019. Amazonian trees show 

increased edge effects due to Atlantic Ocean warming and northward 

displacement of the Intertropical Convergence Zone since 1980. Sci. Total 

Environ. 693, 133515.  

 

The third chapter assesses how forest fragmentation and edge effects influence tree 

growth dynamics occupying the lower and intermediate vertical profile of Amazon forest and 

was submitted to Journal of Ecology.  
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III) Albiero-Júnior, A., Camargo, J.L.C., Roig, F.A., Venegas-González, A., 

Tomazello-Filho. Not everything is so bad: tree growth under canopy of terra 

firme forest in Central Amazonia is favored after forest fragmentation. 

Submitted to Journal of Ecology.  

 

The fourth chapter assesses how local and large-scale climate changes influence tree 

growth dynamics occupying the lower and intermediate vertical profile of Amazon forest. 

 

IV) Trees under canopy of terra firme forest in Central Amazonia are more 

tolerant to local and large-scale climate changes 
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Chapter 1 

 

WHAT IS THE TEMPORAL EXTENSION OF EDGE EFFECTS ON TREE 

GROWTH DYNAMICS? A DENDROCHRONOLOGICAL APPROACH MODEL 

USING Scleronema micranthum (Ducke) DUCKE TREES OF A FRAGMENTED 

FOREST IN THE CENTRAL AMAZON 

 

Published in the journal: Ecological Indicators, v.101, p. 133–142, 2019. 
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Abstract 

Although the Amazon Forest comprises the world’s largest rainforest, providing 

fundamental ecosystem services to human well-being, vicissitudes imposed by deforestation, 

climate change, widespread use of fire and development of new infrastructure make the 

region critically vulnerable to the consequences of the creation of new forest edges. In this 

forest fragmentation scenario, temporal assessment of edge effects influences throughout the 

life of the trees become necessary for a better understanding of how species are affected and 

react when exposed to altered environments. In this study, we evaluated the temporal 

influence of the edge effect on the growth dynamics of Scleronema micranthum (Ducke) 

Ducke by tree-ring analysis based on basal area increment and release events. This species is 

one of the most frequent tree species of terra firme type of forest in Central Amazonia at the 

Biological Dynamics of Forest Fragment Project (BDFFP) study sites. The results showed 
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that edge effects changed the growth dynamics of the trees for at least 10 years after the 

disturbance, inducing an 18% reduction in tree growth during this period, and records of 

increased release events. We concluded that growth rings of edge trees are a valuable 

bioindicators for evaluating the temporal extent of edge effects, and therefore, they must be 

considered as relevant ecological indicators of historical environmental changes and forest 

fragmentation, promoting new insights into the resilience ability of trees when exposed to 

forest fragmentation processes. 

 

Keywords: Dendroecology; Forest fragmentation; Release event; Basal area increment; 

BDFFP 

 

Introduction 

Amazonia comprises the world’s largest rainforest (Wesselingh et al., 2010) providing 

fundamental ecosystem services to human well-being through supply of essential products 

and materials, control and support of environmental conditions and the provision of cultural 

and aesthetic benefits (Millenium Ecosystem Assessment, 2003). However, currently, 

consequences imposed by deforestation, climate change and widespread use of fire may 

transform the eastern, southern and central Amazon ecosystem into a non-forest system if 

deforestation areas cross a tipping point of 20-25% of the region (Lovejoy and Nobre, 2018). 

In this forest fragmentation scenario, essential ecosystem services provided by trees such as 

the storage of 60% of the total global forest biomass (Pan et al., 2011), nutrient, carbon and 

water cycles (Bonan, 2008; Laurance et al., 2018; Spracklen et al., 2012), a source of flowers 

and fruits (de Groot et al., 2002) and their association with fauna will be affected.  

Edge effects that arise as a result of the interaction between habitat and non-habitat 

areas are corollary to forest fragmentation. Due to the peripheral position to which they are 

exposed, such areas are the first to receive direct and more intense influences from the 

external anthropic environment. Such influences can be increasing tree mortality, changing 

tree community composition, reducing canopy cover, increasing the proliferation of pioneer 

species, declining the population of hardwood trees and reduction of seedling abundance and 

survival (Laurance et al. 2006a, 2006b; 2000; de Paula et al. 2016; Michalski et al. 2007; 

Bruna 1999). 

Despite the Amazon forest extension, vicissitudes imposed by the main factors of 

deforestation (e.g. human population density, highways and dry season severity) (Laurance et 

al. 2002a), make the Amazon forest critically vulnerable to edge effects. Currently, the 

development of new infrastructure (e.g. hydroelectric dams and roads) would intensify the 

forest fragmentation (Alamgir et al., 2017; Barona et al., 2010; Fearnside, 2015) , expanding 
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the areas exposed to edge effect, as occurred  in the Brazilian Amazon, that increased the 

proportion of forest edge from 10% to 25% (Haddad et al., 2015). 

Many studies have evaluated the impact of edge effects on tree composition, 

recruitment, increment, stem density and mortality of Amazon trees (Sizer and Tanner 1999; 

Mesquita et al. 1999; Laurance, et al. 2006a, 2006b, 2007). However, temporal assessment of 

the edge effect influences throughout the life of trees become necessary for a better 

understanding of how individuals of certain species may be affected and react when exposed 

to altered environments. 

In this sense, dendrochronology may be an effective tool for temporal assessing of tree 

population growth dynamics, reflecting the effect of biotic and abiotic factors on the growth-

ring width throughout its life (Babst et al., 2014; Brienen and Zuidema, 2005; Callado et al., 

2014; Venegas-González et al., 2018). Moreover, the historical record of growth-rings are 

able to reveal disturbance events that occurred during the life of the trees (Fraver and White, 

2005; Maes et al., 2017), considered discrete episodes in time, that alter the availability of 

environmental resources and consequently disturb populations, communities and ecosystems 

(Pickett and White, 1985). The magnitude, timing and duration of those events are usually 

inferred by growth release (Black et al., 2009), observed in tree-rings as an abrupt increased 

growth period, sustained over time due to improved light or nutrient condition after mortality 

of a neighboring tree and a consequent competition reduction (Black et al., 2009; Oliver and 

Larson, 1996). Such phenomenon may be extended by the new environment and its 

consequences after the creation of forest edges.  

In this study, we used tree-ring lifetime growth patterns, of Scleronema micranthum 

(Ducke) Ducke, Malvaceae, a common tree species (Rankin-de-Mérona et al., 1992), 

commonly known as “Cardeiro”. The specie is considered a canopy tree, rarely semi-

deciduous, presenting annual fructification from September to February and flowering from 

July to October (Alencar et al., 1979). Scleronema micranthum trees exposed and non-

exposed to edge effects was selected, in order to address the following questions: (i) Are 

individual growth patterns of trees located closed to a forest edge affected compared with 

trees located far from the edges?, (ii) What is the temporal extent of edge effect influence on 

tree growth patterns?, (iii) Are edge effects boosting release events? We believe that tree-

rings are important ecological indicators for revealing the setback or progress condition of 

forest edge effects, promoting new insights on the resilience ability of trees when exposed to a 

new scenario of forest fragmentation and its edge effects. 
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Materials and Methods 

Study and sampling areas 

The present study was carried out in the Biological Dynamics of Forest Fragments 

Project (BDFFP) study sites. The BDFFP can be considered the world’s largest and longest-

running experimental study of habitat fragmentation (Laurance et al., 2018; Lovejoy et al., 

1986) which, since 1979, has been evaluating the impacts of forest fragmentation in the 

Central Amazon forest (Laurance et al. 2002b). Research conducted earlier at the BDFFP has 

substantially contributed to our understanding of edge effects (Camargo and Kapos 1995; 

Bruna 1999; Laurance and Yensen 1991; Laurance et al. 1997, 2006a; Uriarte et al. 2010). 

However, evaluating the temporal influence of edge effects on the tree growth dynamics at 

BDFFP, from a dendrochronological perspective, has not been studied until now, this study 

being the pioneer in such approach.  

The BDFFP is located 80 km north of Manaus, Amazon, Brazil (2°30'S, 60°W), 

covering an area of ~1000 km
2
. A description of the project and the location of all fragments 

and control areas can be found in Gascon and Bierregaard (2001). The annual precipitation 

ranges from 1900 to 3500 mm with a moderate, but remarkable dry season from June to 

October (Laurance et al., 2018). 

The phytophysiognomy is predominantly forest, characterized by terra firme type of 

forest, a term designated for non-flooded Amazon forest (Hopkins, 2005), that represent 80% 

of the Amazon Biome (Pires and Prance, 1985). Four strata define the forest structure 

(understory, sub-canopy, canopy and emergent), presenting a 25-35 m canopy on average, 

with emergent trees that can reach up to 45 m, with at least 1300 species (>10cm DBH) 

(BDFFP personal communication, 2018).  

For the present study, two BDFFP reserves were visited to collect wood samples from 

trunks of Scleronema micranthum trees, one of the most abundant and widespread tree species 

on the study sites (Rankin-de-Mérona et al., 1992). Such abundance allowed us to locate trees 

exposed and non-exposed to edge effects. Trees exposed to edge effects were located close to 

the edge or at most, 300 m from any edge in the Porto Alegre farm, specifically at the 100-ha 

reserve (2°22'2.82"S, 59°58'31.63"W). The reserve was isolated and created in August of 

1983, by cutting and burning the surrounding pristine forest to establish new pasture lands. 

We defined the penetration distance of edge effects up to 300 m because increasing tree 

mortality associated to forest fragmentation can be detectable until this distance (Laurance et 

al., 1998). Trees not exposed to edge effects were sampled at Esteio farm, at the continuous 

forest located within the Km 41 reserve (2°26'15.52"S, 59°46'1.25"W). Trees were located at 
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least 1000 m from the nearest edge (a narrow unpaved road). The reserve was created in 1984, 

and the forest was kept intact and used as one of the control areas. 

 

Scleronema micranthum tree-ring analysis 

 A dendroecological analysis of Scleronema micranthum was conducted on 42 adult 

individuals (≥ 10 cm DBH), 21 potentially exposed to edge effects and 21 not exposed to any 

edge effects. The sampled trees were in good phytosanitary condition and did not present 

liana infestation. Three radial cores were collected for each tree at breast height using 

increment borers (Diameter = 5.1 mm). Each core was polished with different abrasive sand 

paper (from 80 to 600 grains/cm
2
) with the aim of revealing growth ring boundaries. 

Subsequently, all tree-rings were identified with the aid of a stereomicroscope according to 

the classic method (Stokes and Smiles, 1996), using narrow rings as guides. After 

identification, all tree-ring series was scanned at a resolution of 2400 dpi by an HP G4050 

scanner. Measurement of tree-ring width was performed with precision of 0.001 mm through 

the software Image J. 

 To evaluate dating accuracy, the temporal series of ring widths were compared within 

and among trees at each site. Both visual and statistical cross dating were performed. Visual 

cross dating was done working with ring-width bar plots, and statistical cross dating was 

tested using COFECHA software (Holmes, 1983). COFECHA uses segmented temporal 

series correlation techniques to assess the quality of cross dating and measurement accuracy 

in the growth ring time series (Grissino-Mayer, 2001).  

 After evaluating the dating in COFECHA software, we sought to construct master 

chronologies for each site that would increase the retention of common growth signals. 

According to Cook and Kairiukstis (1990), spline functions with length between 67% and 

75% of the series are able to remove biological growth trends related to high frequency 

variances. To build site chronologies, time series were detrended and standardized using a 

smoothed cube spline function with 50% frequency-response cut-off for 65% of the length of 

each series in dplR package in R Software (Bunn, 2008). The standardization of the series is 

performed by dividing the width of the growth ring by the growth model of the smooth cubic 

spline function, producing dimensionless ring-width indices (RW) (Bunn and Korpela, 2017). 

The quality of the chronology was evaluated by the value of Rbar and EPS (expressed 

population signal), both calculated with the dplR package on R Software (Bunn, 2008). The 

Rbar is the average correlation coefficient resulting from comparing all possible segments of a 

predetermined length among all the series included in the chronology (Briffa, 1995). The EPS 
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values provided information that confirmed the existence of common signals among trees, 

EPS values higher than 0.80 indicate that the limiting factor to growth in the chronology 

probably is homogenous (Mendivelso et al., 2014). 

 

Site growth patterns 

 To explore growth patterns among trees located close to the edges and trees located in 

the interior of the forest, width of the growth rings was converted into basal area increment 

(BAI). BAI is considered a more informative measure of tree growth trends in terms of total 

biomass production (Peñuelas et al., 2011; Phipps and Whiton, 1988) and decreasing 

tendency will only be presented in senescent trees or when trees are subjected to significant 

growth stress (Duchesne et al., 2003; Jump et al., 2006). The width of the growth ring was 

converted to BAI according to the following standard formula: BAI = π (R
2
n - R

2
n-1), where 

R is the tree radius and n is the growth ring formation year. To calculate BAI we used the 

bai.out function in dplR package in software R (Bunn and Korpela, 2017; Bunn, 2008).  

 Principal Component Analysis (PCA) was performed to identify dominant BAI 

patterns between edge and interior trees during common growth periods: all periods (1941 to 

2014), before edge creation (1941 to 1982), five years after edge creation (1983 to 1987), ten 

years after edge creation (1983 to 1992) and fifteen years after edge creation (1983 to 1997). 

The PCA was realized by the prcomp function in R software (R core Team, 2017). The use of 

PCA to detect growth patterns is widely employed in dendrochronological studies (Oliveira et 

al., 2010; Rodríguez‐Catón et al., 2016; Venegas-González et al., 2017; Villalba et al., 1998) 

and by reducing the dimensionality of multivariate data, it supports the results interpretation 

(Legendre and Legendre, 2012). Through the data dimension reduction, the PCA 

automatically performs data clustering according to the K-means objective function (Ding and 

He, 2004). Thus, seeking cluster validation of trees exposed and unexposed to edge effects, 

Silhouette Index (SI) (Rousseeuw, 1987) was used. The SI evaluates how much a sample is 

similar to another inserted in the same cluster, comparing with samples inserted in other 

clusters (Kaufman and Rousseeuw, 2009). SI values near +1 indicate that the sample is far 

from the neighboring clusters, confirming that the sample was correctly allocated. A value of 

0 indicates that the sample is very close to the decision boundary between two neighboring 

clusters, and negative values indicate that sample might have been assigned to the wrong 

cluster (Rousseeuw, 1987). After PCA, we used one-way ANOVA with Tukey’s post hoc test 

(p<0.05) to compare BAI trends between edge and interior clusters. 
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Disturbance analysis   

Some of the most widely used methods for identifying release events are radial growth 

averaging techniques, in which a growth change percentage (%GC) calculation is made on 

each tree ring time series, and release events are recorded when growth change percent values 

exceed a certain minimum value  (Black et al., 2009; Nowacki and Abrams, 1997). In this 

way, to detect release events we used the formula of Nowacki and Abrams (1997) to derive 

the growth change percentages: %GC = [(M2 - M1) /M1] × 100, where %GC = growth 

change percentage for year 1, M1 = mean diameter growth over the preceding 10 years, and 

M2 = mean diameter growth over the subsequent 10 years. Studies in tropical forests reveal 

that a moving average of 10 years was able to remove long-term age-effects and short-term 

climatic fluctuations (R J W Brienen et al., 2010; Brienen and Zuidema, 2006; Rozendaal et 

al., 2011). Release events were identified when the %GC was greater than 50% during a 

minimum period of 10 years (Rozendaal et al., 2011). Release events were performed by 

overall function by the Nowacki and Abrams (1997) method using the “TRADER” package 

(Altman et al., 2014) in R (R core Team, 2017). 

Seeking to verify if the %GC that promoted release events before and after the edge 

creation induced statistically significant differences in the wood production, one-way 

ANOVA with Tukey’s post hoc test (p<0.05) was performed on the growth changes of BAI 

(ΔBAI). ΔBAI was calculated as the difference in the BAI average ten years before the 

release events and ten years after the release events. ANOVA was performed by the OAV 

function in R software (R core Team, 2017). 

 

Results 

Tree-rings chronologies of Scleronema micranthum 

 The growth rings of Scleronema micranthum trees at both sites were distinct and 

characterized by tangentially distended rays touching the apotracheal, possibly terminal 

parenchyma bands (Vetter and Botosso, 1989a) (Figure 1).  

 The master chronology (Figure 2) was built from tree-ring widths covering 138 years 

(1878 - 2015) for trees located within the interior of the forest and 142 years (1874 -2015) in 

trees located close to the edges, confirming the presence of trees all over the forest far before 

isolation and creation of the reserve in 1983. The cross-dating quality and accuracy in the 

measurements of the growth rings was confirmed by the correlations, EPS > 0.80 and Rbar > 

0.3 values, indicating a common growth pattern of Scleronema micranthum at each site. The 

descriptive statistics of the chronologies are presented in Table 1.  
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Figure 1. a) Scleronema micranthum tree on edge at Biological Dynamics of Forest Fragments Project 

site; b) Macro and c) microscopic images of the transverse wood section evidencing the growth ring 

anatomy characterized by tangentially distended rays touching the apotracheal, possibly terminal 

parenchyma bands. White triangles indicate the growth-rings limits. 

 

 

Figure 2. Residual tree-ring chronology of Scleronema micranthum trees for Edge (a) and Interior (b) 

locations in terra firme type of forest at the Biological Dynamics of Forest Fragmentation Project in 

Central Amazonia. Grey solid line: individual average time series; black line: residual tree-ring master 

chronology; grey dotted line: number of series used for the index calculation; red line: standardization 

of master chronology by a 10% smoothed spline curve. 
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Table 1. Descriptive statistics of the chronologies of Scleronema micranthum trees located close to the 

edge and in the interior of the reserve at the Biological Dynamics of Forest Fragmentation Project in 

Central Amazonia. 

Variables Edge Interior 

No. trees/No. radial cores 21/34 21/34 

Mean ring width ± s (cm) 0.18/0.12 0.18/0.09 

Time span  1874- 2015 1878-2015 

Age ± s 81/22 81/22 

Mean sensitivity 0.56 0.51 

Series intercorrelation 0.51 0.50 

Rbar (± s) 0.4/0.02 0.3/0.05 

Period with EPS ≥ 0.80 1920-2015 1915-2015 

 

Site growth patterns 

 After the construction of the chronologies and the growth-ring annuity confirmation, 

we sought to compare edge and interior population growth patterns with similar age and 

diameter structure. For this, 15 trees located close to the edge and 15 trees located in the 

interior of the forest representing age and diameter corresponding population structure of a 

common growth period (1941 to 2014) were selected (Table 2).  

 

Table 2. Age and diameter at breast height (DBH) of Scleronema micranthum trees at edge and 

interior sites in terra firme forest at the Biological Dynamics of Forest Fragmentation Project in 

Central Amazonia selected for growth pattern analyzes. 

 Edge  Interior  

Year DBH Age DBH Age 

1941 6.9 (s=5.8) 20 (s=17) 6.9 (s=6.2) 23 (s=18.2) 

1982 22.3 (s=6.3) 61 (s=17) 22.1 (s=7.1) 64 (s=19) 

2014 33.3 (s=5.2) 92 (s=17.8) 34.9 (s=6.7) 96 (s=12.2) 

     

 

 Principal component analysis (PCA) over a common growth period (1941 to 2014) 

(Figure 3a) revealed that trees closed to the edge and in the interior of the forest shared basal 

area increment (BAI), a common sign retained mainly by the Axis 1, responsible for 43% of 

the data variance and, a more divergent growth signal retained by Axis 2 and responsible for 

10% of the variance. The formed clusters presented a weak silhouette coefficient (<0.5), 

confirming BAI patterns homogeneity throughout the 73 years analyzed.  

 When performing PCA before forest fragmentation and edge creation (1941 to 1982) 

(Figure 3b) we observed that the BAI variance retained by component one increases (47%) 

and the variance retained by component two decreases (9%). Although the variance retained 
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by Axis 1 and 2 in PCA prior to edge creation are close to the observed in the whole analyzed 

period (Figure 3a), the non-validation of the cluster by the Silhoute index (<0.2), and the lack 

of statistically significant differences between BAI series through ANOVA (F=0.58, p=0.44), 

confirm that previously forest fragmentation, trees located close to the edge (4.90 cm
2
, SE = 

0.20) and within the forest interior (4.69 cm
2
; SE = 0.17), presented higher homogeneity in 

their BAI dynamics.  

 Although similar BAI patterns are shared (Figure 4), major tendency differences are 

observed from 1972 to 1990. Before forest fragmentation (1972 to 1982), BAI divergences 

among trees located close to the edge (4.90 cm
2
; SE = 0.51) and in the forest interior (4.69 

cm
2
; SE = 0.42), were not statistically significant according to ANOVA (F = 0.003; p = 0.95). 

We can observe in Figure 4 that the divergences occurred before forest fragmentation 

promoted differences mainly in the BAI amplitude. However, after forest fragmentation, BAI 

trends were altered, opposing patterns of increase and reduction occurring in wood production 

within the populations separated by the new environmental conditions promoted by the forest 

edge. Nonetheless, when we performed the variance analysis (F = 3.27, p = 0.07) after forest 

fragmentation (1983 to 2014), edge (15.36 cm
2
; SE = 0.6) and interior trees (14.07cm

2
; SE = 

0.4) still did not present statistically significant differences among BAI series. Thus, we 

assume that: i) edge effects did not alter the growth dynamics of the trees or ii) edge effects 

were temporal, reducing the intensity during the 73 years evaluated. 
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Figure 3. Principal Component Analysis described by BAI series of Scleronema micranthum trees 

located close to the edge (orange circles) and in the interior of the forest (gray triangles) in terra firme 

type of forest at the Biological Dynamics of Forest Fragmentation Project in Central Amazonia. 

 

Our results identified the temporality of edge effects in the growth rings of 

Scleronema micranthum trees mainly in the first 10 years after edge creation. During the first 

five years (1983 - 1987) ordination analysis showed that the intensity of edge effects was 

strong enough to cluster edge and interior trees through the second main component, 

responsible for 22% of the data variance (Figure 3c). Silhouette coefficient > 0.7 supported 

the ordination. The variance increase retained by component two demonstrates the strength 

increase of the most divergent BAI signal during the first five years of forest fragmentation 

and edge creation. In trees located close to the forest edge the result reflected 22% lower 

wood production during this period, statistically supported by ANOVA (F = 3.34, p = 0.04). 

However, the retention of 61% of the data variance by component one still indicates the 
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sharing of common growth signs between edge and interior trees during the first five years of 

edge creation. 

  

 

Figure 4. Dominant basal area increment (BAI) index patterns of Scleronema micranthum trees 

located close to the edge (grey solid lines) and in the interior of the forest (black dashed line) in terra 

firme type of forest at the Biological Dynamics of Forest Fragmentation Project in Central Amazonia. 

Red line: Standardization by a 30% smoothed spline curve of BAI chronology of trees located close to 

the edge; blue line: Standardization by a 30% smoothed spline curve of BAI chronology of trees in the 

interior of the forest; vertical black solid line: edge creation year (1982); vertical black dashed line: 

five and ten years after edge creation. 
 

When performing the PCA for 10 years after edge creation, we verified that the 

intensity of the effects that ordered the clusters was reduced to 15% of the variance (Figure 

3d), indicating a strength reduction of the most divergent BAI pattern, related to edge effects. 

Despite the lower strength, the cluster ordination was supported by the silhouette coefficient 

(= 0.5). The edge effects influenced during the first 10 years resulted in 18% lower wood 

production (10.4 cm
2
; SE = 0.58) for trees closed to the edge, compared to those of the 

interior (12.31 cm
2
; SE = 0.60), data supported by ANOVA (F = 5.38, p = 0.02). From the 

tenth year, BAI differences were not statistically significant by analysis of variance and 

principal components, presenting non-validated clusters by the Silhouette coefficient <0.4. 

Table 3 presents the BAI of trees located close to the edge and in the interior of the forest 

during the analyzed time periods.  
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Table 3. Basal area increments (BAI) of Scleronema micranthum trees located close to the edge (Edge 

BAI) and in the interior of the forest (Interior BAI) during a common growth time period in terra 

firme forest at the Biological Dynamics of Forest Fragmentation Project in Central Amazonia. The 

asterisk indicates the statistically significant differences by one-way ANOVA with Tukey’s post hoc 

test (p<0.05). 

 
 Edge BAI Interior BAI 

All periods - 1941 to 2014 9.42 cm², SE=0.32 8.75 cm², SE=0.23 

Before forest fragmentation - 1941 to 1982 4.90 cm², SE = 0.20 4.69 cm², SE = 0.17 

After forest fragmentation - 1983 to 2014 15.36 cm², SE = 0.60 14.07 cm², SE = 0.40 

Five years of forest fragmentation - 1983 to 1987 *9.62 cm², SE=0.71 *11.81 cm², SE=0.93 

Ten years of forest fragmentation - 1983 to 1992 *10.36 cm², SE = 0.58 *12.31 cm², SE = 0.60 

Fifteen years of forest fragmentation - 1983 to 1997 12.98 cm², SE=0.67 12.33 cm², SE= 0.49 

 

Disturbance analysis  

 Disturbance analyses were able to detect differences in growth release events between 

trees exposed and non-exposed to edge effects (Figure 5). In general, during the evaluated 

period of 73 years, 47 growth release events were observed in trees located close to the edge, 

31 of those events occurred after forest fragmentation and only half of them (16 in total) 

occurred before the edge creation. About 65% of major events occurred after forest 

fragmentation and edge creation. Analysis of variance confirmed that the BAI growth changes 

(ΔBAI) after forest fragmentation (ΔBAI = 7.05 cm
2
; SE = 1.0) was, on average, 50% higher 

than those occurred prior to forest fragmentation (ΔBAI = 4.69cm
2
, SE = 0.8). However, 

ANOVA analyses do not confirm greater differences in the first five and ten years after edge 

creation.  
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Figure 5. Release events in Scleronema micranthum trees close to the forest edge (orange) and in the 

interior of the forest or far from the edge (gray) in terra firme forest at the Biological Dynamics of 

Forest Fragmentation Project in Central Amazonia. 

 

 Trees located close to the edge presented an average diameter at breast height (DBH) 

of 19 cm (s=6) in the years of release events that occurred before edge creation, and 24 cm 

(s=5) DBH in the years of release events that occurred after forest fragmentation. Indicating 

that in the years of release events, the trees occupied the forest canopy or were close to it. 

 Trees not exposed to edge effects presented 50 release events over the 73 years 

evaluated (1941 to 2014). In the release year 56% of the interior trees had an average DBH of 

13 cm (s=3), indicating a sub-canopy position in the forest vertical profile. This is the 

opposite of that observed in the previous group of trees that occupied, in most release events, 

a position in the forest canopy.  

 Although the number of release events after edge creation is greater in trees close to 

the edge, they did not result in statistically significant differences in ∆BAI within individuals 

located close or far from the edge, in the first five, ten and fifteen years after forest 

fragmentation. Thus, results indicated that disturbances caused by edge effects are inducing 

an increased number of growth release events in Scleronema micranthum trees, but not 

necessarily increasing ∆BAI compared to the trees located far from the forest edge.  

 

  



37 

 

Discussion 

Tree-ring chronologies of Scleronema micranthum trees 

 The Scleronema micranthum dendrochronological potential has been recognized since 

the pioneering works of Vetter and Botosso (1989a; 1989b; 1988) which confirmed, through 

anatomical structures, climatic relationships and incision in the vascular cambium (Mariaux 

window), the growth ring annual formation. The high value of correlation, EPS and Rbar 

reached by the edge and interior chronologies, is strong evidence that the growth rings are 

indeed synchronized with the annual calendar, proving the existence of a common sign among 

trees (Briffa, 1995; Stahle, 1999). 

 The annual dry season present in the region from July to September with a monthly 

precipitation near 60 mm should be a growth limiting factor (Stokes and Smiles, 1996) 

capable of inducing a seasonal rhythm of wood formation (Worbes, 1995), and therefore the 

existence of annual growth rings in Scleronema micranthum trees. 

 

Site growth patterns  

 Growth rings demonstrated to be quite valuable archives of the annual variability of 

tree growth (Babst et al., 2014; Brienen et al., 2016), providing, through an annual dimension, 

a great refinement in studies of forest dynamics (Biondi, 1999) and specifically, as focused on 

in our study,  a refinement in studies on edge effects after forest fragmentation. Mainly 

through PCA and ANOVA results there was indication of the return of a common growth 

pattern between trees located close to the forest edge and within in the interior of the forest 

only after 10 years of forest fragmentation. This revealed that edge areas, besides losing 

significant amounts of biomass via mortality of large trees during the first five years of forest 

fragmentation (Laurance et al., 2007), can continue to affect the basal area increment 

dynamics of the surviving trees for at least another 10 years. According to Stephenson et al 

(2014), old survival trees do not act simply as senescent carbon reservoirs, but actively fix 

large amounts of carbon compared to smaller trees. Thus, the BAI reduction of surviving trees 

during the first 10 years of edge creation, probably can also reduce the carbon stock potential 

of old trees in fragmented areas.  

After forest fragmentation, the carbon reservoir role is redistributed within the trees 

and in the first years of restoration is mainly associated with the growth of early-successional 

species. During the last stages of succession, the slow growing trees will contribute more 

significantly (Shimamoto et al., 2014). This result reflects the increased tree mortality 

(Laurance et al., 2006a, 1998) and elevated photo-synthetically active radiation (PAR) caused 
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by lateral light penetration from the nearby clearing (Sizer and Tanner 1999) that favored an 

increase in the diameter increment in early-successional species (0 to 50 cm DBH) 

(McDonald and Urban 2004). Surveys in BDFFP study sites proved that faster-growing 

species have increased density and basal area increments in the forest edge, favored mainly by 

the stand-level tree mortality and the number of nearby forest edges, shifts that can become 

even more abundant over time (Laurance, et al. 2006b). Simultaneously, many slow-growth 

tree species are disfavored by the new environmental condition, and eventually may be driven 

to local extinction (Michalski et al., 2007). In undisturbed forests at the BDFFP, Laurance et 

al (2004) revealed, for a period of 15 years, a tendency for canopy and emergent trees to 

increase in population density and basal area compared to small trees and justifies that the 

most likely cause of higher productivity in undisturbed Amazon forest is because of rising 

atmospheric CO2 levels. 

 However, for disturbed Amazon forest, our dendrochronology approach revealed that 

the consequences can be distinct. We identified, that late-succession trees, such as Scleronema 

micranthum (Marenco and Vieira, 2005), when remaining in edge areas after forest 

fragmentation, can present a lowest basal area increment in the first 10-year period. In other 

words, edge effects may reduce canopy tree productivity for a least 10 years. In reserves of 1 

ha (highest forest/edge ratio) at the BDFFP, Scleronema micranthum trees fructify outside the 

period normally expected for the species (September to February) and reduce the flowering 

period, indicating a probable disturbance in the flower and fruit production process in 

fragmented areas (Rankin de Merona and Ackerly, 1987), results associated to reduced 

productivity that can alter their ecosystem services.  

 By occupying a canopy position in the year of edge creation, Scleronema micranthum 

tree crowns are exposed to intense sunlight and evapotranspiration. Thus, knowing that large 

tropical trees are vulnerable to droughts (Condit et al., 1995), this late-succession tree species 

can be more sensitive to a desiccation increase (Kapos, 1989) in edge areas. As such, it is 

believed that the micro-climatic changes, such as elevated temperatures, reduced humidity 

and increased vapor pressure deficits, occurring in newly created edges lead to depleted soil 

moisture, creating drought stress (Camargo and Kapos, 1995; Malcolm, 1998; Pinto et al., 

2010; Sizer and Tanner, 1999). This situation may have influenced the lower wood 

production in Scleronema micranthum trees mainly after the first ten years of edge creation. 

These are results which, added to the expected temperature increase due to climate change 

(Allen et al., 2015), can have important consequences for trees exposed to the edge effects. 

 The resumption of the more homogeneous BAI pattern after 10 years reflects the edge 
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evolution phases, which after five years of forest fragmentation, presented greater stability in 

the edge-related changes favored by the progressive growth of secondary vegetation that seals 

the edge (Camargo and Kapos, 1995; Harper et al., 2005). Although edge effects can be 

considered one of the main drivers of ecological change in the BDFFP fragments, at least over 

the first 3 - 4 decades after edge creation (Laurance et al., 2018), the dendrochronological 

approach identified major influences on the Scleronema micranthum tree BAIs during the first 

10 years of forest fragmentation and edge creation. Thus, we can consider the secondary 

forest that regenerated after forest fragmentation as a facilitator of the resumption of the 

common growth pattern for the Scleronema micranthum trees exposed to edge effects, 

corroborating with the classical ecological theory of Clements; that of a superorganism that 

recovers and adjusts after undergoing some sort of impact. In this way, we highlight the 

importance and necessity of preservation of secondary forests after forest fragmentation 

processes for the maintenance of impacted areas, as areas under edge effects. 

 

Disturbance analysis 

 A release event is identified in the growth rings as a period of sudden increase in 

growth over time (Nowacki and Abrams, 1997). These events can be associated with 

increases in light or water availability following a disturbance that removes or reduces 

surrounding competitors (Black et al., 2009; Brienen and Zuidema, 2006; White and Pickett, 

1985). Edge areas are recognized by increased light incidence (Camargo and Kapos, 1995; 

Lovejoy et al., 1986; Williams-Linera, 1990) and tree mortality (Laurance et al., 2000; 

McDowell et al., 2018; Mesquita et al., 1999), favoring release events in trees close to forest 

edge after edge creation. 

By identifying that trees exposed to edge effects exhibit a greater number of release 

events, disturbance analyzes admit that edge effects induce tree growth increase (Harper et al., 

2005). This result appears to be opposite to that observed in the analysis of growth patterns 

that proved, during the first 10 years of forest fragmentation (1983 to 1992), a lower BAI in 

trees located close to edges compared to the trees in the interior of the forest. However, when 

we analyzed only the trees located close to the edge we observed that release events after 

forest fragmentation really induced 50% greater ΔBAI in relation to events prior to edge 

creation. That is, release events after forest fragmentation promoted higher growth changes in 

edge trees than those that occurred prior to fragmentation, although this difference does not 

reflect higher growth in relation to interior trees.   
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The vertical light gradient created by the forest canopy represents the greatest 

challenge for tree establishment, particularly canopy trees (Harcombe and Marks, 1978). 

Consequently, in order to reach the forest canopy, saplings of many species require periods of 

increased light (areas close to gaps) (Brokaw, 1985; Yamamoto, 2000). Hence, trees that do 

not occupy a canopy position are expected to exhibit larger release events (R J W Brienen et 

al., 2010; Rozendaal et al., 2011). However, our study revealed that release events in edge 

areas that promoted higher ΔBAI were performed by Scleronema micranthum canopy trees 

after forest fragmentation. This could indicate release advantages in canopy trees that 

survived to edge creation, increasing the competition for sunlight capture, what could harm 

the canopy ascension in trees of lower strata, changing the forest dynamics. However, when 

surviving trees are infested by lianas, the leaf shading of the phorophyte may reduce the 

growth rates and the number of release events in trees exposed to edge effects, as observed in 

Aspidosperma polyneuron trees in the Brazilian Atlantic Rain Forest (Godoy-Veiga et al., 

2018). These results are not observed in our study due to the absence of liana infestation in 

Scleronema micranthum trees, evidencing more strongly the edge effect as an important (and 

temporary) factor of systemic imbalance. 

 Through the disturbance analysis, we identify the hyperdynamic tendencies in 

fragmented areas (Laurance, 2002; Laurance et al., 2018), reflecting the release event 

frequency increase and ΔBAI amplitude increase after edge creation. The hyperdynamism in 

fragmented areas can have serious ecological impacts, altering disturbance regimes, mortality 

and recruitment and turnover rates, population fluctuations of individual species, species local 

extinction, and the pace of biogeochemical cycling (Laurance, 2002). However, the return to 

the more homogeneous BAI pattern between edge and interior location and the presence of 

only six release events in trees located close to the forest edge after 10 years of fragmentation 

may indicate that the hyperdynamic tendency of Scleronema micranthum growth may 

gradually stabilize and approach the pre-fragmentation condition after 10 years of edge 

creation. However, considering that fragmented areas are more susceptible to stochastic 

events (de Paula et al., 2016), the temporality of the hyperdynamic condition may be extended 

even longer. 

 

Conclusions 

Through the growth-ring analysis we revealed that the edge effects on terra firme type 

of forest in Central Amazon are changing the growth dynamics of the Scleronema 

micranthum trees for at least 10 years after edge creation, inducing an 18% reduction in tree 
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growth in this period. The resumption of the more homogeneous BAI pattern between trees 

located at the edge and in the interior of the forest after 10 year of edge creation proves the 

temporal extension of edge effects, presenting greater stability in the edge-related changes 

favored by the growth of secondary vegetation that progressively seals the edge or at least 

diminishes its effects. The increase in release events after edge creation reflects the 

hyperdynamic condition of fragmented areas, although this result does not manifest itself in 

greater growth in relation to trees not exposed to edge effects. This study demonstrates the 

potential of tree ring analysis in evaluating the temporal extent of edge effects, promoting a 

future perspective of management and forest conservation. We therefore emphasize the 

potential and importance of considering growth-rings as relevant ecological indicators of 

historical environmental changes associated with forest fragmentation.  
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Abstract 

Recent investigations indicate a warming of Atlantic Ocean surface waters since 1980, 

probably influenced by anthropic actions, inducing rainfall intensification mainly during the 

rainy season and slight reductions during the dry season in the Amazon. Under these climate 

changes, trees in upland forests (terra firme) could benefit from the intensification of the 

hydrological cycle and could also be affected by the reduction of precipitation during the dry 

season. Results of dendrochronological analyses, spatial correlations and structural equation 

models, showed that Scleronema micranthum (Ducke) Ducke (Malvaceae) trees exposed in 

fragmented areas and to edge effects in Central Amazonian terra firme forest were more 

sensitive to the increase in the Atlantic Ocean surface temperature and consequent northward 
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displacement of the Intertropical Convergence Zone, mainly during the dry season. Therefore, 

we proved that in altered and potentially more stressful environments such as edges of 

fragmented forests, recent anthropogenic climatic changes are exerting pressure on tree 

growth dynamics, inducing alterations in their performance and, consequently, in essential 

processes related to ecosystem services. Changes that could affect human well-being, 

highlighting the need for strategies that reduce edge areas expansion in Amazon forests and 

anthropic climate changes of the Anthropocene.  

 

Keywords: Tree rings; Dendroclimatology; Climate changes, Forest fragmentation; Atlantic 

Ocean; Biological Dynamics of Forest Fragments Project 

 

Introduction  

Contemporary environmental problems, marked by forest fragmentation, biodiversity 

loss, global warming and growth of social inequality, are Anthropocene marks (Crutzen and 

Stoermer, 2000), a geological age where human beings begin to destroy essential processes to 

our own human well-being in an unprecedented way (Roosevelt, 2013).  

In this sense, the Amazon Basin plays a fundamental role globally in the maintenance 

and conservation of processes essential to human well-being, which can be recognized 

through ecosystem services, depending on how people value nature (Fearnside, 1997; 

Thompson and Barton, 1994). The Amazon comprises the world’s largest continuous 

rainforest within the largest watershed on earth (Wesselingh et al., 2010), and is considered 

the richest assembly of plants on the planet, encompassing an estimated (16,000 ) tree species 

(Ter Steege et al., 2013b). It is indispensable for the maintenance of ecosystem services and 

the global carbon cycle (Malhi et al., 2006; Saatchi et al., 2007) through photosynthetic 

fixation of 17% of the terrestrial carbon biomass (Fauset et al., 2015). It also contributes with 

~17% of total global freshwater input to the oceans (Callede et al., 2010) and to the energy 

balance and climate maintenance of the planet (Hilker et al., 2014; Wang and Fu, 2007).  

Research using isotopic analyses of precipitation revealed that 75% of the rainfall in 

the Amazon Basin originates from the Atlantic Ocean by trade winds and 25% is recycled 

from the forest surface (Angelini et al., 2011). This large-scale atmospheric circulation pattern 

is influenced by the establishment of a South American Monsoon System (SAMS). This 

system is controlled by large-scale ocean thermodynamic conditions near the equatorial zone 

that promote strong precipitation seasonality and a relatively rapid transition between wet and 

dry seasons associated with the beginning of the rainy season (Nobre et al., 2009b). In 

addition, the contribution of the forest to the dynamics of the hydrological regime is explained 

by water vapor released into the atmosphere by evapotranspiration, which represents energy 

available to accelerate the air and propel the winds favoring the rains (Makarieva et al., 2013).  
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According to Marengo and Espinoza (2016), precipitation over the Amazon Basin can 

be altered by changes in land cover and forest fragmentation, reducing forest 

evapotranspiration rates and affecting downwind rainfall and hence, the water cycle 

(Marengo, 2006; Zemp et al., 2014). This enhances the extreme episodes of drought (1995, 

1998, 2005, 2007 and 2010) (Gloor et al., 2013, 2015), and flood (2008 - 2009, 2011 - 2012 

and 2013 - 2014) (Gloor et al., 2013, 2015), observed during the last three decades in the 

Amazon, associated mainly with Atlantic and Pacific Ocean surface temperature changes 

(Barichivich et al., 2018; Marengo et al., 2008; Zeng et al., 2008). Consequently, these 

extreme drought and flood events may have promoted high tree mortality rates, substantially 

contributing to atmospheric carbon release and potentiating greenhouse and climate change 

effects (Phillips et al., 2009). Therefore, identification of how tree species in the world's 

largest hydrographic basin are affected and respond to climate change is indispensable to 

understanding how the Anthropocene climatic variability and forest fragmentation projections 

may modify Amazon forest dynamics and resilience. 

By adding a long-term perspective, dendrochronology is an effective tool to evaluate 

how climate influences tropical tree growth dynamics throughout their life spans (Fontana et 

al., 2018; Granato-Souza et al., 2018; Venegas-González et al., 2018). Thus, consider that (i) 

tropical tree growth dynamics is mainly associated with precipitation fluctuations (Brienen et 

al., 2016; Worbes, 1995), and (ii) that rainfall variability over the Amazon Basin is strongly 

related to variations in sea surface temperatures of the Atlantic Ocean (A.SST) and the Pacific 

Ocean (P.SST) (Yoon and Zeng, 2010). In this study we evaluate the sensitivity of tree rings 

to local and large-scale climate variability in a region of Central Amazonia. We use tree-ring 

lifetime growth pattern information, using the widespread tree known commonly in 

Portuguese as cardeiro, Scleronema micranthum (Ducke) Ducke, Malvaceae (Rankin-de-

Merona et al., 1992), as a bioindicator of the reaction of exposed and non-exposed forest to 

edge effects. We hypothesized that growth-rings of trees from fragmented and edge areas 

were more sensitive to precipitation, and hence to ocean surface temperature increases, 

mainly during the last three decades. This is sustained by the influence of microclimate 

changes in edge areas, that induce drought stress due to temperature increases, humidity 

decreases, increases of vapor pressure deficit and depletion of soil moisture (Camargo & 

Kapos, 1995; Malcolm, 1998; Sizer & Tanner, 1999;  Pinto et al., 2010).  
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Materials and Methods  

Study and sampling areas 

The present study was carried out in the Biological Dynamics of Forest Fragments 

Project (BDFFP). The BDFFP is located 80 km north of Manaus, Central Amazonia, Brazil 

(2°30'S, 60°W), covering an area of ~1000 km
2
. A description of the project and the location 

of all fragments and control areas can be found in Gascon and Bierregaard (2001). Annual 

precipitation ranges from 1,900 to 3,500 mm with a moderate, but distinct dry season from 

June to October (Laurance et al., 2018). Figure 6 represents the climatic diagram of monthly 

averages of minimum, mean and maximum temperatures and precipitation in the study area 

based on historical data (1941 to 2014) obtained from the Climatic Research Unit (CRU) TS 

4.02 and with a grid resolution of 0.5º (Harris et al., 2014).  

 

 

Figure 6. Minimum, mean and maximum temperatures (continuous line, dashed line and dotted line, 

respectively) and mean monthly precipitation (bars) in Central Amazonia from 1941 to 2014, based on 

Climatic Research Unit (CRU) TS4.02 0.5º gridded data set (Harris et al. 2014). 

 

Under a phytophysiognomy-based definition, the sampled area is typified as a closed 

forest of terra firme, a term used for non-flooded Amazon forest, which represents 80% of the 

Amazon Biome (Pires and Prance, 1985). At least, 1,300 tree species (>10 cm DBH) have 

been recorded so far in these forests (BDFFP personal communication, 2019). Forest vertical 

structure may be classified into four: understory, sub-canopy, canopy and emergent trees, 

where the canopy presents a range of height from 25 – 35 m, and emergent trees may reach to 

45 m. Crowns of adult Scleronema micranthum trees are one of the canopy components and 

even taller individuals occasionally may be found being one of the most abundant and 

widespread species in the selected study sites (Rankin-de-Merona et al., 1992). This high 

abundance allowed us to locate trees close to the edge of the forest fragments (edge-effect) 

and also in the interior of the forest (Fig. 7). Trees exposed to edge effects were located close 
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to the edge (maximum 300 m from any edge) on the Porto Alegre ranch, specifically at the 

100-ha Porto Alegre Reserve (2°22'2.82"S, 59°58'31.63"W). The reserve was isolated and 

created in August 1983, by cutting and burning the surrounding pristine forest to establish 

new pasture lands. We defined the penetration distance of edge effects as up to 300 m because 

increasing tree mortality associated with forest fragmentation can be detectable up to this 

distance (Laurance et al., 1998). Trees not exposed to edge effects were sampled at the Esteio 

ranch, within continuous forest located on the Km-41 Reserve (2°26'15.52"S, 59°46'1.25"W). 

Trees were located at least 1,000 m from the nearest edge (a narrow unpaved road). This 

reserve was created in 1984, and the forest is kept intact and used as one of the control areas. 

 

 

Figure 7. Location (red dots) of the two study sites at the Biological Dynamics of Forest Fragments 

Project (BDFFP) in terra firme forests of Central Amazonia (left). Blue dots indicate sampled trees in 

the forest fragment of the Porto Alegre ranch (upper right map).  

 

Tree-ring analyses of Scleronema micranthum 

For dendroecological analyses we sampled between April and October 2016 a total of 

42 Scleronema micranthum trees (≥ 10 cm DBH), 21 growing close to the forest edge and 21 

in the interior of continuous forest. The species is a canopy tree, rarely semi-deciduous, 

presenting annual flowering from July to October and fructification from September to 

February (Alencar et al., 1979).  

All sampled trees were in good phytosanitary condition and did not present liana 

infestation. From each tree, three radial cores were sampled at breast height using increment 
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borers (diameter = 5.1 mm). Each core was polished with different abrasive sand paper (from 

80 to 600 grit/mm
2
) with the aim of revealing anatomically the growth ring boundary. 

Subsequently, all tree-rings were identified with the aid of a stereomicroscope according to 

the Skelleton-plots classic method (Stokes and Smiles, 1996), using narrow rings as guides. 

After macroscopic identification, all tree-ring series were scanned at a resolution of 2,400 dpi 

with an HP G4050 scanner. Measurement of ring widths was performed with a precision of 

0.001 mm through the software Image J. To evaluate dating accuracy, the temporal series of 

ring widths were compared within and among trees at each site by visual and statistical cross-

dating.  

Visual cross-dating was done working with ring-width bar plots, and statistical cross-

dating was tested using COFECHA software (Holmes, 1983). COFECHA uses segmented 

temporal series correlation techniques among series to assess the quality of cross dating and 

measurement accuracy allowance (Grissino-Mayer, 2001). After evaluating the quality dating 

control by COFECHA software, we constructed chronologies for each site, trying to retain the 

common growth variability at high and low frequency ranges, respectively, as much as 

possible. According to Cook and Kairiukstis (1990), spline functions with a rigidity between 

67% and 75% of the series length are an effective tool to remove long-term growth variations 

resulting from ontogenetic effects and competition between trees in dense forests. To build 

site chronologies, time series were detrended and standardized using a smoothed cube spline 

function with 50% frequency-response (65% cut-off for  the length of each series) using the 

dplR package in R Software (Bunn, 2008). Standardization of the series was performed by 

dividing the width of the growth rings by the growth model of the smooth cubic spline 

function, producing dimensionless ring-width indices (RW) (Bunn & Korpela, 2017). The 

quality of the chronology was evaluated by the value of Rbar and EPS (expressed population 

signal), both calculated with the dplR package in R Software (Bunn, 2008). The Rbar is the 

average correlation coefficient among all the series included in the chronology (Briffa, 1995). 

The EPS values provided information that confirmed the existence of common signals among 

trees. EPS values higher than 0.80 indicate that the limiting factor to growth in the chronology 

is probably homogenous (Mendivelso et al., 2014).  

 

Growth‑climate analyses 

To explore growth-climate patterns among trees located close to the edges and trees 

located in the forest interior, the ring-width data were converted into basal area increment 

(BAI). BAI is considered a more informative measure of tree growth trends in terms of total 
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biomass production (Peñuelas et al., 2011; Phipps and Whiton, 1988), to explore the 

differences in growth-climate patterns between trees located close to the edges and trees 

located in the forest interior. Ring-width was converted to BAI according to the following 

standard formula: BAI = π (R2
n - R2

n-1), where R is the tree radius and n is the growth ring 

formation year. To calculate BAI we used the bai.out function in dplR package in R Software 

(Bunn, 2008; Bunn & Korpela, 2017). 

After transforming growth ring width in BAI, we evaluated, by spatial correlations, the 

influence of sea surface temperature (SST) from the Atlantic (A.SST) and Pacific (P.SST) 

Oceans on tree BAI using data available from the Climate Explorer Website 

(http://climexp.knmi.nl/) from the KNMI (Royal Netherlands Meteorological Institute), 

through HadISST1 1.0° special field correlation. Hence, we divided the time series into two 

periods, prior (1941 to 1982) and after forest fragmentation and, consequently, edge creation 

(1983 to 2013) analyzing the influence of the period before the dry season (March to June), 

the period of the core dry season (July to October), and the period after the dry season with 

the onset of rainfall (November to February). 

After verifying the spatial correlations of A.SST and P.SST, a Structural Equation 

Model (SEM) was used to evaluate how A.SST and P.SST influence the regional rainfall and 

how these affect the BAI dynamics of trees exposed to edge effects compared to the control 

for the periods prior, during and after the dry season. Although the application of SEM in 

dendrochronological research can be considered contemporary, some studies have shown that 

this technique is a successful statistical tool in verifying climate influence on tree growth 

(Brienen, et al., 2010; Nielsen et al., 2017; Shi et al., 2018). Using SEM, we were capable of 

quantifying the direct and indirect causal pathways and the direction (positive or negative) of 

the influence on tree growth (Grace et al., 2010). In this sense, we used the spatial correlation 

analyses as hypotheses for the construction of our SEM model, that is, the spatial correlations 

results found would comprise the paths model. It should be remembered that correlation does 

not imply causation; however, we were careful to construct a putative causal network that 

correctly represented the phenomenon. Thus, one of the main advantages of SEM in this study 

is to allow multiple variables to interact simultaneously, favoring the understanding of the 

direct rainfall effects and indirect SST effects on tree BAI dynamics.  

A general SEM can be expressed in matrix notation as: y=Λy+Γx+e, where y is a 

vector of endogenous variables (whose values are influenced by factors considered in the 

model); Λ is a square matrix with zeros in the diagonal and structural coefficients in the off-

diagonals defining the relations among endogenous variables; Γ is a matrix defining the 

http://climexp.knmi.nl/
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relations from exogenous (whose values are influenced by factors ignored by the model) to 

endogenous variables; x is a vector of exogenous observed variables; and e is a vector of 

residuals (Rosa et al., 2011). 

Historical series (1941 to 2013) of precipitation (CRU TS 4.02, 0.5° - 2.27°-2.47°S 

and 59°-60°W), North Atlantic SST (NA.SST, 6-22°N and 80-15°W), South Atlantic SST  

(SA.SST, 25°S-2°N and 35°W-10°E) and El Niño 3.4 P.SST (Niño 3.4, 5°S-5°N and 170°-

120°W), obtained from the Climate Explorer Website (http://climexp.knmi.nl/) were included 

as pathways that directly and indirectly influenced tree growth dynamics in the SEM model. 

According to Yoon and Zeng (2010), the influence of P.SST in the El Niño 3.4 region on 

Amazonia precipitation presents a lag of 3 to 4 months, thus, the pathways Niño 3.4, 

presented a lag in the SEM model.  

We used the overall test of model fit (chi-square) as well as tests of individual 

parameters (p value) to estimate the performance of our SEM (Byrne, 2013). The SEM 

analyses were conducted using R (Lavaan Package) (Rosseel, 2012). 

 

Results 

Tree-rings chronologies of Scleronema micranthum 

The growth rings of Scleronema micranthum trees at both sites were distinct and 

characterized by tangentially distended rays touching the apotracheal, possibly terminal 

parenchyma bands (Vetter and Botosso, 1988) (Fig. 8). The master chronology (Fig. 9) was 

built from tree-ring widths covering 138 years (1878–2015) for trees located within the 

interior of the forest and 142 years (1874–2015) in trees located close to edges. Cross-dating 

quality and accuracy in the measurements of the growth rings was confirmed by the inter-

correlations, EPS > 0.80, and Rbar > 0.3 values, indicating a common growth pattern of 

Scleronema micranthum at each site, with an evident population signal. Descriptive statistics 

of the chronologies are presented in Table 4. Results concerning the temporal growth 

dynamics of the trees exposed, and not exposed to edge effects, can be consulted in (Albiero-

Júnior et al., 2019b).  

 

http://climexp.knmi.nl/
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Figure 8. a) Scleronema micranthum tree at the forest edge at the Biological Dynamics of Forest 

Fragments Project site; b) macroscopic, and c) microscopic images of the transverse wood section 

evidencing the growth ring anatomy characterized by tangentially distended rays touching the 

apotracheal, possibly terminal parenchymal bands. White triangles indicate the growth-ring 

boundaries. 

 

 
Figure 9. Residual tree-ring chronologies of Scleronema micranthum (a) at the forest edge and (b) in 

intact terra firme forest at the Biological Dynamics of Forest Fragments Project in Central Amazonia. 

Solid gray line indicates the individual average time series; the black line shows the residual tree-ring 

master chronology; the dashed gray line indicates the number of radial cores used for the index 

calculation and the red line, a superimposed 10%-smoothed spline curve. 
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Table 4. Descriptive statistics of tree-ring chronologies of Scleronema micranthum located close to the 

edge and in the interior of the reserves at the Biological Dynamics of Forest Fragments Project in 

Central Amazonia. 

Variables Edge Interior 

No. trees/No. radial cores 21/34 21/34 

Mean ring width ± SD (cm) 0.18 ± 0.12 0.18 ± 0.09 

Time span  1874-2015 1878-2015 

Mean tree age ±  81 ± 22 81 ± 22 

Mean sensitivity 0.56 0.51 

Series intercorrelation 0.51 0.50 

Rbar (± SD) 0.44 ± 0.02 0.36 ± 0.05 

Period with EPS ≥ 0.80 1920-2015 1915-2015 

 

Climate-growth analyses 

After construction of the two chronologies, we sought to compare climate-growth 

relations of populations growing at the forest edge and in the interior of the forest. Therefore, 

we selected 15 trees at each site with similar age and diameter structure comprising the entire 

period from 1941 to 2014 (Table 5 and Fig. 10). With this we ensure the climate-growth 

relationship analyses of trees which have been growing in the period before forest 

fragmentation starting in 1983 and which were influenced by increasing A.SST 1980 

onwards. Climate-growth analyses were performed for these subsamples (30 individuals), 

converting the ring width into basal area increment (BAI). 

 

Table 5. Age and diameter at breast height (DBH) of Scleronema micranthum trees at edge and 

interior of terra firme forests at the Biological Dynamics of Forest Fragments Project in Central 

Amazonia selected for growth pattern analyses (SD indicates the standard deviation). 

 Edge  Interior  

Year DBH Age DBH Age 

1941 6.9 (SD = 5.8) 20 (SD = 17) 6.9 (SD = 6.2) 23 (SD = 18.2) 

1982 22.3 (SD = 6.3) 61 (SD = 17) 22.1 (SD = 7.1) 64 (SD = 19) 

2014 33.3 (SD = 5.2) 92 (SD = 17.8) 34.9 (SD = 6.7) 96 (SD = 12.2) 
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Figure 10. Dominant basal area increment (BAI) index patterns of Scleronema micranthum trees 

located close to the edge (solid gray lines) and in the interior of the forest (dashed black line) in terra 

firme forest at the Biological Dynamics of Forest Fragments Project in Central Amazonia. Red line: 

standardization by a 30% smoothed spline curve of BAI chronology of trees located close to the edge; 

blue line: standardization by a 30% smoothed spline curve of BAI chronology of trees in the interior 

of the forest; vertical solid black line: edge creation year (1982); vertical dashed black line: five and 

ten years after edge creation. 

 

Spatial correlations evidenced strong influence of A.SST on tree growth inside the 

forest (Fig. 11) and at the forest edge (Fig. 12). Both populations show a changing pattern 

from the SA.SST influencing tree growth during the period before forest fragmentation 

towards NA.SST influencing tree growth in the period afterwards. The strength and fields of 

correlations of SA.SST patterns before forest fragmentation are very similar between both 

populations, however after forest fragmentation and increased A.SST since 1980, the 

populations present differences especially during the core period of the dry season (Jul – Oct-

Oct), with stronger influence of NA.SST on the trees growing at the forest edge. The 

influence of P.SST in the El Niño 3.4 region is relatively low and more evident during the 

core period of the dry season, especially for the population in intact forests in the period 

before forest fragmentation.  
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Figure 11. Spatial correlations between the Atlantic sea surface temperature (A.SST) and the basal 

area increment (BAI) of Scleronema micranthum trees not exposed to edge effects at the Biological 

Dynamics of Forest Fragments Project in Central Amazonia, before (left side) and after (right side) 

forest fragmentation, considering the period before (Mar – Jun), during (Jul – Oct) and after (Nov – 

Fev) the dry season. 
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Figure 12. Spatial correlations between the Atlantic sea surface temperature (A. SST) and the basal 

area increment (BAI) of Scleronema micranthum trees exposed to edge effects at the Biological 

Dynamics of Forest Fragments Project in Central Amazonia, before (left side) and after (right side) 

forest fragmentation considering the period before (Mar – Jun), during (Jul – Oct) and after (Nov – 

Fev.) the dry season. 

 

The structural Equation Model (Fig. 13) revealed, with statistical significance, Chi-

Square P-value >0.05, the direct influence of precipitation and indirect influence of the 

SA.SST, NA.SST and P.SST El Niño 3.4 variables on BAI rates. The variables included in 

the structural models represent annual average rates, thus, the interpretation of the paths 

corresponds to the average influence that one variable had on the others during the time under 

consideration.  
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For trees located in the interior forest, we observed that rainfall rates positively 

affected the basal growth rate before fragmentation during the periods of Mar - Jun and Jul - 

Oct. Basal growth rates increased as the mean rainfall increased (Fig. 13). However, the 

rainfall rate during the period of Nov – Feb had a negative effect on basal growth rate. After 

forest fragmentation and as A.SST increased, the rainfall rate had a negative influence on BAI 

rates of interior trees during the periods of Jul – Oct and Nov – Fev. However, the effects of 

rainfall were lower and not significant during and after the core of the dry season. During the 

period from March to June prior to the dry season, rainfall positively influenced BAI rate of 

interior trees. 

After forest fragmentation and as A.SST had increased, we observed an interesting 

phenomenon. The rainfall rate of Jul – Oct (-0.008 cm
2
) and Nov – Feb (-0.006 cm

2
) periods, 

had a negative influence on BAI rates of interior trees; thus, as the rainfall rate during these 

periods increased, the BAI rate decreased. However, values close to zero may indicate that 

rainfall during and after the core of the dry season exerted little influence on the growth of 

trees located in the forest interior after 1983. Prior to the dry season, rainfall from March to 

June continued to positively influence the growth of trees located in the forest interior after 

forest fragmentation and increased A.SST, inducing increases in BAI rates of 0.020 cm
2
 per 

year. 

For trees located close to the edges, the effects of rainfall rates on basal growth rate 

before forest fragmentation was the same as that of trees located in the interior of the forest. 

However, after forest fragmentation and increased A.SST since 1980, we observed that trees 

exposed to edge effects were much more sensitive to rainfall reduction in the core of the dry 

season (Jul – Oct) period, presenting an almost ninefold decrease (-0.070 cm
2
) of BAI than 

trees at the control site. On the other hand, the effect of rainfall before and after the core of the 

dry season after forest fragmentation remained similar to trees located in the interior of the 

forest, with a BAI increasing close to 0.025 cm
2
 in the period of Mar – Jun and almost null 

(0.005 cm
2
) in the period of Nov – Feb.  

 Analyzing the indirect effect of large-scale climatic variables (SA.SST, NA.SST, and 

P.SST El Niño 3.4) on precipitation that influenced the trees not exposed to edge effects 

before A.SST increase and forest fragmentation, SEM revealed a rainfall increase from Mar – 

Jun and Jul – Oct, and a reduction during Nov – Feb and Mar – Jun (Niño 3.4). This revealed, 

before the A.SST increased and forest fragmentation, a positive influence of SA.SST on 

precipitation before and during the dry season, and negative influences of El Niño 3.4 and 

SA.SST during and after the core of the dry season, respectively.   
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This large-scale climate pattern was similar for trees close to the edge before forest 

fragmentation and increased A.SST, except for the absence of P.SST El Niño 3.4 influence 

which was not observed in the spatial correlation analysis of the edge trees. 

 In the period after A.SST increased and forest fragmentation, the Atlantic sea surface 

temperatures exerted a lower influence on the precipitation available for the trees distant from 

the edge, presenting negative correlation with SA.SST during Jul – Oct and with NA.SST 

during Nov – Feb. For trees growing close to the forest edge, the influence of Atlantic sea 

surface temperatures, mainly the NA.SST, was much stronger compared to the control, 

causing a strong reduction of rainfall during Jul – Oct and Nov – Feb and a lower decrease in 

Mar – Jun (Fig. 13).  
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Figure 13. Structural Equation Model of climate-growth relationships for trees not exposed 

(Interior.BAI) and exposed (Edge.BAI) to edge effects for the periods before (Mar – Jun), during (Jul 

– Oct) and after (Nov – Feb) the dry season. Solid boxes represent data prior to forest fragmentation, 

and dashed boxes represent data after forest fragmentation. The asterisks indicate significance of the 

path (p<0.05). (P: precipitation, SA.SST: South Atlantic sea surface temperature; NA.SST: North 

Atlantic sea surface temperature; El Niño 3.4: Pacific sea surface temperature in El Niño 3.4 region). 

 

Discussion 

The spatial-temporal variability observed in the correlations between BAI rates and 

A.SST (Figs. 11 and 12) revealed a stronger influence of SA.SST in the period before forest 

fragmentation, and NA.SST after forest fragmentation.  

This switch effect from the SA.SST to the NA.SST is possibly caused by a 

displacement of the Intertropical Convergence Zone (ITCZ) towards the north due to the 

increases in A.SST from 1980 onward (Gloor et al., 2013, 2015). Through the A.SST increase 

and the consequent displacement of ITCZ to the north, an intensification of the hydrological 
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cycle in the wet season and small reductions in rainfall during the dry season are expected 

(Gloor et al., 2013; Marengo et al., 2008; Yoon and Zeng, 2010). Consequences of this 

phenomenon, in which the temperature increase of A.SST induced the displacement of the 

ITCZ to the north, promoting rainfall reduction, were observed in intense drought years 

(1998, 2005 and 2010) in the Western Amazon (Espinoza et al., 2011), and it was reported 

that this phenomenon has promoted high tree mortality and biomass loss (Feldpausch et al., 

2016; Laurance et al., 2001; Phillips et al., 2009), affecting the dynamics of the forest and 

consequently its ecosystem services. Thus, although the intensification of the hydrological 

cycle in the Amazon since 1980 onward (Gloor et al., 2013, 2015) could indicate that trees of 

terra firme forests would benefit from increases rainfall, and would be little affected by the 

small reductions in rainfall during the dry season, only boosting water stress in areas of 

shallow soils in Amazonia (Gloor et al., 2015). The negative values found by the path 

P.Jul.Oct (-0.070 cm
2
) → Edge.BAI on SEM edge model (Fig. 13) after forest fragmentation 

and increased A.SST since 1980, reveals that even in areas with deep soils, such as the 

Ferralsols (Oxisol) characteristic in our study area, which favors a root depth of trees of up to 

two meters (Quesada et al., 2011). Dry periods, slightly drier, may potentiate stress conditions 

(e.g., increases in air temperature, reduction of air humidity and soil moisture) already 

observed in edge areas, contributing even more to the reduction of tree growth. 

In addition, when we observed that the increase of NA.SST from July to October 

exerted strong pressure on the reduction of rainfall during the dry season (-80.91 mm) in the 

edge SEM model (Fig. 8), we can expect that the reduction of forest cover in fragmented 

areas may be potentiating the reduction of rainfall during the dry season, since 25% of rainfall 

in the Amazon is recycled from the forest itself (Angelini et al., 2011). In this sense, 

recognizing the key role of forest cover in the hydrological cycle, directly influencing climate 

(Bonan, 2008), and the displacement of ITCZ to the north due to the increase of A.SST since 

1980, we can expect that macro- and microclimatic changes are acting as the factors to reduce 

rainfall in fragmented areas of the Amazon forest, especially during the drier period, as 

revealed by the greater sensitivity to climate changes in Scleronema micranthum trees 

exposed to edge effects.  

Consequently, if we consider the projections of 1.5 °C global warming above pre-

industrial levels (Intergovernmental Panel on Climate Change 2019), significant increases in 

A.SST will possibly modify rainfall patterns in the Amazon Basin even more. This will 

influence the performance of trees and their ecosystem services, especially in forest areas that 

already undergo stress at the edges of forest fragments. This was observed in trees of S. 
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micranthum exposed to edge effects, that presented, during the first 10 years of forest 

fragmentation (1983 to 1992), an 18% reduction of BAI rates (Albiero-Júnior et al., 2019).   

Surprisingly, for the period with onset of rainfall (Nov – Feb), the SEM model 

suggests a reduction of tree growth of S. micranthum for both populations (forest edge and 

continuous forest), contradicting dendroclimatological studies performed in tropical forests 

that demonstrated a positive influence of precipitation at the beginning of the rainy season on 

tree growth (Brienen & Zuidema, 2005; Dunisch et al., 2003; Granato-Souza et al., 2018). A 

reasonable explanation for this reduction in S. micranthum tree growth would be the influence 

of cloud formation during the rainy season, reducing light availability and intensity that would 

reach the canopy, and consequently decrease the photosynthetically active radiation (PAR) 

available to the trees (Clark and Clark, 1994; Lovejoy and Schertzer, 2006; Soliz-Gamboa et 

al., 2011).  

During the rains that occurred before the core of the dry season, positive and similar 

correlations (0.027 cm
2
) with BAI of trees exposed and not exposed to edge effects observed 

by the SEM models, may suggest that the last rain events prior to the dry season can be used 

as an additional resource for tree growth. This result was also observed in tropical forests by 

Fontana et al. (2018), Brienen and Zuidema  (2005) and Dünisch et al. (2003) and may reflect 

a trade-off between a last growth impulse before the dry season or energy storage for the next 

growing season (Dunisch et al., 2003). Thus, these responses seem to be exerting the same 

influence on trees exposed and not exposed to edge effects, before and after forest 

fragmentation and increased A.SST since 1980, revealing a certain dependence of S. 

micranthum trees on rains prior to the dry season. 

Before forest fragmentation, the positive influence of the SA.SST in precipitation from 

March to June on edge and interior trees, and July to October on trees close to edge, may 

reflect the colder conditions of the SA.SST before the observed warming since 1980, which 

according to Yonn and Zeng (2010) would favor ITCZ permanence in its regular position, 

accentuating rainfall in the Amazon Basin mainly from May to June, corroborating our 

results. On the other hand, negative and smaller relationships between SA.SST and 

precipitation from November to February may reflect the low influence of SA.SST during this 

period, acting, according to Gloor et al. (2015) more intensely in the rains that occur during 

the transition from the wet to the dry period, as we observed in the Structural Equation Model 

analysis. 

Although Yoon and Zeng (2010) showed strong influence of P.SST on precipitation 

during the rainy season in the Amazon Basin, recent studies (Barichivich et al., 2018; Gloor et 
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al., 2013) provide evidence that the Atlantic is the triggering force influencing precipitation in 

this period, corroborating the lower influence of P.SST observed by the spatial correlations 

and in the SEM model. 

Therefore, we highlight the Atlantic Ocean's determining role in terms of 

hydroecological impacts due to its influence on rainfall patterns mainly during the dry season 

in Central Amazonia, and reinforce that increases in A.SST since 1980 might increase the 

vulnerability to rainfall reduction in trees exposed to edge effects. Legitimate strategies are 

needed to reduce and mitigate the expansion of edge areas in Amazon forest and anthropic 

climate changes of the Anthropocene.  

 

Conclusion 

The present study was able to identify that Atlantic sea surface temperature (A.SST) 

increased since 1980 and the Intertropical Convergence Zone northward displacement exerted 

greater pressures on the growth dynamics of trees exposed to the forest edge, and that these 

influences were more intense during the dry season. Thus, although we could believe that 

trees in upland forests (terra firme) could benefit from the intensification of the hydrological 

cycle since 1980, this phenomenon may not favor trees exposed or close to forest edge, 

mainly in the dry season. Also, this study reinforces the anticorrelation phenomenon of A.SST 

increase and rainfall reduction in the Amazon, and highlight that in altered and potentially 

more stressful environments, such as forest edges, Anthropocene climatic changes may be 

exerting pressure on reducing the growth dynamics of the trees. This is able to alter essential 

processes (flowering, fruiting and growth) in their ecosystem services that can affect human 

well-being. Therefore, through dendrochronology we legitimize the claims that climatic 

changes and Amazon fragmentation are exerting a strong impact on Scleronema micranthum 

growth dynamics, highlighting the need for strategies that reduce forest fragmentation and 

creation of new forest edges.  
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Abstract 

The contemporary socioenvironmental conjuncture of the Brazilian Amazonian, 

marked by land use conversion, habitat reduction, forest fragmentation and biodiversity loss 

has been revealing a failure of our society in the maintenance of environmental services 

provided by the world’s largest rainforest. Highlighting the key role of the forest and more 

precisely of the trees, it’s major component may help to understand at least part of the future 

of a fragmented landscape. More precisely, understanding how tropical trees occupying 

distinct positions in the forest vertical profile are being affected and reacted to forest 

fragmentation during their life’s cycle will provide more truly insights on the resilience of the 

Amazonian forest. In this sense, through dendrochronological analyzes, using tree rings as 

bioindicators, we evaluated the temporal influence of the edge effects on Theobroma sylvestre 

Mart. (Malvaceae) tree growth dynamics, a typical tree that occupy lower and intermediate 

positions in a forest vertical profile. Dendrochronology surely was a technique that helped us 

to investigate along time the effects of environmental changes in a natural system and even 

further, for those survivors’ trees in such disturbed environment, how the process of resilience 

may perform after disturbance. Our dendrochronological study revealed that edge effects 

favored the growth of Theobroma sylvestre trees, mainly along the first 20 years after forest 
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fragmentation and edge creation. An opposite pattern when compared to the growth dynamics 

of a canopy tree. Confirming that the microclimatic and structural changes provoked by edge 

effects exert contrasting influences on trees growth, depending on their position in the forest 

vertical profile. In addition, we highlighted that the increase in basal area increment of trees in 

lower and intermediate forest vertical profile exposed to edge effects, may indicate an 

important component of above ground biomass stocks recover after forest fragmentation. A 

fact that should be taking into account in forest management and restoration practices. 

Promoting new perspective to forest resilience ability after fragmentation processes. 

However, we also highlighted the need of extending the study to a larger number of tree 

species, to confirm these hypotheses.  

 

Keywords: Amazonian forest fragmentation; Basal area increment; Biological Dynamics of 

Forest Fragments Project; Growth release; Resilience; Sub-canopy; Tree rings 

 

Introduction  

The human well-being is a corollary of the Amazonian forest conservation due to its 

indispensable contribution for the global carbon cycle (Malhi et al., 2006; Saatchi, Houghton, 

Alvala, Soares, & Yu, 2007), through the photosynthetic fixation of 17% of the terrestrial 

carbon biomass (Fauset et al., 2015), also responsible with ~17% of total global freshwater 

input to the ocean (Callede et al., 2010) and its participation in the energy balance and climate 

maintenance of the planet (Wang and Fu, 2007; Hilker et al., 2014). 

Trees play a key role in the perennity of such environmental services (Lutz et al., 

2018; Teixeira et al., 2019). In this sense, considering the increase of Brazilian Amazonian 

forest deforestation by approximately 88% compared to 2018 (INPE, 2019), and the ongoing 

potential increases of legal deforestation after Brazilian Forest Act revision, in which favors 

the reduction size of the legal reserves of private properties from 80% to 50% in Amazonia 

(Freitas et al., 2018). We highlight the importance of studies evaluating the temporal 

influence of anthropic (e.g forest fragmentation and climate changes) actions along the trees' 

live cycle being fundamental to understanding the forest ecosystems dynamics and forest 

resilience (Gunderson, 2000). Providing, crucial knowledge in planning mitigation and 

adaptation strategies to the consequences of forest fragmentation (Berenguer et al., 2018) and 

environmental services conservation.  

Recent studies realized in Amazonia using remote sensing techniques, revealed that 

after selecting logging, the forest understory structure resembled its original state within four 

to five years while differences in canopy structure were still detected eight years following 

logging (Rangel-Pinagé et al., 2019). Also using remote sensing techniques, de Paula et al. 

(2016) observed that tree cover patterns remained in average lower close to the edge after five 

years of forest fragmentation in Amazonia. Moreover, and through dendrochronological 
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analysis, Albiero-Junior et al. (2019) registered that Amazonian canopy trees took at least 10 

years to record a basal area increment rates similar to those observed in canopy trees not 

exposed to edge effects. 

Studies suggest that tropical forests can take 30 years on average to recover an original 

level of biomass after forest fragmentation (Letcher and Chazdon, 2009; Poorter et al., 2016; 

Almeida et al., 2019). However, Berenguer et al. (2018) identified the absence of significant 

differences in the average wood density of saplings between disturbed mature and secondary 

Amazonian forests, possibly indicating a process of secondarization (Scarano & Ceotto, 

2015), which would lead to the absence of divergences in above ground biomass values in 

mature and secondary Amazonian forest in future. This homogenization after forest 

fragmentation, was already registered by Tabarelli et al. (2008) in tropical forest fragments, 

supporting the hypothesis that assemblages dominated by pioneer trees, may be approaching 

near-equilibrium conditions, representing a stagnant rather than a transient successional stage. 

Consequently, those forest may be accelerating the global carbon cycle, considering that fast-

growing pioneer trees have lower wood density rates and sequester less carbon than do the 

mature-phase trees they usually replace (Laurance et al., 2006).  

Nonetheless, the forest resilience ability may strongly depend on the variety of 

functional groups present, the accumulated resources that supply the recovery and the 

ecosystem ecological memory (Gunderson, 2000; Ciemer et al., 2019; Hughes et al., 2019), 

justifying divergences among studies. 

In this way, recognize how trees occupying distinct forest vertical profile are being 

affected and responding to forest fragmentation along their life’s cycle may provide more 

truly insights on the resilience of the Amazonian forest, in face of the current scenario of 

increasing forest loss, forest fragmentation and climate change. This become relevant since 

most global forest remnants are less than 10 ha in area, and half of the world’s forest is within 

500 m of the forest edge (Haddad et al., 2015). Added to that, some estimates suggest that 

edge areas degradation of tropical forests may account for 9-24% of the total annual carbon 

loss (Pütz et al., 2014). 

Therefore, considering that shallow-rooted small trees (between 20 and 30 cm in 

diameter at breast height, DBH) can represented 45% of the above-ground biomass in 

Amazonian forest areas (Vieira et al., 2004). And if Amazonian trees occupying different 

positions in the forest vertical profile show growth divergence when exposed to edge effects, 

reflecting in distinct resilience capacity; this study seeks, using a dendrochronological 

approach, evaluate how Theobroma sylvestre Mart. (Malvaceae) trees, typically located at 
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lower position in the vertical profile of terra firme type of Amazonian forest are being 

affected and respond to forest fragmentation and edge effects along their life’s cycle, we 

address the following questions:  

(i) Are individual growth patterns of trees located closed to a forest edge affected 

compared with trees located far from the edge? 

(ii) If yes, what is the temporal extent of edge effect influence tree growth patterns? 

(iii) Are edge effects boosting growth release events?  

(iv) Trees occupying different position in the forest vertical profile show growth 

divergence when exposed to edge effects? 

 

Materials and Methods 

Study and sampling areas 

The present study was carried out in the Biological Dynamics of Forest Fragments 

Project (BDFFP) study sites, the world’s largest and longest-running experimental study of 

tropical habitat fragmentation (Lovejoy et al., 1986; Laurance et al., 2018). The BDFFP is 

located 80 km North of Manaus, Brazil (2°30'S, 60°W) and covers an area of ~1000 km2. A 

description of the project and the location of all fragments and control areas can be found in 

Gascon and Bierregaard (2001). The total annual precipitation ranges from 1900 to 3500 mm 

with a moderate, but remarkable dry season (<100 mm/month) from June to October 

(Laurance et al., 2018). 

Under a phytophysiognomy-based definition, the sampled area is typified mature terra 

firme forest, a term used for non-flooded Amazonian forests, which represents 80% of the 

Biome (Pires and Prance, 1985). In general, four strata define the structure of the forest: 

understory, sub-canopy, a canopy with a 25-35 m and emergent trees that can reach up to 45 

m. An assembly of approximately 1,300 species of trees (>10 cm DBH) represents a forest 

highly diverse (BDFFP personal communication, 2019). 

For the present study, two BDFFP reserves were visited to collect wood samples from 

trunks of Theobroma sylvestre trees (Fig 1). Trees exposed to edge effects were located close 

to the edge or at most, 300 m far from any edge in the Porto Alegre ranch, specifically at the 

100-ha reserve (2°22'2.82" S, 59°58'31.63" W). The reserve was created in August of 1983, 

by cutting and burning the surrounding pristine forest to establish a new pastureland. We 

defined the penetration distance of edge effects up to 300 m because increasing tree mortality 

associated to forest fragmentation can be detectable until this distance (Laurance et al., 2018). 

Trees not exposed to edge effects were sampled at Esteio ranch, at the continuous forest 
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located within the Km 41 reserve (2°26'15.52" S, 59°46'1.25" W). Trees were located at least 

1000 m far from the nearest edge (a narrow unpaved road). The reserve was created in 1984, 

and the forest was kept intact, and it is considered one of the control areas. 

 

 

Figure 14. Location (red dots) of the two study sites of terra firme forests at the Biological Dynamics 

of Forest Fragments Project (BDFFP) in Central Amazonia (left). Yellow dots indicate sampled trees 

in the forest fragment of the Porto Alegre ranch (upper right map) and in continuous forest at the 

Esteio ranch (lower right map). 

 

Theobroma sylvestre tree-ring analysis 

Theobroma is a genus of the Neotropics which its geographical distribution is related 

to lowland rainforests extending from Southern México to the Amazon Basin (Cuatrecasas, 

1964). Commonly known as “cocoa”, Theobroma sylvestre reaches an arboreal size not 

exceeding 18 m in height, conditioning individuals to the lower and intermediate positions of 

the vertical profile of the Amazonian Forest (Ducke, 1953). Although Theobroma sylvestre is 

not widely used for cocoa butter production, its potential is recognized (Gilabert‐Escrivá, 

Gonçalves, Silva, & Figueira, 2002).  

For dendroecological analyzes we took wood samples between April and October 

2016 from a total of 50 trees, 20 growing close to the forest edge and 30 into the interior of 

the continuous forest. The sampled trees were in good phytosanitary condition and did not 

presented vines. Three radial cores were collected for each tree at DBH using increment 

borers (diameter = 5.1 mm). Each core was polished with different abrasive sandpaper (from 
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80 to 600 grains/cm2) with the aim of revealing tree ring boundaries. Subsequently, all tree 

rings were identified and dated with the help of a stereomicroscope according to the classic 

method using narrow rings as pointer years (Stokes & Smiles, 1996). After identification, all 

tree-ring series were scanned at a resolution of 2400 dpi by an HP G4050 scanner. 

Measurements of tree-ring widths were performed with a precision of 0.001 mm through the 

software Image J. 

To evaluate dating accuracy, the temporal series of ring widths were compared within 

and among trees at each site. Both visual and statistical cross dating were performed. Visual 

cross dating was done working with ring-width bar plots, and statistical cross dating was 

tested using COFECHA software (Holmes, 1983). COFECHA uses segmented temporal 

series correlation techniques to assess the quality of cross dating and measurement accuracy 

in the tree ring time series (Grissino-Mayer, 2001).  

After evaluating the dating in COFECHA software, we sought to construct master 

chronologies for each site that would increase the retention of common growth signals. 

According to Cook and Kairiukstis (1990), spline functions with length between 67 and 75% 

of the series are able to remove biological growth trends related to high frequency variances. 

To build up site chronologies, time series were detrended and standardized using a smoothed 

cube spline function with 50% frequency-response cut-off for 65% of the length of each series 

in dplR package in R Software (A. G. Bunn, 2008). The standardization of the series was 

performed by dividing the width of the tree ring by the growth model of the smooth cubic 

spline function, producing dimensionless ring-width indices (RW) (A. Bunn & Korpela, 

2017). The quality of the chronology was evaluated by the value of Rbar and EPS (expressed 

population signal), both calculated with the dplR package on R Software (Bunn, 2008). The 

Rbar is the average correlation coefficient resulting from comparing all possible segments of a 

predetermined length among all the series included in the chronology (Briffa, 1995). The EPS 

values provided information that confirmed the existence of common signals among trees, 

EPS values higher than 0.80 indicate that the limiting factor of growth in the chronology 

probably is homogenous (Mendivelso, Camarero, Gutiérrez, & Zuidema, 2014). 

 

Site growth patterns 

To explore the growth patterns among trees located close to the edges and trees 

located into the interior of the forest, the width of the tree rings was converted into basal area 

increment (BAI). BAI is considered a more informative measure of tree growth trends in 

terms of total biomass production (Peñuelas, Canadell, & Ogaya, 2011; Phipps & Whiton, 
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1988). The width of the tree rings was converted to BAI according to the following standard 

formula: BAI = π (R2n - R2n-1), where R is the tree radius and n is the tree ring formation 

year. To calculate BAI we used the bai.out function in dplR package in software R (A. G. 

Bunn, 2008; A. Bunn & Korpela, 2017).  

Principal Component Analysis (PCA) was performed to identify dominant BAI 

patterns between edge and interior trees during common growth periods: all periods (1970 to 

2015), before edge creation (1970 to 1982), five years after forest fragmentation (1983 to 

1987), ten years after forest fragmentation (1983 to 1992), fifteen years after forest 

fragmentation (1983 to 1997), twenty years after forest fragmentation (1983 to 2002), twenty 

five years after forest fragmentation (1983 to 2007), and at last, thirty years after forest 

fragmentation (1983 to 2012). 

The PCA was realized by the prcomp function in R software (R core Team, 2017). 

Through the data dimension reduction, the PCA automatically performs data clustering 

according to the K-means objective function (Ding & He, 2004). Thus, seeking cluster 

validation of trees exposed and unexposed to edge effects, Silhouette Index (SI) (Rousseeuw, 

1987) was used. The SI evaluates how much a sample is similar to another inserted in the 

same cluster, comparing with samples inserted in other clusters (Kaufman & Rousseeuw, 

2009). SI values near +1 indicate that the sample is far from the neighboring clusters, 

confirming that the sample was correctly allocated. A value of 0 indicates that the sample is 

very close to the decision boundary between two neighboring clusters, and negative values 

indicate that sample might have been assigned to the wrong cluster (Rousseeuw, 1987). After 

PCA, we used Kruskal-Wallis test (p<0.05) to compare BAI trends between edge and interior 

clusters.  

 

Disturbance analysis   

Some of the most widely used methods for identifying release events are radial growth 

averaging techniques, in which a growth change percentage (%GC) calculation is made on 

each tree-ring time series, and release events are recorded when growth change percent values 

exceed a certain minimum value  (Nowacki and Abrams, 1997; Black et al., 2009;).  In this 

way, to detect release events we used the formula of Nowacki and Abrams (1997) to derive 

the growth change percentages: %GC = [(M2 - M1) /M1] × 100, where %GC = growth 

change percentage for year 1, M1 = mean diameter growth over the preceding 10 years, and 

M2 = mean diameter growth over the subsequent 10 years. Studies in tropical forests reveal 

that a moving average of 10 years was able to remove long-term age-effects and short-term 
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climatic fluctuations (Brienen and Zuidema, 2006; Brienen et al., 2010). Release events were 

identified when the %GC was greater than 50% during a minimum period of 10 years 

(Rozendaal, Soliz-Gamboa, & Zuidema, 2011). Release events were performed by overall 

function by the Nowacki and Abrams (1997) method using the “TRADER” package (Altman, 

Fibich, Dolezal, & Aakala, 2014) in R (R core Team, 2017). 

Seeking to verify if the %GC that promoted release events before and after the edge 

creation induced statistically significant differences in the wood production, Kruskal-Wallis 

test (p<0.05) was performed on the growth changes of BAI (ΔBAI). ΔBAI was calculated as 

the difference in the BAI average ten years before the release events and ten years after the 

release events.  

 

Results 

Tree-ring chronologies of Theobroma sylvestre 

The tree rings of Theobroma sylvestre in edge and interior sites were distinct and 

characterized by growth layers demarcated by the flattening of the fibers and tangentially 

distended rays (Fig 15). 

The master chronology (Fig 16) was built from tree-ring widths covering a period of 

69 years (1947-2015) for trees located close to the edge and 57 years (1959-2015) for trees 

located at the interior of the forest, confirming the presence of the trees before forest 

fragmentation and edge creation in 1983. The cross-dating quality and accuracy in the 

measurements of the tree rings was confirmed by the correlations, EPS > 0.80 and Rbar > 0.3 

values, indicating a common growth pattern in edge and interior study sites. The descriptive 

statistics of the chronologies are presented in Table 6. 
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Figure 15. A) Theobroma sylvestre tree in the edge of the reserve at the Biological Dynamics of Forest 

Fragments Project site; B) Macro and C) Microscopic images of the transverse wood section 

evidencing the tree ring anatomy characterized by growth layers demarcated by the flattening of the 

fibers and tangentially distended rays. White triangles indicate the growth-rings limits and black 

arrows indicate the fiber flattening. 

 

Figure 16. Residual tree-ring chronology of Theobroma sylvestre trees for Edge (a) and Interior (b) 

locations in terra firme type of forest at the Biological Dynamics of Forest Fragments Project in 

Central Amazonia. Grey solid line: individual average time series; black line: residual tree-ring master 

chronology; grey dotted line: number of radial cores used for the index calculation; red line: 

standardization of master chronology by a 10% smoothed spline curve. 



84 

 

Table 6. Descriptive statistics of the chronologies of Theobroma sylvestre trees located close to the 

edge and in the interior of the forest at the Biological Dynamics of Forest Fragmentation Project in 

Central Amazonia. 

Variables Edge Interior 

No. trees/No. radial cores 17/33 19/30 

Mean ring width ± SD (cm) 0.08/0.02 0.08/0.04 

Time span  1947- 2015 1959-2015 

Age ± s 50/11 43/8 

Mean sensitivity 0.36 0.39 

Series intercorrelation 0.50 0.51 

Rbar (± SD) 0.32/0.03 0.31/0.02 

Period with EPS ≥ 0.80 1955-2015 1965-2015 

 

Site growth patterns 

After the construction of the chronologies and the growth-ring annuity confirmation, 

we sought to compare edge and interior population growth patterns with similar age and 

diameter structure, seeking to avoid ontogenetic influences. For this, 13 trees located close to 

the edge and 11 trees located in the interior of the forest representing populations of similar 

ages and diameter classes, corresponding a common growth period (1970–2015) were 

selected (Table 7). 

 

Table 7. Age and diameter at breast height (DBH) of Theobroma sylvestre trees at edge and interior 

sites in terra firme type of forest at the Biological Dynamics of Forest Fragments Project in Central 

Amazonia selected for growth pattern analyzes. 

 Edge  Interior  

Year DBH Age DBH Age 

1970 1.09 (SD ± 0.7) 10 (SD ± =4) 1.02 (SD ± =0.7) 7 (SD ± 5) 

1982 2.53 (SD ± 1.4) 16 (SD ± =9) 2.52 (SD ± 1.5) 15 (SD ± 7) 

2015 8.03 (SD ± 1.4) 49 (SD ± =9) 7.05 (SD ± 2.7) 48 (SD ± 7) 

 

Results, as evidenced in Fig 5 and Table 3, revealed a temporal influence of edge 

effects on the BAI rate dynamics of Theobroma sylvestre trees. Thus, during the whole study 

period (1970 to 2015), before the forest fragmentation (1970 to 1982), twenty five years after 

forest fragmentation (1983 to 2007) and thirty years after forest fragmentation (1983 to 2012), 

Theobroma sylvestre trees exposed (for those trees close to the edge after 1983) and not 

exposed to edge effects did not present divergent basal area increment rates through the 

principal component analyzes (Fig 17), which was confirmed by the non-validation of the 

clusters grouped by the Silhouet index (SI) as well as by absence of statistically significant 

differences through the Kruskal-Wallis test (p>0.05; Table 8).   
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However, influences associated to the formation of edges effects were identified 

during the next 10 years (1983 to 1992), 15 years (1983 to 1997) and also 20 years (1983 to 

2002) after forest fragmentation, periods when trees near to the edge showed increases of 

11%, 10 % and 6%, respectively in BAI rates compared to trees not exposed to edge effects. 

The results were validated by the PCA analysis (Fig 4), Silhoute index (> 0.6), and non-

parametric ANOVA (Table 8), proving the temporality of the edge effects on the growth 

dynamics of the trees. Through the analysis of ordination, we found that BAI divergences 

among populations during these three periods (10, 15 and 20 years after forest fragmentation) 

were retained mainly by component two, responsible for approximately 11% of the data 

variance. It is also possible to observe a more similar growth behavior retained by component 

one, responsible for approximately 66% of the data variance; however, this ordering did not 

present enough strength to join the clusters of the two populations in component one. That is, 

during these three periods, the ordination of the edge and interior trees cluster was favored by 

a signal of lower intensity, retained by component two of the PCA and related to edge effects.  

During the first five years after forest fragmentation (1983 to 1987), divergences in 

BAI rates among populations are evidenced from the PCA analysis, mainly through 

component two, responsible for the retention of 18% of the data variance and ordination of 

the edge and interior trees clusters, validated by the index of Silhoute (> 0.7). Nevertheless, 

although the ordination of trees in edge and interior clusters by PCA, this divergence in BAI 

rates during the first five years of forest fragmentation was not confirmed by non-parametric 

Kruskal-Wallis ANOVA (p> 0.05). In this sense, we believe that the strength of the most 

common sign of growth between populations, observed through component one of the PCA, 

responsible for 72% of the data variance, exerted a greater influence on the BAI dynamics of 

the trees, reflecting the absence of differences in the five years after forest fragmentation 

through frequentist inference. 

 

Disturbance analysis 

In general, during the evaluated period of 45 years, 11 growth release events were 

observed in trees located close to the edge, but these events were observed only after the 

forest fragmentation and edge creation. Most release events in trees exposed to edge effects 

were observed during the first five years after forest fragmentation, where 25% of the trees 

presented growth release. Trees in the interior of the forest, presented seven growth release 

events during the same 45 years evaluated (Fig 17), also there were detected mainly after 
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1983. However, contrary to the trees exposed to edge effects, most of these events have been 

observed after the first five years after forest fragmentation. 

Non-parametric analysis confirmed that the BAI growth changes (ΔBAI) of trees close 

to the edge after forest fragmentation (1983 to 2015) (ΔBAI = 1.09 cm2; SD ± 0.22) was, on 

average 50% higher than those occurred in trees distant do the edge (ΔBAI = 0.47 cm2, SD ± 

0.13) during the same period. That is, release events after forest fragmentation induced higher 

growths in trees exposed to edge effects compared to trees in control areas. 
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Figure 17. Principal Component Analysis described by BAI series of Theobroma sylvestre trees 

located close to the edge (orange circles) and into the interior of the forest (gray triangles) in terra 

firme type of forest at the Biological Dynamics of Forest Fragments Project in Central Amazonia. 
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Table 8. Basal area increments (BAI) of Theobroma sylvestre trees located close to the edge (Edge 

BAI) and in the interior of the forest (Interior BAI) during a common growth time period in terra 

firme forest at the Biological Dynamics of Forest Fragments Project in Central Amazonia. The 

asterisks indicate the statistically significant differences by Kruskal-Wallis test (p<0.05). 

 

 BAI Edge BAI Interior 

1970 to 2015 – entire period  0.98 cm², s=0.78 0.83 cm², s=0.84 

1970 to 1982 – before forest fragmentation   0.20 cm², s=0.15 0.28 cm², s= 0.32 

1983 to 1987 – 5 yrs after forest fragmentation  0.61 cm², s=0.24 0.60 cm², s=0.48 

1983 to 1992 – 10 yrs after forest fragmentation  0.77 cm², s=0.30 * 0.68 cm², s=0.50 * 

1983 to 1997 – 15 yrs after forest fragmentation  0.86 cm², s=0.39 * 0.78 cm², s=0.64 * 

1983 to 2002 – 20 yrs after forest fragmentation  0.94 cm
2
, s=0.42 *    0.88 cm

2
, s=0.70 * 

1983 to 2007 – 25 yrs after forest fragmentation  1.0 cm
2
, s=0.52               0.93 cm

2
, s=0.75 

1983 to 2012 – 30 yrs after forest fragmentation  1.21 cm
2
, s=0.65          1.00 cm

2
, s=0.87 

 

 

 
Figure 18. Dominant basal area increment (BAI) index patterns of Theobroma sylvestre trees located 

close to the edge (solid black lines) and in the interior of the forest (dashed black line) in terra firme 

forest at the Biological Dynamics of Forest Fragments Project in Central Amazonia. Orange line: 

standardization by a 30% smoothed spline curve of BAI chronology of trees located close to the edge; 

gray line: standardization by a 30% smoothed spline curve of BAI chronology of trees in the interior 

of the forest; vertical solid black line: edge creation year (1982); vertical dashed black line: five, ten, 

fifteen and twenty  years after edge creation. 
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Figure 19. Release events in Theobroma sylvestre trees close to the forest edge (orange) and into the 

interior of the forest or far from the edge (gray) in terra firme type of forest at the Biological 

Dynamics of Forest Fragments Project in Central Amazonia. 

 

Discussion 

When we registered the edge effects temporality on Theobroma sylvestre trees growth 

dynamics, we may attribute this phenomenon to the Amazonian rainforest resilience after 

forest fragmentation. This resilience capacity strengthens the fundamental role of the 

Amazonian forest in maintenance and conservation of processes essential to human well-

being, which can be recognized through ecosystem services, depending on how people value 

nature (Fearnside, 1997; Thompson & Barton, 1994). 

Considering that tropical forests with an extensive history of disturbance and human 

occupation such as the Brazilian Atlantic rainforest (Dean, 1996), are losing this resilience 

capacity, not presenting differences between carbon stock, basal area or tree stem density 

between edge and forest interior sites (d’Albertas et al., 2018). We highlight the role of trees 

that survived after forest fragmentation and edge creation process, as bioindicators of 

Amazonian rainforest conservation status, revealing in the absence of structural divergences 

with trees in the interior of the forest, the criticality of the environmental problem. 

Newly created forest edges are structurally more open and permeable to penetration of 

light and hot dry winds from the adjacent anthropic matrix (e.g. pasture or agricultural crops) 

(Camargo & Kapos, 1995; Murcia, 1995), making the gradient of edge and interior of the 

forest very intense, especially in the first five years after forest fragmentation (Laurance et al., 

2002). In this sense, by potentiating the solar radiation penetration in the understory, 

exceeding the 3% that reaching the soil of the non-fragmented Amazonian forest 

(Shuttleworth et al., 1984), we could expect that immediately after edge creation, trees in the 
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understory would be favored by increased radiation,  consequently presenting releases in the 

growth rate (Baker & Bunyavejchewin, 2006; Brienen & Zuidema, 2006).  

Remote sensing techniques confirmed the Amazonian understory trees density 

increased in response to canopy variation and opening (Tang & Dubayah, 2017), 

corroborating with recent studies that considered the canopy phenology an essential influence 

of photosynthetic seasonality in Amazonian forest (Wu et al., 2016, 2018).  

In BDFFP areas, changes in canopy structure after five years of forest fragmentation 

also favored the understory vegetation density increase (Camargo & Kapos, 1995). Although, 

after 22 years of forest fragmentation, the increase regeneration of pioneer trees favored the 

canopy reorganization, reflecting the greatest leaf area index in the midstory (5-25 m) 

(Almeida et al., 2019).  

Trees located in lower forest structural positions, span broad functional spectrum, 

ranging from light demanding to shade tolerant plants (Wright et al., 2010). Teobroma 

sylvestre trees belongs to the functional group of shade tolerant species (Ribeiro et al., 1999), 

plants capable of germinating under closed canopies, although presenting development and 

reproduction accentuated by the increase of light incidence in clearings (Whitmore, 1989).  

However, even though the first five years after forest fragmentation are considered the 

most intense period in terms of light incidence (Laurance et al., 2002), the absence of 

statistically significant divergences between the BAI rates of T. sylvestre trees exposed and 

not exposed to edge effects as expressed by the tree ring development, may reveal that the 

increases in light availability is not benefiting immediately the basal area increment of this 

trees in  lower and intermediate positions of forest vertical profiles, since differences were 

only proven from the 5th year after forest fragmentation.  

This time lag in the expected BAI increase suggests that during the first years of forest 

fragmentation and edge creation, some understory trees species would be investing more 

energy in their own basal maintenance or in primary growth in expanding crown and leaf 

area, favored by canopy opening (Smith et al., 2019). On the other hand, abiotic factors such 

as temperature increase and humidity reduction, producing a more dramatic dryer 

environment along the edges were responsible for large structural changes in edge areas 

(Chen et al., 1999), such conditions could also mitigate the expected BAI increase during the 

early years of fragmentation. Moreover, the strong competition with fast growing, light-

demanding species that proliferate rapidly in fragmented forests (Mantovani, & Peres, 1999; 

Laurance et al., 2006; Mesquita et al., 2015) can also be influencing the absence of the BAI 

rates increase.  
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Results of disturbance analyzes revealed that 25% of the T. sylvestre trees exposed to 

edge effects presented growth release events during the first five years of forest 

fragmentation. In this sense, we can consider that although the canopy opening promoted 

increases in the BAI rates of these individuals, these events were not enough to promote 

statistically significant divergences between trees exposed and not exposed to edge effects 

during these first years.  

Corroborating with these justifications, trees exposed to edge effects presented 

statistically significant BAI rates increases only during 10, 15 and 20 years after forest 

fragmentation. This confirms that the microclimate stabilization in edge areas (e.g 

temperature, humidity and winds) through the establishment of a secondary re-growth 

vegetation (> 5 years of isolation) (Laurance et al., 2002), would favor the growth of T. 

sylvestre trees located in lower and intermediate forest vertical profile. Since, in more shade 

environments, slow-growing and shade-tolerant tree species present competitive advantages 

over fast growing, light-demanding trees (Grime & Pierce, 2012; Mesquita et al., 2015).   

After 20th year of fragmentation, the Amazonian forest edge resilience have already 

driven the return to microclimatic and phytophysiognomic similarities in relation to areas 

distant from the edge. Reflecting the divergence absence in BAI rates among T. sylvestre trees 

exposed and not exposed to edge effects. Corroborating with the observed results through T. 

sylvestre tree rings, Almeida et al. (2019) did not found in the same study areas of BDFFP, 

basal area and above ground biomass (AGB) divergences related to edge distance after 22 

years of forest fragmentation. Thus, we can consider that edge areas could enhance the growth 

of some species in lower canopy positions mainly during the first 20 years of fragmentation.  

It is interesting to compare these results with those observed for Scleronema 

micranthum (Ducke) Ducke, a typical canopy trees present in the edges and interior forest of 

the BDFFP areas. In opposition of understory trees, those trees exhibited, during the first five 

and 10 years after forest fragmentation and edge creation, BAI rates reduction by around 20% 

and 16%, respectively (Albiero-Júnior et al., 2019).  

Taller and large trees occupying the forest canopy, are more vulnerable to drought 

stress, needing to deal with higher vapor pressure deficit (VPD), higher light interception and 

hydraulic path length (McDowell and Allen, 2015; Longo et al., 2018). Being generally more 

vulnerable to xylem embolism, this species operates with small safety margins (Brum et al., 

2019). Rain exclusion studies conducted in Eastern Amazon, confirmed that hydraulic failures 

may be the main cause of increased mortality of large trees (Nepstad et al., 2007; Rowland et 

al., 2015; Meir et al., 2015). On the other hand, understory trees are exposed to lower VPD, 
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and are able to tolerate or do not experience the same levels of drought stress (Smith et al., 

2019), because were directly or indirectly protected by canopy’s shade, and also presenting 

greater xylem resistance to embolism formation (Brum et al., 2019).  

In this way, it is believed that the microclimatic changes, such as elevated 

temperatures, reduced humidity and increased vapor pressure deficits occurring in newly 

created edges lead to depleted soil moisture, creating drought stress (Camargo and Kapos, 

1995; Malcolm, 1998; Sizer and Tanner, 1999; Pinto et al., 2010) and exerting more strong 

pressure on the growth dynamics of emergent and canopy trees. However, the canopy losses 

can potentiate light availability at the understory, favoring small trees to growth and 

proliferate (Longo et al., 2018).  

Many studies have confirmed that after forest fragmentation, the proliferation of 

pioneers trees became an important component of above ground biomass stocks recover 

(Bierregaard Jr et al., 1992; Ferreira and Laurance, 1997; Nascimento and Laurance, 2004; 

Laurance et al., 2006; Shimamoto et al., 2014; Almeida et al., 2019). However, fast-growing 

pioneer trees have lower wood density, consequently sequester less carbon and have less 

longevity, reducing the carbon stock time in trees ( Nascimento and Laurance, 2004; Laurance 

et al., 2006). That is, Amazonian forest fragmentation may reduce above-ground biomass 

stocks of the largest terrestrial carbon sink (Brienen et al., 2015).  

 In this sense, our study using dendrochronological approach could suggest that the 

increase in basal area increment rates of trees in lower and intermediate forest vertical profile, 

may reveal an important component of above ground biomass stocks recover, after forest 

fragmentation, mainly during the first 20 years of edge creation. A fact that should be 

considering in forest management and restoration practices. Promoting new perspectives to 

forest resilience ability after fragmentation processes. 

 

Conclusion 

Our dendrochronological study revealed that edge areas are favoring the growth of 

Theobroma sylvestre trees, a typical species located in lower and intermediate forest vertical 

profile of terra firme Amazonian forest, mainly during the first 20 years after forest 

fragmentation and edge creation. At the same time, an opposite behavior was found for 

canopy trees, as registered to Scleronema micranthum, especially during the first 10 years and 

the same type of edge (Albiero-Júnior et al., 2019). Indicating that the microclimatic and 

structural changes induced by edge effects exert contrasting influences on tree growth, 

according to the different positions they occupy in the Amazonian forest vertical profile. In 
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addition, we highlight that the increase in basal area increment for those trees in lower and 

intermediate forest vertical profile exposed to edge effects, may indicate an important role in 

above ground biomass stocks recover, after forest fragmentation, a fact that should be 

considered in forest management and restoration practices. Promoting new perspectives to 

forest resilience ability after fragmentation processes. However, we also highlight the need to 

extend the study to a larger number of species, to confirm these hypotheses. 
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Chapter 4 

 

TREES UNDER CANOPY OF TERRA FIRME FOREST IN CENTRAL AMAZONIA 

ARE MORE TOLERANT TO LOCAL AND LARGE-SCALE CLIMATE CHANGES 

 

Abstract 

Currently, the Brazilian Amazonian forest has been standing out by the increasing 

deforestation rates and forest habitat loss. Consequences of extremely relevance for the 

planet's balance maintaining and human well-being, considering its key role in conservation 

biodiversity and water cycling through its ecosystem services. Thus, assessing how trees 

occupying different forest vertical profiles are being affected by local and large-scale climate 

changes will be fundamental to understanding the Amazon forest resilience due to the 

contemporary environmental problematic. In this paper, we use tree rings of Theobroma 

sylvetsre Mart. (Malvaceae), occupying the lower and intermediate vertical profile of terra 

firme type of forest in Central Amazonia as bioindicators of local and large-scale climate 

changes. Through dendrochronological analysis we found that Theobroma sylvestre trees are 

more tolerant to climate changes caused by edge effects and Atlantic ocean warming, 

compared to Scleronema micranthum (Ducke) Ducke (Malvaceae), a typical canopy tree. 

Large-scale climate phenomena related to increased rainfall was more correlated whit T. 

sylvestre trees in interior of the forest, suggest that individuals not exposed to edge effects 

would be more benefit by the intensification of the hydrological cycle during the last 30 years. 

We highlight the tree rings as relevant bioindicators of the local and large-scale climate 

influences that tropical trees experience throughout their lives. Knowledge that would benefit 

Amazon forest management and restoration practices in futures scenarios of forest 

fragmentation and global warming. However, we would like to expand the study to a larger 

number of species, looking for clarify and confirm these issues. 

 

Keywords: Tree rings; Amazonian forest fragmentation; Sub-canopy; Climate changes; 

Pacific decadal oscillation; Atlantic Ocean warming; Biological Dynamics of 

Forest Fragments Project 

 

Introduction 

The greatest wealth of the Amazon forest are revealed through its magnificent 

biodiversity, encompassing approximately 16,000 tree species distributed among 390 billion 

individuals, although ± 50% are represented by only 227 species (Ter Steege et al., 2013a). 

Associated with your continental extension, comprising the world’s largest rainforest and 

river system (Wesselingh et al., 2010). 

This union sustain one of the major centers of deep atmospheric convection and heavy 

rainfall on the planet (Barichivich et al., 2018), contributing with ~17% of total global 

freshwater input to the oceans (Callede et al., 2010), being a relevant source of water vapor 

for the entire climate system (Nobre et al., 2009a), able to release 20 trillion liters of water a 

day (Nobre, 2014).  
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According to Marengo and Lovejoy (2018), the most important influence of Amazon 

moisture is the contribution of dry season Amazon evapotranspiration to rainfall in 

southeastern South America through circulation of Low-Level Jet (Marengo et al., 2004) and 

Aerial rivers and lakes (Arraut et al., 2012). 

In Brazil, the Amazon forest evapotranspiration are fundamental for the water supply 

of extra-Amazonian hydroelectric reservoirs and most productive agricultural regions of the 

country (Fearnside, 2003). Thus, changing the levels of precipitation over these regions of 

Brazil would result in substantial monetary losses for the country, which has 65% of its 

electrical matrix consisting of hydroelectric power (MME, 2018) and 25% of its gross 

domestic product (GDP) dependent on agriculture and agribusiness (CEPEA, 2019).   

Currently, the Brazilian Amazon conservation are strongly weakened by promises and 

actions of the Brazil’s new president, that threaten Brazilian Amazonian forest and the 

traditional people who inhabit it (Ferrante and Fearnside, 2019). Reflecting in the increase of 

Brazilian Amazon forest deforestation by approximately 88% compared to 2018 (INPE, 

2019), and the ongoing potential increases of legal deforestation rates after Brazilian Forest 

Act revision, thar favors the reduction size of the legal reserves for nature protection from 

80% to 50% in Amazonian private properties (Freitas et al., 2018).  

The current advances in Amazon forest fragmentation has a strong potential to alter 

the local and large-scale climate. Newly created edge of forest fragments, favored the light 

incidence, temperatures increases, humidity reduction, vapor pressure deficits increases, 

depleted soil moisture, favoring drought stress (Camargo and Kapos, 1995; Pinto et al., 2010). 

These alteration can drastically reduce forest evapotranspiration rates, affecting downwind 

rainfall and hence, the Amazon basin water cycle (Jose A Marengo, 2006; Zemp et al., 2014; 

Marengo and Espinoza, 2016). Thus, considering that 25% of the rainfall in the Amazon 

Basin is recycle from the forest surface itself (Angelini et al., 2011), forest fragmentation can 

induced serious consequences on maintenance and balance of the world’s largest rainforest. 

Influencing the national and international political relations, fundamental for environmental 

conservation and human well being. 

Besides exerting influence on the climate system, the Amazon forest is also strongly 

influenced by him. Studies showed that the reduction (increase) of rainfall and extreme 

droughts (floods) over the Amazon forest are related to the warming (cooling) of the 

Equatorial Pacific sea surface temperature by the El Niño (La Ninã) phenomenon (Schöngart 

et al., 2004; Marengo and Espinoza, 2016; Panisset et al., 2018). More recent findings have 

highlighted the role of increasing Atlantic sea surface temperature in hydrological cycle 
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intensification over the Amazon basin especially during the rainy season (Gloor et al., 2013, 

2015; Barichivich et al., 2018; Espinoza et al., 2019). In this sense, to believe that projections 

of 1.5 °C global warming (Intergovernmental Panel on Climate Change 2019) won’t influence 

these large-scale climate phenomena, may seem very simplistic and dangerous, considering 

the current environmental conjuncture. 

Therefore, recognizing the role of Amazonian trees in climate regulation as water 

supply and the increased of deforestation rates associated with global warming. The goal in 

this paper was to reveal through a dendrochronological approach, how Theobroma sylvestre 

Mart. (Malvaceae) trees, typically located at lower position in the vertical profile of terra 

firme type of Amazonian forest are being influenced and respond to local and large-scale 

climate variability along their life’s cycle, in order to address the following questions: 

(i) Theobroma sylvestre trees exposed to edge effect are more sensitive to local 

and large-scale climate variability? 

(ii) Local and large-scale climate variability exert divergence influences on trees 

occupying different Amazon forest vertical profile exposed and not exposed to 

edge effects?  

 

Materials and Methods 

Study and sampling areas 

The present study was carried out in the Biological Dynamics of Forest Fragments 

Project (BDFFP) study sites, the world’s largest and longest-running experimental study of 

tropical habitat fragmentation (Lovejoy et al., 1986; Laurance et al., 2018). The BDFFP is 

located 80 km North of Manaus, Brazil (2°30'S, 60°W) and covers an area of ~1000 km
2
. A 

description of the project and the location of all fragments and control areas can be found in 

Gascon and Bierregaard (2001). The total annual precipitation ranges from 1900 to 3500 mm 

with a moderate, but remarkable dry season (<100 mm/month) from June to October 

(Laurance et al., 2018). 

Under a phytophysiognomy-based definition, the sampled area is typified mature 

forest of terra firme, a term used for non-flooded Amazonian forests, which represents 80% 

of the Biome (Pires and Prance, 1985). In general, four strata define a forest structure 

(understory, sub-canopy, canopy and emergent) with a 25-35 m canopy on average and with 

emergent trees that can reach up to 45 m, representing a tree biodiversity of about 1,300 

species (>10cm DBH) (BDFFP personal communication, 2019). 
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For the present study, two BDFFP reserves were visited to collect wood samples from 

trunks of Theobroma sylvestre trees exposed and not exposed to edge effects (Fig 20). Trees 

exposed to edge effects were located close to the edge or at most, 300 m far from any edge in 

the Porto Alegre reserve, specifically at the 100-ha reserve (2°22'2.82"S, 59°58'31.63"W). 

The reserve was isolated and created in August of 1983, by cutting and burning the 

surrounding pristine forest to establish new pasture lands. We defined the penetration distance 

of edge effects up to 300 m because increasing tree mortality associated to forest 

fragmentation can be detectable until this distance (Laurance et al., 2018). Trees not exposed 

to edge effects were sampled at Esteio reserve, at the continuous forest located within the Km 

41 reserve (2°26'15.52"S, 59°46'1.25"W). The reserve was created in 1984, and the forest was 

kept intact and used as one of the control areas. 

 

 

Figure 20. Location (red dots) of the two study sites at the Biological Dynamics of Forest Fragments 

Project (BDFFP) in terra firme forests of Central Amazonia (left). Yellow dots indicate sampled trees 

in edge areas of the Porto Alegre reserve (upper right map) and in continuous forest at the Esteio 

reserve (lower right map). 

 

Theobroma sylvestre tree-ring analysis 

 For dendroecological analyses we take wood samples between April to October 2016 

from a total of 50 Theobroma sylvestre trees, 20 growing close to the forest edge and 30 in the 

interior of the continuous forest. The sampled trees were in good phytosanitary condition and 

did not presented liana infestation (Fig. 2A) Three radial cores were collected for each tree at 
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DBH using increment borers (diameter = 5.1 mm). Each core was polished with different 

abrasive sand paper (from 80 to 600 grains/cm
2
) with the aim of revealing tree ring 

boundaries. Subsequently, all tree rings were identified and dated with the aid of a 

stereomicroscope according to the classic method using narrow rings as pointer years (Stokes 

and Smiles, 1996). After identification, all tree-ring series were scanned at a resolution of 

2400 dpi by an HP G4050 scanner. Measurements of tree-ring widths were performed with a 

precision of 0.001 mm through the software Image J. 

 To evaluate dating accuracy, the temporal series of ring widths were compared within 

and among trees at each site. Both visual and statistical cross dating were performed. Visual 

cross dating was done working with ring-width bar plots, and statistical cross dating was 

tested using COFECHA software (Holmes, 1983). COFECHA uses segmented temporal 

series correlation techniques to assess the quality of cross dating and measurement accuracy 

in the tree ring time series (Grissino-Mayer, 2001).  

 After evaluating the dating in COFECHA software, we sought to construct master 

chronologies for each site that would increase the retention of common growth signals. 

According to Cook and Kairiukstis (1990), spline functions with length between 67 and 75% 

of the series are able to remove biological growth trends related to high frequency variances. 

To build site chronologies, time series were detrended and standardized using a smoothed 

cube spline function with 50% frequency-response cut-off for 65% of the length of each series 

in dplR package in R Software (Bunn, 2008). The standardization of the series was performed 

by dividing the width of the tree ring by the growth model of the smooth cubic spline 

function, producing dimensionless ring-width indices (RW) (Bunn and Korpela, 2017). The 

quality of the chronology was evaluated by the value of Rbar and EPS (expressed population 

signal), both calculated with the dplR package on R Software (Bunn, 2008). The Rbar is the 

average correlation coefficient resulting from comparing all possible segments of a 

predetermined length among all the series included in the chronology (Briffa, 1995). The EPS 

values provided information that confirmed the existence of common signals among trees, 

EPS values higher than 0.80 indicate that the limiting factor of growth in the chronology 

probably is homogenous (Mendivelso et al., 2014). 

 

Growth-climate analyses  

To explore growth-climate patterns among trees located close to the edges and trees 

located in the forest interior, the ring-width data were converted into basal area increment 

(BAI). BAI is considered a more informative measure of tree growth trends in terms of total 
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biomass production (Peñuelas et al., 2011; Phipps and Whiton, 1988), to explore the 

differences in growth-climate patterns between trees located close to the edges and trees 

located in the forest interior. Ring-width was converted to BAI according to the following 

standard formula: BAI = π (R
2

n - R
2

n-1), where R is the tree radius and n is the growth ring 

formation year. To calculate BAI we used the bai.out function in dplR package in R Software 

(Bunn, 2008; Bunn & Korpela, 2017). 

After transforming growth ring width in BAI, we evaluated, by spatial correlations, the 

influence of sea surface temperature (SST) from the Atlantic (A.SST) and Pacific (P.SST) 

Oceans on tree BAI using data available from the Climate Explorer Website 

(http://climexp.knmi.nl/) from the KNMI (Royal Netherlands Meteorological Institute), 

through HadISST1 1.0° special field correlation. Hence, we divided the time series into two 

periods, prior (1970 to 1982) and after forest fragmentation and, consequently, edge creation 

(1983 to 2015) analyzing the influence of the period before the dry season (March to June), 

the period of the core dry season (July to October), and the period after the dry season with 

the onset of rainfall (November to February). 

Seeking to evaluate how the local and large-scale climate variables as correlate with 

basal area increment of trees exposed and not exposed to the edge effects, before, during and 

after the dry season, before and after forest fragmentation and Atlantic Ocean warming. 

Historical series (1970 to 2015) of precipitation (CRU TS 4.02, 0.5° - 2.27°-2.47°S and 59°- 

60°W), North Atlantic sea surface temperature (NA.SST, 6 - 22°N and 80 - 15°W), South 

Atlantic sea surface temperature (SA.SST, 25°S - 2°N and 35°W - 10°E) and Pacific sea 

surface temperature (P.SST, 50°S - 20°N and 180°W - 82°W) obtained from the Climate 

Explorer Website (http://climexp.knmi.nl/) and The Pacific Decadal Oscillation (PDO) 

obtained from the National oceanic and atmospheric administration (NOA) 

(https://www.ncdc.noaa.gov/teleconnections/pdo/), were used in the construction of a 

correlation analysis (Pearson; P<0.05) in R Software (R core Team, 2017).  

 

Results 

Tree-ring chronologies of Theobroma sylvestre 

The tree rings of Theobroma sylvestre in edge and interior site were distinct and 

characterized by growth layers demarcated by fiber flattening of their wall radial sections and 

local tangential widening of the ray cells (Fig 21). The master chronology (Fig 22) was built 

from tree-ring widths covering a period of 69 years (1947-2015) for trees located close to the 

edge and 57 years (1959-2015) for trees located at the interior of the forest, confirming the 

http://climexp.knmi.nl/
http://climexp.knmi.nl/
https://www.ncdc.noaa.gov/teleconnections/pdo/
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presence of the trees before forest fragmentation and edge creation in 1983. The cross-dating 

quality and accuracy in the measurements of the tree rings was confirmed by the correlations, 

EPS > 0.80 and Rbar > 0.3 values, indicating a common growth pattern in edge and interior 

site. The descriptive statistics of the chronologies are presented in Table 9 

 

 

Figure 21. A) Theobroma sylvestre tree in the edge at Biological Dynamics of Forest Fragments 

Project site; B) Macro and C) microscopic images of the transverse wood section evidencing the tree 

ring anatomy characterized by growth layers demarcated by fiber flattening and the local tangential 

expansion of rays. White triangles indicate the growth-rings limits and black arrow indicate the fiber 

flattening. 
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Figure 22. Residual tree-ring chronology of Theobroma sylvestre trees for Edge (a) and Interior (b) 

locations in terra firme type of forest at the Biological Dynamics of Forest Fragments Project in 

Central Amazonia. Grey solid line: individual average time series; black line: residual tree-ring master 

chronology; grey dotted line: number of radial cores used for the index calculation; red line: 

standardization of master chronology by a 10% smoothed spline curve. 

 

Table 9. Descriptive statistics of the chronologies of Theobroma sylvestre trees located close to the 

edge and in the interior of the forest at the Biological Dynamics of Forest Fragmentation Project in 

Central Amazonia. 

Variables Edge Interior 

No. trees/No. radial cores 17/33 19/30 

Mean ring width ± SD (cm) 0.08/0.02 0.08/0.04 

Time span  1947- 2015 1959-2015 

Age ± SD 50/11 43/8 

Mean sensitivity 0.36 0.39 

Series intercorrelation 0.50 0.51 

Rbar (± SD) 0.32/0.03 0.31/0.02 

Period with EPS ≥ 0.80 1955-2015 1965-2015 
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Growth-climate analyses 

After the construction of the chronologies and the growth-ring annuity confirmation, 

we sought to compare edge and interior population climate-growth patterns with similar age 

and diameter structure, seeking to avoid ontogenetic influences. For this, 13 trees located 

close to the edge and 11 trees located in the interior of the forest representing populations of 

similar ages and diameter classes, corresponding a common growth period (1970–2015) were 

selected (Table 10). Growth-climate analyses were performed for these subsamples (24 

individuals), converting the ring width into basal area increment (BAI) (Fig 23).  

 

Table 10. Age and diameter at breast height (DBH) of Theobroma sylvestre trees at edge and interior 

sites in terra firme type of forest at the Biological Dynamics of Forest Fragments Project in Central 

Amazonia selected for growth pattern analyzes. 

 Edge  Interior  

Year DBH Age DBH Age 

1970 1.09 (SD ± 0.7) 10 (SD ± =4) 1.02 (SD ± =0.7) 7 (SD ± 5) 

1982 2.53 (SD ± 1.4) 16 (SD ± =9) 2.52 (SD ± 1.5) 15 (SD ± 7) 

2015 8.03 (SD ± 1.4) 49 (SD ± =9) 7.05 (SD ± 2.7) 48 (SD ± 7) 

 

 
Figure 23. Dominant basal area increment (BAI) index patterns of Theobroma sylvestre trees located 

close to the edge (solid black lines) and in the interior of the forest (dashed black line) in terra firme 

forest at the Biological Dynamics of Forest Fragments Project in Central Amazonia. Orange line: 

standardization by a 30% smoothed spline curve of BAI chronology of trees located close to the edge; 

gray line: standardization by a 30% smoothed spline curve of BAI chronology of trees in the interior 

of the forest; vertical solid black line: edge creation year (1982); vertical dashed black line: five, ten, 

fifteen and twenty  years after edge creation. 

 

Spatial correlation analyzes (Fig 24 and 25) revealed that prior to the increase of the 

Atlantic sea surface temperature (A.SST) and the forest fragmentation, the basal area 

increment of Theobroma sylvestre trees was more influenced by the South Atlantic sea 

surface temperature (SA.SST) and by the Pacific sea surface temperature (P.SST). The 

correlations with SA.SST were mainly negative and more intense before (Mar-Jun) and after 
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(Nov-Feb) the dry period. And the correlations with P.SST were predominantly positive 

previously (Mar-Jun), during (Jul-Oct) and after the dry period (Nov-Feb). 

After the edge creation and increase of A.SST since 1983, it is remarkable the greater 

influence of NA.SST on the growth dynamics of the specie. Presenting strong positive 

correlations before, during and after the dry period. However, it is possible to verify that the 

spatial correlations between NA.SST and the trees not exposed to edge effects presented 

higher magnitudes compared to the trees near the edge. 

The observed results through the correlation analysis (Fig 26) corroborated with those 

found by the spatial correlations. Confirming the strong relationship whit the Pacific Ocean 

prior to 1983 and with the Atlantic ocean after the edge creation and increases of A.SST since 

1983. 

Previously the forest fragmentation and increases of A.SST (1970 to 1982), trees that 

would be exposed to edge effects, showed statistically significant and positive correlations 

only with the Pacific sea surface temperature (P.SST), predominantly during the dry season 

(July to October). Exhibiting, values of +0.66 with PDO.jul.oct, +0.66 with P.SST.jul.oct and 

+0.059 whit PDO.mar.jun.   

The predominance of positive correlations with P.SST during the dry season before to 

1983 was also confirmed for trees never exposed to edge effects (TI.bai -PDO.jul.oct +0.63 

and P.SST.jul.oct +0.67). Although negative correlations with AS.SST prior to the dry season 

(AS.SST.mar.jun -0.059) are also revealed. 

It is interesting to observed that after edge creation and increases in A.SST since 1983, 

correlations with P.SST become negative and correlations with A.SST became positive. 

However, positive correlations with NA.SST after 1983, were identified only in trees not 

exposed to edge effects. Being observed in all analysed periods (NA.SST.mar.jun +0.49, 

NA.SST.jul.oct +0.46 and NA.SST.nov.feb +0.40). Corroborating with the higher intensity of 

NA.SST in trees far from the edge, demonstrated by spatial correlations after 1983. 

The Pacific sea surface temperature influence on tree growth dynamics after 1983, was 

exerted only by the lower frequency and interdecadal scale phenomenon (PDO). Presenting 

negative correlations with trees exposed to edge effects, previously (PDO.mar.jun -0.54), 

during (PDO.jul.oct -0.61) and after (PDO.nov.feb -0.59) the dry period. And with trees 

located in interior of continuous forest, previously (PDO.mar.jun -0.39) and during 

(PDO.jul.oct -0.51) the dry period.  

Statistically significant correlations between rainfall and trees basal area increment, 

were only confirmed before edge creation and A.SST increases. Presenting statistically 
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significant and negative values (-0.59) just between March to June rainfall and trees never 

exposed to edge efects (TI.bai and CRU.mar.jun). 

 

 

Figure 24. Spatial correlations between the Atlantic sea surface temperature (A.SST) and the basal 

area increment (BAI) of Theobroma sylvestre trees not exposed to edge effects at the Biological 

Dynamics of Forest Fragments Project in Central Amazonia, before  (left side) and after (right side) 

forest fragmentation, considering the period before (Mar – Jun), during (Jul – Oct) and after (Nov – 

Fev) the dry season. 
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Figure 25. Spatial correlations between the Atlantic sea surface temperature (A. SST) and the basal 

area increment (BAI) of Theobroma sylvestre trees exposed to edge effects at the Biological Dynamics 

of Forest Fragments Project in Central Amazonia, before (left side) and after (right side) forest 

fragmentation considering the period before (Mar – Jun), during (Jul – Oct) and after (Nov – Feb.) the 

dry season. 
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Figure 26. Correlation analysis constructed trough Pearson correlation coefficient (P<0.05), previously 

forest fragmentation (A) and after forest fragmentation (B), between historical series of basal area 

increment rates of trees exposed to edge effects (TE.bai), basal area increment rates of trees not 

exposed to edge effects (TI.bai), precipitation (CRU), South Atlantic sea surface temperature (AS); 

North Atlantic sea surface temperature (NA); Pacific decadal oscillation (PDO) and Pacific sea surface 

temperature (P.SST), before de dry season (mar.jun), during the dry season (jul.oct) and after de dry 

season (nov.feb). X indicated de absence of significance statistic (P>0.05).  

 

Discussion  

The observed results through correlation analysis were able to reveal a strong large-

scale climate phenomenon influence on Theobroma sylvestre trees growth during the 45 years 

evaluated (1970-2015). 

Among these large-scale climate phenomena, we can highlight the increase in the 

Atlantic sea surface temperature since 1980 (Gloor et al., 2015). Manifested by a combination 

of factors, including the changes in radiative incidence, influenced by anthropic actions as the 

greenhouse gases increase (Li et al., 2016) and by natural variation of the Atlantic 

Multidecadal Oscillation (AMO) currently characterized by a positive (warm) phase 

(Barichivich et al., 2018; Gray et al., 2004).  

This increase in the Atlantic sea surface temperature are favoring the Amazonian rains 

intensification mainly during the rainy season, by atmospheric water vapor import from the 

warming tropical Atlantic (Gloor et al., 2013). Beside a slight rainfall reductions during the 

dry season (Gloor et al., 2013), and increased of dry days frequency between the end of the 
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dry season and the beginning of the rainy season (September to November) (Espinoza et al., 

2019), induced by northward displacement of the intertropical convergence zone (Cox et al., 

2008; Yoon and Zeng, 2010; Marengo and Espinoza, 2016). 

Although Theobroma sylvestre trees, located in the lower and intermediate vertical 

profile of terra firme Amazonian forest are strongly spatial correlated with the NA.SST since 

1983, previously, during and after the dry period (Figs. 24 and 25). The forest fragmentation 

and edge creation, apparently did not potentiated the negative effect of rainfall reduction 

during the dry season on T. sylvestre tree growth after the NA.SST warming. Considering that 

significant Pearson correlations with NA.SST in dry period after 1983, were only observed in 

trees located in the forest interior. Furthermore, T. sylvestre trees exposed to edge effects, 

showed an 11% increase in basal area increment rates after NA.SST warming and edge 

creation (Albiero-Júnior et. al 2019b Submitted to the journal: Forest Ecology and 

Management). Suggesting that large-scale climate effects related to increased NA.SST 

(reduced rainfall and increased frequency of dry days in dry period), and the local climate 

changes induced by edge effects (e.g elevate temperature, reduced humidity and increased 

vapor pressure deficits) (Camargo and Kapos, 1995; Malcolm, 1998; Pinto et al., 2010), seem 

to have little influence on the growth dynamics of trees located in lower canopy positions.  

The positive and significant correlations before 1983, with the Pacific Ocean during 

the dry period (PDO.jul.oct and P.SST.jul.oct) in trees exposed and not exposed to edge 

effects, reinforce the low influence of rainfall reduction during the dry period on the T. 

sylvestre trees growth dynamics occupying the lower and intermediate vertical profile of terra 

firme forest in Central Amazonia. Period when the Pacific equatorial waters were more 

warmer, featuring the positive phase of the PDO, favoring the increase of El Niño events 

(Andreoli and Kayano, 2005) and consequently increasing drought events.  

On the other hand, increased tree growth in lower and intermediate forest vertical 

profile during the dry season, may also be driven by increased light gaps caused by canopy 

seasonal variations, considering that the Amazon canopy layer abscission mainly occurs in 

late dry season, favoring the light input in the understory (Tang and Dubayah, 2017).  

Opposite results were observed for Scleronema micranthum (Ducke) Ducke, a typical 

canopy trees, that presented after the edge creation and increases of the NA.SST, greater 

sensitivity to rainfall reduction, decreasing the basal increment rates during the dry season 

(Albiero-Júnior et al., 2019a).  

Therefore, we propose that trees occupying the lower canopy positions in Amazonian 

terra firme forest, can be less sensitive to rainfall reduced in dry season, compared to trees 
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located in the forest canopy. What can be justified by the greater vulnerability to drought 

observed in taller and large trees occupying the forest canopy, that need to deal with higher 

vapor pressure deficit (VPD), higher hydraulic path length resulting in lower xylem resistance 

to embolism (Brum et al., 2019; McDowell and Allen, 2015).  

Trees that dominate the forest understory, have shallow roots with access to shallow 

soils with lower water potentials, and compensate this limitation presenting greater xylem 

resistance to embolism (Brum et al., 2019) and anisohydric stomatal control strategy, 

implying a weaker stomatal control, markedly reducing their water potential following the 

evaporative demand during the day (Tardieu and Simonneau, 1998). Consequently, by 

dramatically reducing water potential in the hottest hours of the day, anisohydric plants can be 

considered more drought tolerants (McDowell et al., 2008).  

Despite some Amazon trees develop strategies to deal with water reduction, many 

studies confirm and emphasize the increased strength and extent of drought events on the 

Amazonian forest ( Marengo et al., 2008; Phillips et al., 2009, Duffy et al., 2015; Aragão et 

al., 2018). As observed in the Central Amazonian basin during 1982, 1987, 2005, 2010 and 

2015 years (Sombroek, 2001; Barichivich et al., 2018), related to the increase of NA.SST 

(1982, 1987, 2005, 2010 and 2015) and de El Niño events (1982, 1997, 2010 and 2015) 

(Sombroek, 2001, Panisset et al., 2018). Inducing great alteration on the forest functional 

composition in consequences of large wet‐affiliated trees mortality, and recruitment increase 

of dry-affiliated trees (Esquivel‐Muelbert et al., 2019). Potentiating the forest flammability, 

favoring the releasing of a large amount of carbon to the atmosphere (Nepstad et al., 2004). 

That is, causing many damages to the forest and human well-being. 

However, the intensification of the hydrological cycle and recurrences of severe 

flooding may be an even more prominent feature in the Amazonian forest hydrology (Gloor et 

al., 2013; Barichivich et al., 2018; Chaudhari et al., 2019). As observed in the Central 

Amazonian basin during 1989, 1999 and 2009 years (Marengo et al., 2012), related to La 

Niña events (1989 and 199) (Espinoza et al., 2013) and the tropical south Atlantic warming 

(2009) (Chen et al., 2010).  

Therefore, recognizing that the increased precipitation over the Amazonian forest are 

related to the strengthening of Walker cell circulation in response to the Atlantic ocean 

warming (Barichivich et al., 2018). And the Pacific ocean cooling, modulated by high 

frequency phenomena at annual intervals (La Niña) and low frequency phenomena at decadal 

intervals (Pacifi Decadal Ocilation – PDO) (Mantua et al., 1997; Molion, 2005; Gloor et al., 

2015; Espinoza et al., 2019). 
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The positive and significative correlations between the basal area increment of trees 

located in the forest interior (TI.bai) and NA.SST in rainy season (March to June and 

November to February), can reveal that T. sylvestre trees growth in the forest interior, may be 

favored by increased rainfall as a result of atmospheric water vapor import from the warming 

tropical Atlantic. Although the absence of statistical significance correlations with rainfall 

after 1983 cannot confirm this contribution.  

Despite we dont initially expected positive and significant correlations between 

NA.SST in dry season (July to October) and trees located in the forest interior (TI.bai) after 

1983, due to rainfall reduction in consequence of Atlantic ocean warming and northward 

displacement of the intertropical convergence zone (Gloor et al., 2013). These result also can 

be justify by the canopy seasonal variation, enhancing the light input in the understory by the 

canopy layer abscission in dry season (Restrepo-Coupe et al., 2013), favoring tree growth in 

lower forest vertical profile.  

According to Tang and Dubayah (2017), understory growth is strongly driven by 

seasonal canopy variations, as observed in T. sylvestre trees during the dry season. In this 

sense, we believe that canopy phenology is also influencing T. sylvestre tree growth during 

the rainy season. In view of the negative and significant spatial correlations with the South 

Atlantic sea surface temperature during the rainy season (March to June and November to 

February) before 1982 in both populations. These results may indicate that leaf growth of the 

canopy layer, favored by increase rainfall in response to AS.SST warming (Espinoza et al., 

2014; Marengo et al., 2012), may be reducing the light incidence in forest understory, 

affecting the growth of trees in lower canopy position. Negative and significant correlations 

between trees located in the forest interior and SA.SST from March to June reinforce this 

justification. 

Although the seasonal canopy variations exert a strong influence on T. sylvestre 

growth dynamic, significant and negative correlations after 1983 between PDO and trees 

exposed to the edge effects during all seasons of the year and with trees not exposed to edge 

effects before and during the dry season, reinforce the influence that large-scale climate 

phenomena related to increase of  rainfall, are exercising on the growth dynamics of these 

individuals located in lower and intermediate forest vertical profiles. Considering that since 

1999, the cooling of the Pacific sea surface temperature, revealed an emergence of a PDO 

negative phase, inducing the rainfall intensification in the Amazonian forest (Molion, 2005; 

Gloor et al., 2013; Espinoza et al., 2019).  
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It is interesting to note that after 1983, trees located in the interior of the forest showed 

statistically significant correlations with Pacific and Atlantic Ocean. While trees exposed to 

edge effects showed statistically significant correlations only with the Pacific (PDO). These 

results lead us to question whether trees located in forest interior would be benefiting more 

from the intensification of rainfall compared to trees exposed to edge effects. 

Thus, considering that the air near forest edges is drier and hotter and soil moisture 

was lower (Kapos, 1989; Camargo and Kapos, 1995). One initial explanation for this question 

would be the edge effects influences, making water resources less available to trees. However, 

this discussion should be strengthened, considering the complexity of large-scale climate 

relations on rainfall and droughts in the Amazon forest associated with edge effects. Thus, we 

highlight the need to extend the study to a larger number of species in order to confirm the 

major influence of rainfall increase on trees located in the interior of the terra firme Amazon 

forest.  

 

Conclusion 

The present study provides new perspectives of the large-scale climate (Atlantic ocean 

warming and PDO negative phase) and local climate (edg effect) influences on tree growth 

dynamics locate at different vertical profile of terra firme forest in central Brazilian Amazon.  

Revealing that Theobroma sylvestre trees located in the lower and intermediate forest vertical 

profile, are more tolerant to edge effects and Atlantic ocean warming consequences after 

1980, compared to Scleronema micranthum, a typical canopy tree. Results that may be 

associated with the development of drought tolerance strategies in trees that occupy the lower 

vertical profile of the Amazon forest. Although tree growth in lower forest vertical profiles 

were more correlated with large-scale climate phenomena related to increased rainfall, canopy 

phenology can also be an important driver of these individuals' growth. The higher correlation 

of T. sylvestre trees located in the forest interior to large-scale climate phenomena related to 

increased rainfall (PDO and NA.SST) compared to T. sylvestre trees exposed to edge effects, 

may suggest that individuals not exposed to edge effects would be more benefit by the 

intensification of the hydrological cycle. Thus, we highlight the need to expand the study to a 

larger number of species, looking for clarify and confirm these issues. However, our study 

reinforces the tree rings as relevant bioindicators of the local and large-scale climate 

influences that trees experience throughout their lives. Providing valuable insight into how 

climate change and forest fragmentation of the Anthropocene are affecting tree growth 
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dynamics in different vertical profiles of terra firme Amazon forest. Knowledge that would 

benefit Amazon forest management and restoration practices. 
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OVERALL CONCLUSIONS  

Through dendrochronological analyzes, this thesis present important insights about 

how trees growths occupying differents vertical profile of the terra firme forest in central 

Brazilian Amazonia are being affected and reacting to forest fragmentation and local and 

large-scale climate changes during their life.  

Surprisingly, we found that trees occupying the forest canopy are more sensitive to 

edge effects and climatic phenomena related to rainfall reduction and water stress. Showing 

an 18% reduction in growth rates during the first 10 years of fragmentation. An opposite 

pattern when compared to tree growth dynamics under forest canopy, that presented 

approximately 6% increases in growth rates during the first 20 years of fragmentation. Results 

that can be justified by the greater vulnerability to drought observed in taller and large trees 

occupying the forest canopy, that need to deal with higher vapor pressure deficit, higher 

hydraulic path length resulting in lower xylem resistance to embolism.  

Large-scale climate phenomena related to increase rainfall was more correlated with 

tree growth in lower forest vertical profile. However, we believe that canopy phenology was 

also na important driver of these individuals' growth.  

We highlight the relevance of tree rings a important bioindicators of the forest 

fragmentation and local and large-scale climate influences that trees experience throughout 

their lives. Knowledge that provides new perspectives on Amazon trees resilience after 

contemporary environmental problematic, marks by forest fragmentation and climate changes, 

benefiting forest management and restoration practices.  

 

 

 

 

 

 

 

 

 


