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Synopsis 

This is a cumulative dissertation comprised of four original studies (three published papers 

and a manuscript) assessing interactions between large-scale wind disturbances and different 

attributes of Amazon forests. I combined detailed forest inventories with remote sensing data 

for a chronosequence of wind-disturbed sites in Central Amazon. This novel data set allowed 

me to investigated the effects of the complex and wide disturbance gradient created by 

windthrows on tree species composition, forest dynamics and biomass/carbon balance. 

Although Central Amazon forests seem to be resilient to windthrows, large-scale disturbances 

can shift soil carbon stocks and alter forest composition and dynamics for decades, with the 

potential to influence processes and mechanisms defining species diversity, distribution and 

carbon cycle processes. 

 

 

 

 

 

1Duplicated references from different studies are counted 
2The Fig. 15 of this dissertation is also used in the manuscript (Paper 4); seven figures used in the Introduction 

of this dissertation were compiled from previous studies, including some listed in the Appendices  
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Fig. 1. Aerial-view of a 2-yr-old blowdown in Central Amazon, Brazil. Picture: LMF/INPA. 

 

 
Fig. 2. Ground-view of a 1-yr-old blowdown in Central Amazon, Brazil. Pictures: D. Magnabosco Marra. 

 

‘Except where other powerful mechanical factors such as elephants are at work, only wind 

interferes profoundly with the forest equilibrium, changing at a stroke the conditions for 

regeneration, growth and reproduction in the lower layers.’ (Longman and Jeník 1974) 
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PREFACE 

The main goal of this dissertation was to assess the effects of windthrows or blowdowns on 

tree species composition and forest dynamics. Improving our knowledge on this topic is 

crucial for conservation and management of Amazon forests in face of land use 

intensification and gradual climate change that can result in more extreme weather events. To 

do so, I combined extensive fieldwork with remote sensing for establishing a forest 

chronosequence, a series of plots spanning a wide gradient of blowdown tree-mortality and 

varying in time after disturbance. In comparison to classical studies on canopy disturbance, 

mine has the uniqueness of including large natural gaps (≥ 2,000 m2). I used this 

chronosequence to monitor vegetation and soil attributes during succession. In addition to my 

extensive forest inventories, I was granted with a valuable data set that allowed me to 

parameterize specific tree biomass estimation models and make reliable estimates of biomass 

recovery after disturbance. The four papers comprising this dissertation add novel 

information on the importance of large-scale wind disturbances in driving tree species 

community composition and biomass/carbon balance in Amazon forests. In the ‘General 

Introduction’, I provide a general background on the main topic of this dissertation. In 

addition, I show how the different papers are connected to each other and fit into a larger 

research initiative. In the ‘General Methods’, I present detailed and complementary 

information that was not included in the papers. In the ‘General Discussion’, I make remarks 

and contextualize general results from the different papers. 

9



 
 
SIGNIFICANCE STATMENT 
 

 10 

SIGNIFICANCE STATMENT 

A better understanding of tree species vulnerability and resilience to a range of disturbance 

intensities is key knowledge for the conservation and management of Amazon forests. In this 

dissertation I provide basic/primary information on how tree mortality associated with 

windthrows affects the structural and taxonomic attributes of Central Amazon forests, that in 

turn relate to spatial variations in biomass/carbon balance in a dynamic landscape. Although 

these forests seem to be resilient to windthrows, large-scale disturbances can alter forest 

dynamics for decades, with the potential to influence processes and mechanisms defining 

species diversity and distribution patterns. The data acquired within the projects related to 

this dissertation will be made freely available in the near future and may be applied to solve 

other questions on forest ecology and management. 

10



 
 
SUMMARY 
 

 11 

SUMMARY 

Background 

Old-growth forests with native species provide essential goods and services for humans and 

are critical for biodiversity conservation and climate regulation. Large and contiguous 

remaining tropical forests such as the Amazon have a great importance at the regional and 

global scale. Amazon forests harbor thousands of tree species. In these forests, trees store ca. 

90% of the total aboveground biomass/carbon and thus play a key role in global 

biogeochemical cycles. Tropical forests have long been described as an ecosystem at 

equilibrium. However, there is growing evidence that Neotropical forests (such as the 

Amazon) are in fact undergoing constant changes in dynamics, structure and species 

composition. Although changes are partly due to the intensification of different human 

disturbances and gradual climate change, Amazon forest dynamics is also likely to be 

associated with large-scale natural disturbances (e.g. windthrows). Apart from being 

threatened by intensive use leading to degradation (e.g. exploitation of timber, fibers and 

game meat), land-use changes (e.g. extensive agriculture and mining) and landscape 

fragmentation including urbanization, old-growth forests are facing novel and more intense 

natural disturbances, such as flooding, drought and windstorms. Although there are still large 

uncertainties in the predictions of future weather scenarios, climate change is expected to 

increase the frequency of extreme weather events leading to disturbances in the Amazon 

region.  

This study focuses on the role of windthrows or blowdowns, a prevalent natural disturbance 

in the Central Amazon, on species composition and forest dynamics. Like human impacts, 

natural disturbances lead to tree mortality and thus induce a loss of tree biomass. The 

capacity of these forest systems to recover to pre-disturbance biomass levels is referred to as 

biomass resilience. To date, most of the research on biomass resilience in tropical forests has 

been on the extremes of the extant disturbance gradient, i.e. either single tree falls or severe 

human disturbances (e.g. shifting agriculture, fire and logging). Consequently, our knowledge 

on the vulnerability and resilience of tropical forests to large-scale wind disturbances is 

scarce and biased. In addition, the large tree species diversity and complex structure of 

Amazon forests pose extra challenges to the understanding of the processes and mechanisms 
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that regulate community composition, species distribution and biomass dynamics when tree 

communities are subject to more intense tree mortality regimes.  

Canopy gaps created by windthrow events, or blowdowns, create a complex mosaic of forest 

patches covering the full spectrum of disturbance intensities and recovery dynamics in the 

Central and Western Amazon. Blowdowns are produced by downbursts associated with 

severe convective systems such as squall lines. These periodic events can cause widespread 

tree mortality and can produce large canopy gaps. In contrast to human disturbance or other 

types of natural disturbances such as fire, wind-disturbed forests experience rapid deposition 

of organic matter from the dead vegetation, and are to a lesser extent subject to soil 

compaction. More importantly, the complex shape of blowdowns creates an extensive contact 

zone with undisturbed areas that contain the original habitat structure and species pool. In the 

Amazon, a complex set of processes, including soil and precipitation gradients, topography 

and inundation regime, are related to the observed local and regional variations in forest 

structure (e.g. with respect to stem density, basal area and biomass) and floristic composition. 

Recent studies have shown that variations in the natural tree mortality regime can also 

influence attributes of Amazon forests and that related mechanisms seem to operate at 

different spatial scales. 

Although windthrows have not typically been regarded as important drivers of forest 

structure and dynamics in the Amazon, this dissertation is the first compendium of 

empirical/observational studies assessing the different effects of windthrows. The ultimate 

goal of this dissertation was to address the effects of windthrows on species composition, 

forest structure and biomass/carbon dynamics, and how these interact with shifts in functional 

composition (i.e. successional groups and functional diversity in biomass gain mechanisms) 

during the recovery from wind disturbances that varied greatly in extent and intensity. In 

addition, I assessed short-term effects (7 yrs after the disturbance) of a single blowdown 

event on soil carbon stocks and soil organic carbon. Understanding forest vulnerability and 

resilience to blowdowns has important implications for understanding forest responses to 

human disturbance and for the adaptation of current forest management and conservation 

practices to more extreme weather conditions. 
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Methods 

To track the decadal impacts of windthrow disturbance in Central Amazon I combined field 

observations and remote sensing data. I analyzed a 25-yr chronosequence of Landsat 5 

Thematic Mapper (TM) imagery to identify single blowdowns events. From these, I selected 

three blowdown sites that varied in time after disturbance (from the years 1987, 1996 and 

2005), and in the total amount of disturbed area (from 75 ha to 900 ha). Blowdowns that 

topple between 6 and 8 trees in a given Landsat pixel (30 m x 30 m, normally containing ca. 

55 trees) are detectable as an increase in the fraction of non-photosynthetic vegetation 

(∆NPV), which is related to increases in the fraction of dead vegetation and exposed soil. 

For each site in the chronosequence, I was able to estimate tree mortality associated with the 

blowdown events by using a locally field-calibrated model with ∆NPV as a single predictor. 

NPV images can be computed from Landsat images by using Spectral Mixture Analysis 

(SMA), which accounts for the per-pixel fraction of the following three selected 

endmembers: green vegetation/photosynthetic active (GV), dead plant material/non-

photosynthetic vegetation/soil surface (NPV) and shade. ∆NPV is calculated by subtracting 

the NPV image containing the blowdown of interest from that of the previous year.  

To see whether mortality patterns varied systematically across the landscape, I extracted 

terrain elevation data from a digital elevation model of the same area. I employed this data set 

to assign plots (sample units) to typical topographic classes (i.e. plateaus, slopes and valleys), 

which are likely to experience different wind velocities during a blowdown event, and thus 

have an effect on vegetation damage by wind. I monitored the tree community in each 

blowdown site in plots along transects crossing the entire disturbed area of forest patches as 

well as different topographic classes.  

Between 2009 and 2015, I measured tree growth, recruitment and mortality (diameter at 

breast height [DBH] ≥ 10 cm) at least twice (3-yr interval) in each blowdown site. Re-

measurements after several years in the different sites (from 4 to 27 yrs after the disturbance) 

allowed me to test for patterns of forest recovery of a given plot, rather than inferring it from 

the chronosequence. To control for possible pre-disturbance differences within and among 

different blowdown sites, I established plots in adjacent non-disturbed patches (i.e. in the old-

growth matrix). In addition, I used data from an old-growth forest unaffected by human 

disturbances or blowdowns for at least 55 yrs (to date). I carried out full botanical surveys in 
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the blowdown sites and recorded the mode of tree death (i.e. snapped, uprooted and standing 

dead) and mechanisms of biomass gain and loss (i.e. growth, recruitment, resprouting and 

mortality). Botanical exsiccates were added to a local herbarium. The entire sampled area 

was 19.6 ha (596 plots) including ca. 13,000 trees from 68 families, 275 genera and at least 

1,017 species. Soil samples were collected from the plateau plots of one blowdown site, 7 yrs 

after the disturbance. I analyzed soil carbon stocks from disturbed and undisturbed areas to 

assess whether there were discernable changes due to large litter inputs following blowdown 

events.  

In the Amazon forests, predicting stand biomass at large spatial-scales is a challenging task 

due to the heterogeneity of successional stages, high tree species diversity and inherent 

variations in tree allometry and architecture. In order to assess biomass dynamics during 

recovery from wind disturbance, I parameterized aboveground biomass estimation models, 

reliable for estimating the biomass of forests subject to wide gradients of floristic 

composition and structure and thus strong variations in tree architecture. For doing so, I was 

granted access to a valuable and unique allometric data set containing 727 trees (DBH ≥ 5 

cm) of 135 species from a large variation of successional stages relating to different levels of 

disturbance (i.e. old-growth and secondary forests). 

Results and Discussion [denotes original contributions of this dissertation] 

[1] Tree mortality in the three study sites ranged from 0 to 70%. Vegetation damage was 

generally not strongly controlled by topography, but in one of the sites, mortality was highest 

on plateaus. Thus, variations in tree mortality and damage across the landscape may be 

controlled by variables such as wind speed, direction and duration of the particular storm 

event. As expected, measures of forest structure (i.e. stem density, basal area and biomass) 

correlated negatively with tree mortality caused by the blowdowns. Tree mortality intensity 

affected the size distribution of trees, fraction of resprouters, community composition and 

mean wood density. In contrast to studies on small treefall gaps and human disturbances, I 

observed a diverse set of species and genera with special requirements and recruitment 

strategies forming the initial post-blowdown cohort and leading to a peak of rarefied richness 

and diversity at intermediate disturbance levels. 

[2] Short-term effects of windthrows included marginally higher soil carbon stocks in 

disturbed areas than in undisturbed areas. These results indicate that a significant part of the 
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plant litter input associated with large windthrow events is not immediately decomposed and 

directly emitted to the atmosphere (e.g. as CO2 and CH4). Instead, it is partly incorporated 

into the soil leading to the observed increase in soil carbon stocks. The degree of increase is 

related to soil clay content and tree mortality intensity. Thus, in addition to the well-

documented influences of soil texture, soil carbon stocks in these forests are influenced by 

the tree mortality regime. In contrast to other types of disturbance, the higher carbon content 

and potentially higher nutrient availability in soils in areas recovering from windthrows may 

favor forest regrowth and increase vegetation resilience. 

[3] By analyzing the allometric data of 727 trees, I found that good model fits for individual 

tree biomass do not necessarily translate into reliable predictions of biomass at the landscape 

level. When comparing biomass predictions at the landscape level using my different models 

and an available pantropical model, I observed systematic biases of up to ca. 40%. This result 

has important implications for biomass assessments in hyperdiverse and structurally complex 

tropical forests. My study yielded two biomass estimation models that performed 

satisfactorily across different forest structures and species composition, i.e. produced low 

values of bias and error. These models included predictors reflecting inherent variations in 

species architecture, which allowed me to reliably estimate biomass recovery and dynamics 

in the blowdowns sites.  

[4] By assessing biomass dynamics along the chronosequence of blowdown sites (i.e. 4-27 

yrs after disturbance and 0-70% tree mortality intensity) and the old-growth control forest, I 

found that blowdowns changed forest structure and reduced biomass stocks of the disturbed 

forests for at least three decades. Following disturbance, biomass resilience was enhanced by 

recruitment and growth of pioneer and mid-successional species, which accounted for more 

than twice the biomass accumulation of that observed in the old-growth forest. Biomass 

dynamics was dominated by 20 genera, belonging to different successional groups, whose 

performance was controlled by variations in tree mortality intensity. While observed 

reductions in biomass resilience of late-successional trees were associated with species loss, 

an increase in biomass resilience of pioneer trees was associated with species enrichment. 

Although the richness of mid-successional species decreased under high disturbance 

intensities, biomass resilience increased systematically due to species from key genera such 

as Inga, Guatteria, Ocotea and Tapirira.  
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Conclusion 

Results from the different studies presented in this dissertation indicate that the gradients of 

wind disturbance encompassed in large blowdown gaps produce decadal landscape-level 

shifts in different attributes of Central Amazon terra firme forests, including tree species 

composition and biomass/carbon dynamics. I showed that biomass resilience following 

disturbance is a process supported by a very high number of species, each performing the task 

of restoring biomass in different niches along the disturbance intensity gradient. This is in 

contrast to the widely held view that a limited number of pioneer species generally dominates 

early successional biomass dynamics. Moreover, blowdowns can shift soil carbon stocks, and 

therefore associated nutrient availability, independently of variations in soil texture.  

Questions still remain about the legacy of blowdowns in Amazon forest landscapes. 

However, my findings support the idea that an increased frequency of blowdowns can be 

expected to increase the area of forests with a characteristic and predictable structure, floristic 

composition and soil carbon stocks, which differs significantly from forests undisturbed for 

centuries or longer. Notably, shifts in species composition and forest structure due to 

blowdowns produce long-term changes in biomass stocks and dynamics. Overall, this 

dissertation sheds new light on tropical forest vulnerability and resilience. Moreover, it 

suggests that blowdowns are likely to have an important impact on observed patterns of tree 

species diversity, distribution and carbon cycle processes in Amazon forests. 
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ZUSAMMENFASSUNG 

Auswirkungen von Sturmwurf auf die Interaktion zwischen Baumartenzusammensetzung, 

Walddynamik und Kohlenstoffbilanz im Zentral-Amazons 

Hintergrund 

Urwälder mit heimischen Arten bieten wichtige Güter und Dienstleistungen für den 

Menschen und sind von entscheidender Bedeutung für den Erhalt der Artenvielfalt und die 

Regulation des Klimas. Die noch verbliebenen großen, zusammenhängenden tropischen 

Wälder, wie der Amazonas, sind regional und global von großer Bedeutung. Diese Wälder 

beherbergen tausende von Baumarten, sie speichern ca. 90% der gesamten oberirdischen 

Biomasse / des Kohlenstoffs und spielen somit eine wichtige Rolle für das Funktionieren von 

Ökosystemen. Tropische Wälder wurden lange als ein Ökosystem im Gleichgewicht 

beschrieben. Allerdings gibt es immer mehr Hinweise darauf, dass neotropische Wälder 

(einschließlich des Amazonas) in der Tat einer ständigen Veränderung der Dynamik, Struktur 

und Artenzusammensetzung unterliegen, die im Zusammenhang mit der Intensivierung der 

verschiedenen menschlichen Störungen und des allmählichen Klimawandels stehen. 

Abgesehen davon, dass Urwälder durch intensive Nutzung (z.B. Holz, Fasern und Wild), 

Landnutzungsänderungen (z.B. extensive Landwirtschaft und Bergbau) und schnelle 

Landschaftszerschneidung (z.B. Urbanisierung) bedroht sind, sind sie auch mit neuen und 

intensiveren natürlichen Störungen, wie Überschwemmungen, Dürren und Stürmen 

konfrontiert. Obgleich Prognosen zukünftiger Wetterszenarien noch mit großen 

Unsicherheiten behaftet sind, wird erwartet, dass der Klimawandel extreme Wetterereignisse 

in der Amazonas-Region häufiger werden lässt. 

Diese Studie konzentriert sich auf die Rolle von Wind, einer weit verbreiteten natürlichen 

Störung im zentralen Amazonas. Neben anthropogenen Einflüssen können auch natürliche 

Störungen zu Baummortalität führen und damit zu einem Verlust von Baumbiomasse. Die 

Fähigkeit von Waldökosystemen, die durch die Störung verlorene Menge an Biomasse 

wiederaufzubauen, wird als Biomasse-Resilienz bezeichnet. Bis heute bezieht sich ein 

Großteil der Forschung zu Biomasse-Resilienz in tropischen Wäldern auf die Extreme der 

Störungsgradienten, also entweder Verjüngung in Kronenlücken oder schwere anthropogenen 

Störungen (z.B. Wanderfeldbau, Feuer und Abholzung). Entsprechend ist unser Wissen über 
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die Vulnerabilität und Resilienz tropischer Wälder in Bezug auf großräumige Windstörungen 

gering und unvollständig. Gleichwohl stellen die hohe Baumartenvielfalt und die komplexe 

Struktur der Amazonaswälder zusätzliche Herausforderungen für das Verständnis der 

Prozesse und Mechanismen dar, die Artzusammensetzung, die Artverteilung und die 

Biomassedynamik regulieren, wenn die Wälder intensiveren Mortalitätsregimes unterworfen 

sind. 

Kronenlücken, entstanden durch Wind- (windthrow) und Sturmwurf (blowdown), schaffen 

ein komplexes Mosaik aus Waldflächen, welches das gesamte Spektrum der 

Störungsintensitäten und Regenerationsdynamik im Zentral- und West-Amazonas abdeckt. 

Sturmwürfe werden von Fallböen im Zusammenhang mit starken konvektiven Systemen wie 

Sturmfronten verursacht. Diese periodischen Ereignisse können zu weiträumiger 

Baummortalität führen und große Kronenlücken erzeugen. Im Gegensatz zu anthropogenen 

oder anderen natürlichen Störungen wie Feuer, stellen Sturmwürfe in Wäldern Ereignisse mit 

raschem Anfall toten organischen Materials dar und unterliegen in geringerem Umfang 

Bodenverdichtung. Wichtiger noch ist, dass die komplexe Form von Sturmwürfen eine 

ausgedehnte Kontaktzone mit ungestörten Bereichen ermöglicht, die ursprüngliche 

Habitatstruktur und den ursprünglichen Artenpool enthalten. Im Amazonas steht eine Reihe 

komplexer Prozesse, einschließlich Boden- und Niederschlagsgradienten, Topographie und 

Überflutungsregimes, hinter den beobachteten lokalen und regionalen Schwankungen der 

Waldstruktur (z.B. Stammdichte, Grundfläche und Biomasse) und der floristischen 

Zusammensetzung. Jüngere Studien haben gezeigt, dass auch Veränderungen im natürlichen 

Baummortalitätsregime Eigenschaften von Amazonaswäldern beeinflussen und dass die 

damit verbundenen Mechanismen auf verschiedenen räumlichen Skalen wirken. 

Windwürfe wurden typischerweise nicht als wichtige Einflussfaktoren der Eigenschaften und 

Dynamiken von Baumgemeinschaften im Amazonas angesehen. Diese Dissertation ist mithin 

das erste Kompendium empirischer / observationaler Studien, die unterschiedlichen 

Wirkungen von Windwürfen im Amazonas untersuchen. Das Ziel dieser Arbeit war es, die 

Auswirkungen von Windwürfen auf die Artzusammensetzung, Waldstruktur und Biomasse- / 

Kohlenstoffdynamik und deren Wechselwirkung mit Veränderungen der funktionalen 

Zusammensetzung (d.h. sukzessionale Gruppen und Mechanismen des Biomasseaufbaus) 

während der Erholung von Windstörungen, die stark in Umfang und Intensität variieren zu 
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untersuchen. Darüber hinaus habe ich die kurzfristigen Auswirkungen (7 Jahre nach der 

Störung) eines einzelnen Sturmwurfereignisses auf Bodenkohlenstoffvorräte und organischen 

Kohlenstoff im Boden untersucht. Das Verständnis der Vulnerabilität durch und der Resilienz 

nach Sturmwürfen hat wichtige Implikationen für das Verständnis der Reaktion von Wäldern 

auf anthropogene Störungen und die Anpassung von Bewirtschaftung und Schutzmaßnahmen 

an extremere Wetterbedingungen. 

Methoden 

Um die langjährigen Auswirkungen von Windstörung im zentralen Amazonas zu verfolgen, 

habe ich Feld- und Fernerkundungsdaten kombiniert. Ich habe eine 25-Jahres-Chronosequenz 

von Landsat 5 Thematic Mapper (TM) Bildern analysiert, um einzelne Sturmwurfereignisse 

zu identifizieren. Aus diesen habe ich drei Sturmwurfflächen ausgewählt, die sich im 

Zeitpunkt der Störung (in den Jahren 1987, 1996 und 2005) und dem insgesamt getroffenen 

Bereich (75 ha bis 900 ha) unterscheiden. Sturmwürfe, die 6-8 Bäume in einem Landsat Pixel 

(30m x 30m, mit normalerweise ca. 55 Bäumen) getroffen haben, sind erkennbar als eine 

Zunahme des Anteils der nicht-photosynthetisch aktiven Vegetation (ΔNPV), der wiederum 

mit dem Anteil toter Vegetation zusammenhängt. 

Für jede Fläche der Chronosequenz konnte ich die Baummortalität der Sturmwürfe 

abschätzen, indem ich ein lokal im Feld kalibriertes Modell verwende, mit ΔNPV als 

einzigem Prädiktor. NPV-Bilder können vom Landsat-Bildern durch Spectral Mixture 

Analysis (SMA) berechnet werden, die die pro-Pixel-Anteil der folgenden drei ausgewählten 

Faktoren ermittelt: grüne / photosynthetisch aktive Vegetation (GV), abgestorbenes 

Pflanzenmaterial / nicht photosynthetisch aktive Vegetation (NPV) und Schatten. ΔNPV wird 

durch Subtraktion des NPV Bildes, das den Sturmwurf enthält mit dem des Vorjahres 

berechnet. 

Um zu sehen, ob die Sterblichkeitsmuster systematisch über die Landschaft variierten, habe 

ich Geländehöhendaten aus einem digitalen Höhenmodell des gleichen Bereichs extrahiert. 

Mit diesen Daten habe ich die Plots (Probeneinheiten) in typische topographische Klassen (d. 

h. Plateaus, Hänge und Täler) gruppiert, bei denen es wahrscheinlich ist, dass sie während 

eines Sturmwurfereignisses unterschiedliche Windgeschwindigkeiten erfahren und sich somit 

in Bezug auf den Schaden der Vegetation durch Wind wie auch der Folgereaktion 

unterscheiden. Ich habe die Bäume in jeder Sturmwurffläche auf Plots entlang von 
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Transekten, die das gesamte gestörte Gebiet mit verschiedener Bereichen und Toposequenzen 

schneiden, erfasst. 

Zwischen 2009 und 2015 habe ich auf jeder der Sturmwurfflächen Wachstum, Verjüngung 

und Mortalität der Bäume (Brusthöhendurchmesser [BHD] ≥ 10 cm) mindestens zweimal (3 

Jahres-Intervall) gemessen. Wiederholungsmessungen nach mehreren Jahren (4-27 Jahre 

nach der Störung) haben es mir ermöglicht, nach Mustern der Waldregeneration auf den Plots 

selbst zu suchen, statt mit einer Chronosequenz verschiedener Plots arbeiten zu müssen. Um 

mögliche Unterschiede innerhalb und zwischen den verschiedenen Sturmwurfflächen zu 

berücksichtigen, habe ich auch in benachbarten, nicht gestörten Flächen (d. h. in der 

Urwaldmatrix) Plots angelegt. Darüber hinaus habe ich Daten eines Urwaldes genutzt, der 

seit mindestens 55 Jahren von anthropogenen Störungen oder Sturmwurf unbeeinflusst ist. 

Ich habe in den Sturmwurfflächen eine vollständige floristische Erhebung durchgeführt und 

den Mortalitätsmodus der Bäume (d. h. gebrochen, entwurzelte und stehend tot), sowie die 

Mechanismen der Biomasse Zu- und Abnahmen (d. h. Wachstum, Verjüngung, 

Stockausschlag und Mortalität) bestimmt. Botanische Belege wurden in ein lokales 

Herbarium überführt. Die gesamte Untersuchungsfläche betrug 19,6 ha (596 Plots) und 

enthielt ca. 13000 aufgenommene Bäume aus 68 Familien, 275 Gattungen und mindestens 

1017 Arten. Bodenproben wurden vom Plateau einer Sturmwurffläche 7 Jahre nach der 

Störung gesammelt. Ich habe Bodenkohlenstoffvorräte aus gestörten und ungestörten 

Bereichen untersucht, um herauszufinden, ob es merkliche Unterschiede durch den hohen 

Anfall toten Materials nach Sturmwurfereignissen gibt. 

Aufgrund der Heterogenität der Sukzessionsstadien, der hohe Baumartenvielfalt und 

inhärenten Schwankungen der Baumallometrie und –architektur ist die Biomasseschätzung 

im Amazonas auf großer räumlicher Skala eine anspruchsvolle Aufgabe. Um die 

Biomassedynamik während der Erholung von Windstörungen einschätzen zu können, habe 

ich Modelle zur Schätzung der oberirdischen Biomasse parametrisiert, die zuverlässige 

Schätzungen der Biomasse von Wäldern mit langen Gradienten floristischer 

Zusammensetzung und Struktur und den dadurch bedingten starken Schwankungen der 

Baumarchitektur liefern. Dafür erhielt ich Zugang zu einem wertvollen und einzigartigen 

Allometrie-Datensatz, der 727 Bäume (BHD ≥ 5 cm) von 135 Arten aus einer großen 
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Bandbreite von Sukzessionsstadien unterschiedlicher Störungsintensität (d.h. späte 

Sukzession und Sekundärwald) enthält. 

Ergebnisse und Diskussion  

[1] Die Baummortalität reichte von 0 bis 70 % in den drei untersuchten Gebieten. Der 

Vegetationsverlust war in der Regel nicht von der Topographie beeinflusst, außer in einem 

Gebiet, wo die  Mortalität auf Plateaus am höchsten war. Variationen der Mortalität und 

großflächiger Schaden an der Vegetation waren  von Windgeschwindigkeit und -richtung 

sowie der Dauer des entsprechenden Sturmes beeinflusst. Wie erwartet waren Attribute der 

Waldstruktur (z.B. Stammdicke, Grundfläche und Biomasse) negativ mit der Baummortalität 

korreliert, welche durch Sturmwurf verursacht wurde. Die Intensität der Baummortalität 

beeinflusste ihrerseits die Größenklassenverteilung der Bäume, den Anteil neu auskeimender 

Bäume, die Artenzusammensetzung und die mittlere Holzdichte im Bestand. Im Gegensatz 

zu Studien über kleine Kronenlücken und anthropogene Störungen habe ich ein breites 

Spektrum von Baumarten und Gattungen mit unterschiedlichen Bedürfnissen und 

Verbreitungsstrategien untersucht, die die Vegetation direkt nach einem Sturmwurf darstellt. 

Sturmwürfe führten bei mittlerer Störungsintensität zur höchsten exklusiven Artenvielfalt 

(rarefied species richness) und Diversität.  

[2] Kurzfristige Effekte von Windwürfen beinhalteten marginal höhere Kohlenstoffvorräte im 

Boden von  gestörten Flächen im Vergleich zu ungestörten Flächen. Die organische 

Kohlenstoffkonzentration des Bodens war in gestörten Flächen signifikant höher als in 

ungestörten Flächen. Meine Ergebnisse weisen darauf hin, dass ein wesentlicher Teil des 

organischen Materials, das durch große Sturmwürfe zerstört wurde, nicht umgehend zersetzt 

und in die Atmosphäre abgeben wird (z.B. als CO2 und CH4). Stattdessen wird es teilweise in 

den Boden eingebunden, was zu dem beobachteten Anstieg der entsprechenden 

Kohlenstoffvorräte führte. Dabei hängt die Menge des Anstiegs vom Tonanteil des Bodens 

und der Stärke der Baummortalität ab. Somit sind die Kohlenstoffvorräte im Boden dieser 

Wälder nicht nur, wie bislang gut dokumentiert, von der Bodentextur abhängig sondern auch 

von den Baummortalitätsregimes. Im Gegensatz zu anderen Störungsarten könnten der 

höhere Kohlenstoffgehalt und die damit einhergehende potenziell höhere 

Nährstoffverfügbarkeit im Boden von Gebieten die sich von einem Sturmwurf erholen das 

Wachstum und die Resilienz der Vegetation begünstigen. 
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[3] Durch die Analyse allometrischer Daten von 727 Bäumen habe ich herausgefunden, dass 

gute Modellanpassungen für individuelle Baumbiomassen nicht unbedingt zu verlässlichen 

Schätzungen der Biomasse auf Landschaftsebene führen. Bei der Schätzung der Biomasse auf 

Landschaftsebene, für die ich verschiedene von mir erstellte Modelle sowie ein vorhandenes 

pantropisches Modell genutzt habe, habe ich systematische Abweichungen von bis zu ca. 

40% gefunden. Dieses Ergebnis hat eine wichtige Bedeutung für Biomasseschätzungen 

artenreicher und strukturell komplexer tropischer Wälder. Ich habe zwei Modelle zur 

Schätzung der Biomasse erstellt, die zufriedenstellende Schätzungen für unterschiedlich 

strukturierte Wälder und Baumartenzusammensetzungen lieferten. Bei diesen beiden 

Modellen hatten die geschätzten Werte nur geringe Abweichungen von den Originalwerten 

und die Schätzungen wiesen nur geringe Fehler auf. Die entsprechenden Modelle 

beinhalteten Prädiktoren, welche die inhärenten Variationen der Architektur der Arten 

wiederspiegeln. Das erlaubte mir, die sich erholende Biomasse sowie die Dynamik in den 

durch Sturmwurf gestörten Flächen zuverlässig zu schätzen.  

[4] Indem ich die Biomassedynamik entlang von Chronosequenzen in den durch Sturm 

zerstörten Flächen (4 – 27 Jahre nach der Störung und 0 – 70 % Baummortalität) mit alten 

ungestörten Kontrollflächen verglichen habe, konnte ich feststellen, dass Sturmschäden die 

Waldstruktur ändern und die Biomassevorräte verringern. Diese Änderungen sind in den 

gestörten Wäldern für mindestens drei Jahrzehnte nachweisbar. Nach einer Störung wurde die 

Biomasseresilienz durch Ansiedlung und Wachstum von Pionierbaumarten sowie Baumarten 

mittlerer Sukkzessionsstadien gefördert. Der Biomassezugewinn in diesen gestörten Wäldern 

war annähernd doppelt so hoch wie der von alten, ungestörten Wäldern. Die 

Biomassedynamiken wurden von 20 Gattungen dominiert, welche zu unterschiedlichen 

sukzessionellen Gruppen gehören und deren Wuchsleistung von der Stärke der 

Baummortalität abhängig war. Eine geringere Biomasseresilienz von spät-sukzessionellen 

Arten war mit Artenverlust assoziiert, während eine höhere Biomasseresilienz von 

Pionierbaumarten mit  Artengewinn assoziiert war. Obwohl die Artenvielfalt mittlerer 

Sukzessionsstadien bei hohen Störungsintensitäten abgenommen hat, stieg die 

Biomasseresilienz systematisch aufgrund von Arten wichtiger Gattungen, wie beispielsweise 

Inga, Guatteria, Ocotea und Tapirira. 
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Schlussfolgerung 

Die Ergebnisse der Studien, welche ich in meiner Dissertation vorgestellt habe, deuten darauf 

hin, dass unterschiedlich starke Windschäden in großen Sturmwurflücken zu jahrzehntelang 

sichtbaren Änderungen in terra firme Wäldern im Zentral Amazonas führen. Zu diesen 

Veränderungen gehören die Baumartenzusammensetzung sowie Biomasse- bzw. 

Kohlenstoffdynamiken. Ich konnte zeigen, dass die Biomasseresilienz nach einer Störung ein 

Prozess ist, der durch eine hohe Anzahl von Arten gestützt wird. Dabei realisieren 

unterschiedliche Arten die Biomasseerneuerung in verschiedenen ökologischen und 

zeitlichen Nischen entlang eines Gradienten der Störungsintensität. Diese Erkenntnisse stehen 

im Kontrast zu der weitverbreiteten Meinung, dass wenige Pionierbaumarten die 

Biomassedynamiken von früh-sukzessionellen Beständen dominieren. Darüber hinaus 

können Sturmschäden Kohlenstoffvorräte und damit einhergehende Nährstoffverfügbarkeiten 

im Boden verändern. Das geschieht unabhängig von Variationen der Bodentextur.  

Es bleibt offen, was die langfristigen Folgen von großen Sturmwürfen in Amazonas Wäldern 

sind. Meine Ergebnisse stützen jedoch die These, dass häufigere Sturmwürfe jene 

Waldflächen erhöhen, die eine entsprechend charakteristische und vorhersagbare Struktur 

aufweisen. Dazu gehören eine veränderte floristische Zusammensetzungen und 

Kohlenstoffvorräte im Boden, die sich signifikant von Wäldern unterschieden die über 

Jahrhunderte ungestört waren. Änderungen in der Artenzusammensetzung und der 

Waldstruktur die von Sturmwürfen verursacht wurden, führen zu langfristigen 

Veränderungen der Biomassevorräte und -dynamiken. Diese Dissertation wirft ein neues 

Licht auf die Verwundbarkeit und Resilienz tropischer Wälder und die Ergebnisse deuten 

darauf hin, dass Sturmschäden möglicherweise einen wichtigen Einfluss auf die Diversität 

und Verteilung von Baumarten, sowie den Kohlenstoffkreislauf in Amazonas Wäldern haben.  
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1. GENERAL INTRODUCTION 

1.1. Amazon forest 

Forests cover ca. 30% of the Earth’s land area (FAO 2012) but old-growth forests 

with native species account only for about one-third of this area (FAO 2010). Large and 

contiguous old-growth tropical forests such as the Amazon are subject to substantial changes 

in structure and species composition due to the intensification of human activities, gradual 

climate change and extreme weather events (Allan 2011; Min et al. 2011; IPCC 2014; Tan et 

al. 2015). In contrast, these forests provide essential goods and services for humans (i.e. food, 

water and timber) (Trumbore et al. 2015) and are critical for biodiversity conservation 

(Gibson et al. 2011) and maintenance of biomass and carbon stocks (IPCC 2007; FAO 2010; 

Poorter et al. 2015). Since changes in land-use and terrestrial carbon cycle are related to the 

increase in the concentration of atmospheric greenhouse gases (Allan 2011), old-growth 

forests are also important for mitigating climate change (Bonan 2008; Nepstad et al. 2008; 

Costa and Pires 2010; Pöschl et al. 2010; IPCC 2014). 

The Amazon spreads over nine countries in South America covering an area larger 

than Western Europe and accounting for about 40% of the remaining tropical forest 

worldwide (FAO 2010). This vast contiguous tropical forest is estimated to host 16,000 tree 

species (ter Steege et al. 2013), at least 750,000 insect species (Adis 1990) and more than 

2,500 species of mammals, birds, reptiles and amphibians (Mittermeier et al. 2003). Brazil 

contains ca. 60% of the biome (ca. 4,196,943 km2) (IBGE 2004) in nine of its country states 

(Fig. 8). In this region live 246 indigenous ethnic groups (only ca. 25% of the pre-European 

number) speaking more than 150 languages (ISA 2016). This region was estimated to host 

more than 10,000 tree species (Hubbell et al. 2008), with terra firme forests hosting more 

than 280 tree species ha-1 (de Oliveira and Mori 1999). A recent inventory of the Brazilian 

flora confirmed that this region harbors at least 4,725 tree species, from which ca. 10% are 

endemic (Zappi et al. 2015). As in other tropical regions, deforestation, fire and 

fragmentation are the main processes driving losses of pristine Amazon forests (Hansen et al. 

2013). Although successful initiatives have been reducing deforestation rates in Brazil over 

the last years (Nepstad et al. 2014), accumulated deforestation (1970-2015) is 664,936 km2, 

or ca. 16% of the total biome area (Fig. 3) (INPE 2016). 
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Fig. 3. Brazilian Amazon forest comprising ca. 60% of the total area (ca. 7,000,000 km2) of the biome in nine 

country states (i.e. Acre, Amapá, Amazonas, Maranhão, Mato Grosso, Pará, Rondônia, Roraima and 

Tocantins). The accumulated deforestation (664,936 km2, between 1970 and 2015) is shown in black and old-

growth areas in green. 

 

Strong evidence supports that the Amazon forest has been influenced by large human 

populations over thousands of years, e.g. through the management of soils and the 

domestication of plant species (Prance 1972; Clement et al. 2015; Junqueira et al. 2016). 

Nonetheless, over the last few decades, increasing of human pressures and ongoing 

degradation is changing the forests’ integrity at unprecedented rates (Lewis et al. 2015; 

Trumbore et al. 2015). Combating climate change by reducing C emissions is stimulating 

mechanisms and opportunities for developing countries to preserve old-growth tropical 

forests.  These include the Reducing Emissions from Deforestation and Forest Degradation 

(REDD+) program from the United Nations Framework Convention on Climate Change 

(UNFCCC).  However, there is accumulating evidence that climate change is related to 

observed changes on the frequency of extreme weather events and forest disturbances (Dale 

et al. 2001; Silva Dias et al. 2002; Werth and Avissar 2002; Min et al. 2011; IPCC 2014; 
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Duffy et al. 2015), that may threaten the integrity of stored C.  In this scenario, assessing 

forest vulnerability and resilience (i.e. species resistance and responses) to different levels of 

disturbances is a key and urgent knowledge gap that must be filled to establish efficient 

management and conservation strategies. My main motivation to develop this dissertation 

was the lack of information on Amazon forest succession and recovery following large-scale 

natural disturbances such as windthrows. 

1.2. Tree-mortality disturbance 

Naturalists have long been intrigued by the beauty, complexity and diversity of the 

Amazon forests (Wallace 1889; von Humboldt and Bonpland 1907; Roosevelt 1914). Apart 

from the great and incomparable contribution of classical studies to our current knowledge, 

they inevitable sparked a ‘romantic’ and ‘mythological’ view on the ecology and functioning 

of these forests. Although human perceptions vary between individuals and cultures (Prance 

1972; Silva et al. 2007; Rametsteiner et al. 2009), Amazon forests are still popularly 

associated with myths (e.g. environmental homogeneity, steady-state, large trees and closed 

canopy) (CDEA 1992). As in other ecosystems, such associations do not represent the 

dynamic status of old-growth forests (Wirth et al. 2009). In fact, there is accumulating 

evidence supporting that old-growth tropical forests are not in a steady-state, but in a 

continuous recovery-process from different types of human and natural disturbances (Cole et 

al. 2014) that can affect tree community dynamics, structure and species composition (Baker 

et al. 2014; Brienen et al. 2015; Johnson et al. 2016; van der Sande et al. 2016). 

A major mechanism of disturbance in old-growth forests is tree mortality and 

consequent gap-formation, that can be associated with endogenous (e.g. tree senescence, 

decease) or exogenous phenomena (e.g. natural disturbances) (Sousa 1984; Lugo and Scatena 

1996; Foster et al. 1998). Current textbook knowledge is that small canopy-gaps (< 2,000 m2) 

usually caused by the mortality of one or a few trees dominate the disturbance dynamics in 

tropical old-growth forests (Hubbell et al. 1999; Sheil and Burslem 2003; Espírito-Santo et al. 

2014; Baker et al. 2015). Treefall gaps create space for new trees and can promote changes in 

light conditions, temperature, humidity and soil properties (Putz 1983; Vitousek and Denslow 

1986; Denslow 1987; Brokaw and Scheiner 1989). The natural regeneration in gaps can be 

dominated by growth of understory trees, resprouting of broken/damaged individuals or 

recruitment of new species (Sousa 1984; Guariguata and Pinard 1998; Nicotra et al. 1999; 
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Vieira and Scariot 2006). Tree recruitment, which can influence the structure and 

composition of the regenerating forest (Schupp et al. 1989; Clark et al. 1999), is also 

influenced by environmental and biotic characteristics such as the species pool (seed- and 

seedling-banks), dispersion, competition and predation (Garwood 1989; Schupp 1990; 

Dalling et al. 2002; Terborgh et al. 2008; Marra et al. 2014b). General knowledge states that 

changes in species composition following gap formation relate to ecological characteristics of 

the regenerating species, which may have specific traits, requirements and thus ability to 

establish under different biotic and abiotic conditions (Swaine and Whitmore 1988; Nicotra et 

al. 1999; Poorter 1999; Poorter et al. 2004). Therefore, gap-recovery can include changes in 

the abundance of species from different successional groups (i.e. light demanding and fast-

growing pioneers species, mid-successional or secondary-growth species, and late-

successional or slow-growing species) (Denslow 1980a; Popma et al. 1988; Swaine and 

Whitmore 1988). 

To date, available studies that aimed at assessing the effects of tree mortality 

disturbance on tropical forest dynamics, composition and diversity focused almost 

exclusively on small-scale disturbances (usually < 2,000 m2). Still, these studies yielded 

contrasting results (Denslow 1980b; Uhl et al. 1988; Hubbell et al. 1999; Chazdon et al. 

1999; Brokaw and Busing 2000; Molino and Sabatier 2001; Roxburgh et al. 2004; Bongers et 

al. 2009; Baker et al. 2015), indicating that both niche- (i.e. light- and/or gap-partitioning) 

and neutral-based process can be relevant for defining the composition of the regenerating 

community (Grubb 1977; Vandermeer 1996; Brokaw and Busing 2000; Franklin et al. 2002; 

Poorter 2007). In short, despite notable efforts made to address the effects of tree mortality 

disturbance on old-growth forests, our current knowledge is still limited by spatial constraints 

that impel the assessment of landscape-scale natural processes (Leibold et al. 2004; Chave 

and Norden 2007; Chambers et al. 2013; Asner 2013). More importantly, we still do not 

know how the different dimensions of disturbances (i.e. intensity, frequency, duration, spatial 

scale and points of contact/interaction with the old-growth matrix) (Lugo and Scatena 1996) 

interact and influence different attributes of diverse and complex tropical forests. 

Consequently, important questions regarding species vulnerability and responses to 

disturbances remain unsolved (Foster et al. 1998; Turner et al. 1998; Sutherland et al. 2013); 

especially when accounting for disturbances that can create gaps ≥ 2,000 m2 such as those  

promoted by large-scale windthrow events in Amazon (Negrón-Juárez et al. 2011). 
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1.3. Downbursts and forest blowdowns in the Amazon  

A downburst wind is a strong downdraft that induces an outburst of highly divergent 

and damaging winds rushing towards the ground (Fujita 1976). Downbursts are formed in 

association with severe convective systems (e.g. storms, thunderstorms and squall lines) (Fig. 

4a) that can also produce heavy rain and hail (Fujita 1976; Fujita 1990; Garstang et al. 1998). 

A downburst with winds spreading horizontally more than 4 km is defined as a ‘macroburst’, 

whereas a downburst with winds spreading horizontally up to 4 km is defined as a 

‘microburst’ (Fig. 4b) (Fujita 1990). Microbursts, which have a smaller dissipation area, 

usually produce stronger wind gusts than macrobursts. The winds typically lasts a few 

seconds but can reach speeds > 150 km h-1, often causing severe and extensive building and 

vegetation damage, and aircraft accidents (Fujita 1976; Fujita 1990). 

In contrast to large-scale tropical and continental cyclones, storms and thunderstorms 

can form and dissipate rapidly in most parts of the world (Fujita 1990). Thunderstorms are 

associated with cumulonimbus clouds, which in Amazon can form alone or in clusters along 

cold front squall lines (Leary and Houze Jr 1979; Garstang et al. 1994; Cohen et al. 2009; 

Negrón-Juárez et al. 2010b). These towering vertical clouds result from updraft air currents 

that carry moist and warm air upwards into the storm. Cumulonimbus clouds can rise 

vertically to the tropopause and often beyond (Fig. 4a). Thunderstorms are formed when tall 

layers of moist and warm air reach higher and cooler regions of the atmosphere, creating 

convective cells (Fig. 3a). While the updraft feeds moist and warm air into the storm, the 

downdraft dissipates heavy rain and eventually microbursts (Fig. 4b) (Kuo 1965; Leary and 

Houze Jr 1979; Harding 2011). In thunderstorms, microbursts can be formed by air 

entrainment via evaporation or water loading via precipitation (Orville et al. 1989). Dry air 

entrainment occurs when dry air mixes in with the rainfall. Once the drier and colder air 

penetrates into the cloud, it causes the water to evaporate through evaporative cooling (i.e. 

‘absorption of latent heating’), which reduces the air temperature drastically. The heavier 

cold air will then sink through the towering cloud, gaining speed while descending. The 

interaction/contact with warmer and less dense air closer to the ground may speed up air 

descent rates further through the cloud. Heavy rainfall also associated with cumulonimbus is 

a second important process creating microbursts through water loading. The weight of ‘thick 
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water columns’ with kilometers of height drags dry air towards the ground (Fujita 1976; 

Orville et al. 1989; Fujita 1990; Garstang et al. 1998; Harding 2011).  

 

Fig. 4. (a) Towering thunderstorm structures (e.g. cumulonimbus clouds with ca. 12 km height) are formed from 

powerful warm updrafts (red arrows) associated with cool downdrafts (blue arrows). While updrafts are 

associated with convection, downdrafts are associated with cool and dry air masses. Under specific conditions, 

the downdraft can produce strong wind gusts. (b) Microbursts are formed from downdrafts inside the cloud. 

They form from via evaporative cooling causing downdraft (blue arrows) due to abrupt changes in air 

temperature and pressure inside the cloud. In case of heavy rainfall, air dragging via water loading can also 

speed up air sinking through the cloud. In the Amazon region, macrobursts and microbursts (see the definition in 

the text) can produce wind gusts that last a few seconds but exceed 150 km h-1. The winds spread out in 

different directions (inset) and can cause severe building damage and blow down large forest patches. Images 

source: modified from Encyclopedia Britannica. Available at: http://www.britannica.com. Last access on: 21 

March 2016. 

 

 Forest blowdowns of varying sizes were first detected for a large portion of the 

Amazon due to their linear and ‘fan-shaped’ damage geometry and spectral characteristics on 

Landsat Thematic Mapper (TM) images (Nelson et al. 1994; Nelson and do Amaral 1994). 

Dead vegetation creates a typical non-photosynthetic spectral pattern (Nelson et al. 1994; 

Nelson and do Amaral 1994; Chambers et al. 2007) identified in the bands 3, 4 and 5 (bands 

4, 5 and 6 in Landsat 8). This ‘dead vegetation’ signal persists for ca. 1 yr before early 

colonizer species dominate the surface (Nelson 1994; Nelson and do Amaral 1994; Chambers 

et al. 2007). Nonetheless, older blowdowns can be tracked by using other features such as 

geometry and other spatial characteristics (Nelson et al. 1994; Araujo et al. 2013). These 

blowdowns were later associated to downbursts (i.e. macro and microbursts) (Garstang et al. 

1998). Amazon convective-downbursts contain a significant (> 35%) vertical component of 

velocity and usually occur together with heavy rainfall. The damage is also characterized by 
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an acute angle between the borders, with trees diverging outward from the ‘center’ of the 

‘fan-shaped’ patch (Fig. 5) (Garstang et al. 1998). Defoliation and uprooting were the main 

observed modes of tree damage/mortality in blowdown patches that have been overflown 

(Nelson and do Amaral 1994). 

 

Fig. 5. Proposed ‘fan-shaped’ geometry of the vegetation damage associated to Amazon microbursts. Figure 

source: Garstang et al. 1998. 

 

Over the past several years, a number of studies have shown that in the Central and 

Western Amazon, storm propagating blowdowns from 0.1 (Negrón-Juárez et al. 2011) to 

thousands of hectares are an important disturbance regime (Nelson et al. 1994; Espírito-Santo 

et al. 2010; Negrón-Juárez et al. 2010b; Araujo et al. 2013; Chambers et al. 2013; Asner 

2013; Negrón-Juárez et al. 2016). Espírito-Santo et al. (2010) detected 279 blowdowns 

(occurred between 1999 and 2001) along an East-West gradient of Landsat TM imagery 

crossing the Amazon basin. These blowdowns accounted for a total disturbed area of 21,931 

ha, with the smaller and larger blowdowns having five and 2,223 ha, respectively (Fig. 6). 

While blowdowns smaller than 50 ha were the most frequent, blowdowns with area > 101 ha 

accounted for more than 60% of the total analyzed disturbed area (Espírito-Santo et al. 2010). 

A similar approach was employed earlier by Nelson et al. (1994), who detected 330 

blowdown patches (occurred between 1987 and 1989) varying from 30 to 3,500 ha and 

accounting for a total disturbed area of 90,000 ha. For an East-West gradient in the Amazon 

basin, the frequency of blowdowns seems to be positively correlated with precipitation and 

storm rates, with more frequent and larger blowdowns associated with the Central and West 

portion of the basin (Fig. 6) (Nelson et al. 1994; Espírito-Santo et al. 2010; Espírito-Santo et 

al. 2014).  
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Fig. 6. East-west distribution and total disturbed area of 279 blowdowns events identified in 27 Landsat TM 

images (from 1999 to 2001) forming an East-West transect across the Amazon. Figure source: modified from 

Espírito-Santo et al. 2010. 

 

A higher frequency of destructive downbursts was also reported for the late dry 

season in Central and Western Amazon, with potential hazard to river craft and aviation 

(Nelson and Amaral 1994; Garstang et al. 1998b; RI Negrón-Juárez [unpublished data]). 

However, to date, there is no study that has assessed the frequency distribution of small-scale 

blowdowns over large regions and its possible relationship with variations in precipitation. 

Although blowdown patches with total area between ca. 1,000 m2 (1 pixel of a Landsat image 

with 30 m x 30 m spatial-resolution) and < 5 ha were neglected by previous studies (Nelson 

et al. 1994; Espírito-Santo et al. 2010; Espírito-Santo et al. 2014), these are important 

disturbance mechanism in these forests (Negrón-Juárez et al. 2011; Negrón-Juárez et al. 

2016). For instance, in the Manaus region, the cumulative disturbance of this small-scale 

disturbances in 2008 was equivalent to ca. 40% of the total deforestation in the year (Negrón-

Juárez et al. 2011). As previously mentioned, blowdowns can also be formed in storms 

propagated with squall lines (Fujita 1990; Garstang et al. 1994). In January 2005, a basin-

wide squall line event propagated blowdowns that caused an estimated mortality of 525 ± 121 

million trees (Negrón-Juárez et al. 2010b). A large disturbed patch created by this event was 

analyzed in different studies comprising this dissertation and other topic-related studies. 

Indeed, like other closed canopy forests worldwide (Bormann and Likens 1979; 

Lieberman et al. 1989; Scatena et al. 1996; Lindroth et al. 2009; Zeng et al. 2009), Central 

and Western Amazon forests comprise a mosaic of forest patches (Fig. 7) recovering from 

complex windthrows varying in size and frequency (Chambers et al. 2013; Negrón-Juárez et 
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al. 2016). By integrating old-growth forest data on tree mortality with remote sensing 

disturbance probability distributions, Chambers et al. (2013) parameterized an individual-

based simulation model (TRECOS) to assess possible effects of wind-driven mortality on 

biomass balance. Simulations from this model suggest that tree biomass stocks in old-growth 

Central Amazon forests vary constantly, driven by a continuous cycle of recovery from wind 

disturbance. As pointed by previous studies (Nelson et al. 1994; Espírito-Santo et al. 2010; 

Espírito-Santo et al. 2014), the simulations with TRECOS also indicate a lower return-

frequency probability for larger blowdown events (Chambers et al. 2013). Although these 

simulations do not account for vegetation responses, they show that a significant fraction of 

the tree mortality associated with wind disturbances is not accounted for in available 

permanent plots in the Amazon. These results emphasize that an important disturbance 

process may be missing in regional and continental biomass/carbon balance assessments 

(Fisher et al. 2008; Chambers et al. 2009a). Note that, despite the strong influence of 

precipitation and soil gradients (Malhi et al. 2006; Banin et al. 2012; Quesada et al. 2012), 

even small variations in the tree mortality regime have been reported as a prevalent 

mechanism defining structural and taxonomical attributes of Amazon forests. This tradeoff 

seems to operate at the local- (Toledo et al. 2011), regional- (Schietti et al. 2016) and 

continental-scale (Johnson et al. 2016). 

Prior to this dissertation, there were only two studies describing short-term effects of 

blowdowns in the Amazon. In Mato Grosso (southeast Amazon), a blowdown caused ca. 

10% of biomass reduction in an old-growth forest (Silvério 2015). In areas subjected to 

damage by forest fires before the blowdown, wounded trees close to the forest edge were 

more susceptible to damage and mortality. Diameter at breast height (DBH) correlated 

positively with damage probability, suggesting that in this forest larger trees are more 

susceptible to damage from wind (Silvério 2015). In Central Amazon, large blowdown gaps 

(ca. 6yr-old) were reported to have lower basal area, biomass and wood density than that 

from nearby old-growth forest plots (Chambers et al. 2009b). The fast-recruitment of pioneer 

species with lower wood density and biomass was attributed to the observed patterns. As 

already mentioned, similar effects were not consistently observed within small treefall gaps 

(Hubbell et al. 1999; Chazdon et al. 1999; Molino and Sabatier 2001). Still, catastrophic tree 

mortality disturbances can also change soil attributes due to uprooting of trees, litter 
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accumulation and decomposition (Putz 1983; Vitousek and Denslow 1986; Kramer et al. 

2004; Don et al. 2012). 

 

Fig. 7. Spatial distribution in time since last episodic succession-inducing disturbance (te) estimated from an 

individual-based simulation model (TRECOS) that integrates field plot data and remote sensing disturbance 

probability at the end of a 2,000-yr run (light pixels, old patches; dark pixels, young patches). The distribution 

of te ranging from 1 to >500 yrs is shown in the histogram. Median te for the 400-m2 cells was 51 yrs (mean, 

73.9 yrs), which is less than the time required for a patch to approach steady-state conditions in terms of 

biomass or tree species composition, resulting in a highly dynamic old-growth Central Amazon forest mosaic. 

Maximum te (534 yr) demonstrated that a significant number of patches at the tail of this distribution are at a 

mature state, and trees exceeding 500 yrs are found in these forests (Chambers et al. 1998; Vieira et al. 2005). 

Figure source: modified from Chambers et al. 2013. 
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In this dissertation, I aimed to provide the first empirical assessment of forest 

succession and biomass/carbon dynamics following large-scale wind disturbances in the 

Amazon (Fig. 8). Specifically, I tested the effects of blowdowns on species composition, 

forest dynamics and important components of the carbon balance in Central Amazon terra 

firme forests. In addition, together with colleagues, I assessed for the first time the effects of 

blowdowns on soil carbon stocks. 

 

Fig. 8. Up do date monitoring of canopy gaps. Note that the different papers included in this dissertation (Marra 

et al. 2014a; Magnabosco Marra et al. 2016a; Santos et al. 2016; Magnabosco Marra et al. 2016b) contributed 

with novel information on the white area, for which data is scarce for the entire Amazon. Figure source: 

Negrón-Juárez et al. 2011. 

 

1.4. General framework 

The different studies comprising this dissertation fit into a larger framework that 

combines initiatives and groups from four countries (i.e. Brazil, Germany, Peru and USA) 

(Fig. 9). The main project started in 2006 with the ultimate goal of assessing the effects of 

windthrows on the structure and dynamics of Amazon terra firme forests. In a first stage, we 

focused on developing and improving remote sensing techniques for detecting and 

quantifying tree mortality associated with blowdowns. Apart from establishing robust 

routines for detecting and quantifying blowdown patches (Chambers et al. 2007; Negrón-

Juárez et al. 2010b), our group also proposed a new approach showing the importance of 

small-scale blowdown events (Negrón-Juárez et al. 2011). During this first phase, the 
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initiative was funded by the National Aeronautics and Space Administration (NASA) within 

the NASA Biodiversity Project (Project 08-BIODIV-10), and by the Brazilian Council for 

Scientific and Technological Development (CNPq) within the National Institute of Science 

and Technology (INCT) Madeiras da Amazônia. 

 

Fig. 9. Framework describing assessed interactions between windthrows, forest succession and dynamics. Upper 

black boxes with bold-case indicate the different aspects and processes analyzed in this dissertation and 

additional topic-related studies. Color bolded boxes in the middle indicate the papers included in this 

dissertation (i.e. Paper 1- Marra et al. 2014a PLoS ONE; Paper 2- Santos et al. 2016 Biogeosciences; Paper 3- 

Magnabosco Marra et al. 2016a Biogeosciences; and Paper 4- Magnabosco Marra et al. 2016b in preparation for 

Ecological Monographs. Lower black-boxes indicate data sources and methodological approaches applied in 

different studies. Arrows between color boxes indicate the information flow between the different studies. Color 

lines indicate the aspects and processes addressed by each of the papers. Back lines indicate the different data 

sources and approaches employed in each of the papers. ‘Others’ refers the topic-related studies developed 

between 2009 and 2016, in which I contributed with research design, grant submission, data collection and 

processing, data analysis, analytical tools and for which I wrote and/or edited parts of the respective papers. 

They included: Chambers et al. 2009 Ecol Lett; Negrón-Juárez et al. 2010 Geophys Res Lett; Negrón-Juárez et 

al. 2011 Remote Sens Environ; Chambers et al. 2013 PNAS; Ribeiro et al. 2014 JARQ; Ribeiro et al. 2016, For 

Ecol and Management (in review); and Negrón-Juárez et al. 2016 Sci Adv (in review). 
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In 2010, based on small-scale observations of short-term effects of single blowdowns 

in the region of Manaus (Chambers et al. 2009b; Magnabosco Marra 2010), the initiative 

expanded to other sites in Central (Brazil: Manaus, Presidente Figueiredo and Manacapuru) 

and Western Amazon (Peru: Iquitos region). In this second phase, preliminary results from 

other studies from our (Fisher et al. 2008; Chambers et al. 2009a; Chambers et al. 2013) and 

other groups (Lloyd et al. 2009; Gloor et al. 2009), motivated the implementation a forest 

monitoring project that could allow to asses long-term effects of blowdowns across this 

regional gradient (Brazil-Peru). To do so, we combined remote sensing with forest 

inventories in different blowdown events varying in time after disturbance. I was in charge of 

leading the activities in Central Amazon, including the identification and selection of 

blowdown sites, setting up the infra-structure for accessing the areas (i.e. road and trails), 

building up campsites, establishing permanent plots for monitoring the vegetation, collecting 

botanical samples and identifying tree species. 

In 2011, I joined the workgroup Spezielle Botanik und Funktionelle Biodiversität (AG 

Wirth) from the Universität Leipzig and started to develop this dissertation. For doing so, I 

got financial support from the International Max Planck Research School for Global 

Biogeochemical Cycles (IMPRS-gBGC), the Biogeochemical Processes Department from the 

Max Planck Institute for Biogeochemistry (MPI/BGC-Jena) and the Research Group 

Functional Biogeography (MPI/BGC-Jena). In 2012, together with research partners from the 

Instituto Nacional de Pesquisas da Amazônia (INPA), I wrote a proposal and got a grant from 

the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) to develop a 

project entitled Succession After Windthrows (SAWI). With the SAWI, I could re-measure 

all the permanent plots established between 2008 and 2011 and investigate the short-term 

effects of blowdowns in the soils of one study site from our chronosequence. In addition, I 

had access to valuable data sets produced by the Laboratório de Manejo Florestal 

(LMF/INPA). These included: (1) forest inventory data from two 5-ha permanent plots (total 

of 250 subplots) in old-growth forest, which were installed in 1996 and are monitored since 

1998 (Projeto Jacaranda); and (2) allometric data on 727 trees harvested in a contiguous 

forest (Projeto Piculus). The Projeto Jacaranda was funded by the INPA and the Japan 

International Cooperation Agency (JICA). The Projeto Piculus was funded by the INPA, the 

Financiadora de Estudos e Projetos (Finep) from the Brazilian Ministry of Science and 

Technology and the Pilot Program to Conserve the Brazilian Rainforests (PPG7). 
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Within the scope of this large and interdisciplinary initiative, the specific goal of this 

dissertation was to cover the biotic and abiotic facets of the disturbance-recovery process, 

with a special focus on the interactions between disturbance and vegetation leading to shifts 

in forest dynamics and biomass/carbon balance. To do so, I carried out four interactive 

studies, including three peer-reviewed papers and an additional manuscript to be submitted to 

the Ecological Monographs. These studies are complementary to topic-related studies in 

which I also contributed (Fig. 9, referred as ‘Others’; references are given in the Appendices 

of this dissertation). Overall, they provide novel and complementary evidence on the 

importance of periodic wind disturbances on complex landscape process defining tree 

community attributes in Amazon terra firme forests. 

 

1.5. Disturbance patterns and effects of windthrows on structural and taxonomical 

attributes  

In the first paper of this dissertation (Marra et al. 2014a), I assessed the landscape-

level effects of tree mortality caused by a single blowdown associated with a squall line event 

on taxonomical and structural attributes of a Central Amazon terra firme forest. By using 

field and remote sensing data, I investigated the short-term effects of large blowdown gaps (> 

2,000 m2) created during a single storm event in January 2005 near Manaus, Brazil. 

Specifically, I aimed to address (i) how forest structure and composition vary with 

disturbance gradients and (ii) whether tree diversity is promoted by niche differentiation 

related to windthrow events at the landscape scale. In contrast to a categorical comparison 

between blowdown gaps and undisturbed forests (Chambers et al. 2009b; Negrón-Juárez et 

al. 2011), in this study I looked at the differential effects of tree mortality intensity on 

community composition, diversity and structure (Fig. 10). To this end, I applied data 

collected 4 yrs after disturbance and data from a contiguous old-growth forest (i.e. Projeto 

Jacaranda), which I used as a control. These study sites are located at the Estação 

Experimental de Silvicultura Tropical (EEST), a 21,000 ha reserve owned and administered 

by the LMF/INPA. Parts of the EEST were hit by blowdowns formed along a squall line 

event that propagated along the Amazon basin in January 2005. The geographical range and 

tree mortality associated to this event were also assessed and reported by our group (Negrón-

Juárez et al. 2010b). A detailed description of the studied areas is given in the ‘General 

Methods’ section of this dissertation and in paper 1 (Marra et al. 2014a). 
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Fig. 10. Framework describing the aspects and processes (upper boxes), sources and methodological approaches 

(lower boxes), and previous studies considered in the conception of paper 1 (Marra et al. 2014a) comprising this 

dissertation. This study was motived by the results from Chambers et al. (2009), who reported significant 

differences in structure and wood density between blowdown gaps and an undisturbed forest. Here, I 

investigated differences in taxonomical and structural forest attributes and possibly relationships with tree 

mortality intensity. To do so, I combined remote sensing for assessing tree mortality intensity at the landscape-

level, with a detailed forest inventory for assessing tree community attributes. 

 

 Innovative measures of tree mortality caused by the blowdown, allowed me to assess 

differential effects of the observed gradient of tree mortality typical of these Central Amazon 

forests. Furthermore, it allowed me to assess how variations in tree mortality intensity affect 

different forest attributes. I could also reveal the different modes of tree mortality associated 

with windthrows. More importantly, I showed that variations in tree mortality intensity and 

associated environmental heterogeneity can promote tree species diversity by favoring a 

diverse set of species differing from that observed in old-growth forests. The novel results 

reported in paper 1, suggest that large, intermediate and small canopy gaps created by 

blowdowns are each characterized by unique recovery processes. These results also indicate 

that blowdowns can influence patterns of forest structure and species composition at the 
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landscape scale. In the context of the NASA Biodiversity and SAWI projects, this paper 

directly motivated other studies (Ribeiro et al. 2016; Negrón-Juárez et al. 2016), including 

paper 2, paper 3 and paper 4 of this dissertation (Magnabosco Marra et al. 2016a; Santos et 

al. 2016; Magnabosco Marra et al. 2016b). 

1.6. Windthrows and soil carbon 

It has been reported that both small treefall gaps and large-scale natural disturbances 

can change soil attributes. The greater canopy openness in gaps allows increased light 

availability and air circulation. Furthermore, the exposure of mineral soil from deeper 

horizons due to uprooting of trees, as well as the higher litter inputs due to tree mortality, can 

change soil attributes such as mineral composition, texture, temperature and moisture (Putz 

1983; Vitousek and Denslow 1986; Turner et al. 1998; Don et al. 2012). Importantly, soil 

attributes can also have strong effects on Amazon tree communities, defining species 

distribution, tree density and biomass (Castilho et al. 2006; John et al. 2007; Quesada et al. 

2012; Johnson et al. 2016; Schietti et al. 2016). 

In paper 1, I documented the most important tree modes of death and how tree 

mortality intensity varied at the landscape-level, resulting in lower observed values for 

structural variables such as tree density and basal area in highly (and recently) disturbed areas 

(Marra et al. 2014a). These observed short-term reductions in tree density also indicated a 

strong gradient of litter deposition associated to differences in tree mortality intensity. In 

paper 2 of this dissertation, I looked for possible effects of variations in tree mortality 

intensity on soil carbon stocks (Fig. 11) (Santos et al. 2016). To do so, I assessed soil carbon 

stocks of the disturbed forest described in paper 1 (Marra et al. 2014a), 7 yrs after 

disturbance. 

This study is the first report showing tradeoffs between tree mortality associated with 

blowdowns and variations in soil carbon stocks in Amazon forests. I show that greater inputs 

of litter released from dead trees in disturbed areas resulted in higher soil carbon stocks. 

Moreover, I show that although clay content is positively related to the soil carbon content, 

even clay-poor soils can incorporate a significant amount of the organic and mineral carbon 

available in the litter after disturbance. These results suggest that a significant fraction of the 

landscape variation in soil carbon stocks, at least for the Central Amazon, can be attributed to 

variations in the tree mortality regime (i.e. forest dynamics). The higher carbon availability 
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that I observed and the possibly higher nutrient availability in soils from large canopy gaps 

created by wind disturbance are potential aspects favoring forest recovery, as demonstrated in 

the paper 4 of this dissertation (Magnabosco Marra et al. 2016b). 

 

Fig. 11. Framework describing the aspects and processes (upper boxes), sources and methodological approaches 

(lower boxes), and previous studies considered in the conception of the paper 2 comprising this dissertation 

(Santos et al. 2016). Here, I assessed tradeoffs between vegetation dynamics (i.e. differences in the tree 

mortality regime) and soil carbon stocks. To do so, I sampled soils along a gradient of tree mortality associated 

with the blowdowns studied in paper 1 (Marra et al. 2014a). 

 

1.7. Predicting biomass of complex wind-disturbed forests 

Although tropical forests account only for 7-10% of the land surface (Bonan 2008), 

they harbor more than 90% of the world’s estimated tree species (Fine et al. 2008) and store 

ca. 25% of terrestrial (below- and aboveground) carbon stocks (Bonan 2008; FAO 2010; 

Poorter et al. 2015). Worldwide, Latin American forests play a crucial role in this context, in 

particular the Amazon forest (Bonan 2008; Saatchi et al. 2011). Despite large uncertainties 

associated with current biomass/carbon estimates (Saatchi et al. 2007; Clark and Kellner 

2012; Feldpausch et al. 2012; Mitchard et al. 2014), the Amazon basin is estimated to store 
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ca. 90 Pg C (Houghton et al. 2001; Feldpausch et al. 2012), equivalent to ca. 35% of the 

world’s forest carbon stock (Saatchi et al. 2011). 

Uncertainties in Amazon biomass estimates at local and regional scales arise both 

from the parameterization and application of biomass estimation models. This issue has long 

been a focus of debate (Chave et al. 2005; Saatchi et al. 2007; Clark and Kellner 2012; Chave 

et al. 2014; Marvin et al. 2014; Sileshi 2014). At the local-scale, model parameterization with 

a data set that does not represent the target forest (i.e. size distribution, tree species diversity 

and respective variation in architecture) or a wrong/inadequate statistical approach, can yield 

a model that produces biased stand-level predictions (Clark and Kellner 2012; Sileshi 2014). 

Also, the use of site-specific models for estimating the biomass of forests different than that 

where these models were fit (i.e. different structure and floristic composition), can lead to 

biased predictions. 

Generic models combining global and/or pantropical allometric data sets are of a great 

importance since they include many species growing at different conditions and climates, 

thus representing a wide spectrum of potential predictors for tree biomass (Brown et al. 1989; 

Chave et al. 2005; Chave et al. 2014). However, these models may fail to represent 

allometries in regions/forests not included or poorly represented in the data set used for the 

model parameterization (Nogueira et al. 2008; Lima et al. 2012; Ngomanda et al. 2014). Still, 

when applied at the large scale, generic global or pantropical models are usually constrained 

by the availability of remote sensing and field/plot-based data for the calibration of the 

sensors (Saatchi et al. 2007; Clark and Kellner 2012; Marvin et al. 2014; Mitchard et al. 

2014). In the Amazon forest, this issue is of a great importance. 

The network of permanent plots installed within the Projeto Jacaranda, NASA 

Biodiversity and the SAWI projects provide an extensive and unique database for assessing 

the biomass recovery trajectory of Amazon forests disturbed by large-scale wind 

disturbances. Nonetheless, the issues mentioned above related to the estimation of biomass in 

tropical forests become critical when one aims at estimating the biomass of complex wind-

disturbed forests. In these forests, tree mortality associated with different levels of 

disturbance produce strong spatial variation in floristic composition, structural and 

architectural attributes (Chambers et al. 2009b; Ribeiro et al. 2014; Marra et al. 2014a; 

Negrón-Juárez et al. 2016).  
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In paper 3, I parameterized biomass estimation models adequate to estimate 

aboveground biomass of Central Amazon terra firme forests encompassing the full tree 

mortality gradient typical of this region (Fig. 12). To parameterize biomass estimation 

models, I used an allometric data set on 727 trees including a large variation of successional 

stages relating different levels of disturbance (i.e. old-growth and secondary forests), and 

including a high number (135) of species (LMF/INPA) (Fig. 12). By applying a differential 

modeling approach (Wirth et al. 2004; Mascaro et al. 2011), I was able to ‘correctly’ deal 

with the heteroscedascity intrinsic to allometric data, a condition that has been neglected or 

not well treated in many studies (Mascaro et al. 2011; Sileshi 2014). The ample data set that I 

used, allowed me to fit generic models that account for important variations in species 

architecture, typical of diverse tropical forests (Hallé 1974; Poorter et al. 2003; Kitajima et al. 

2005; Poorter et al. 2006; Banin et al. 2012). In addition, I assessed allometric differences 

related to species belonging to different successional groups. By pooling pioneer, mid- and 

late-successional species in separate groups, I fit specific biomass estimation models that 

account for such related differences.  

My results indicated that in species-rich and structurally complex tropical forests, 

using biomass estimation models fit with an inappropriate modeling approach or with a single 

independent variable (e.g. DBH), can also lead to biased stand-level estimates of 

aboveground biomass (Magnabosco Marra et al. 2016a). In forests subjected to strong 

environmental gradients, DBH might not reflect site-specific differences in e.g. tree height, 

wood density and species architecture, which have a strong influence on AGB estimates 

(Baker et al. 2004a; Feldpausch et al. 2011; Banin et al. 2012; Feldpausch et al. 2012; Sileshi 

2014). 
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Fig. 12. Framework describing the aspects and processes (upper boxes), sources and methodological approaches 

(lower boxes), and previous studies considered in the conception of the paper 3 comprising this dissertation 

(Magnabosco Marra et al. 2016a). Here, I parameterized biomass estimation models for estimating the 

aboveground biomass of hyperdiverse and structurally complex Central Amazon forests subject to a wide tree 

mortality gradient created by windthrows. To do so, I applied allometric data on 727 trees belonging to at least 

135 species, which represented local variations in species diversity and respective architecture. 

 

1.8. Exploring mechanisms of biomass resilience to windthrows 

Large-scale natural disturbances leading to catastrophic tree mortality can shift old-

growth forests towards earlier successional stages (Longman and Jeník 1974; Everham and 

Brokaw 1996; Turner et al. 1998; Cole et al. 2014). The capacity of a forest to recover pre-

disturbance conditions (i.e. resilience) depends on vegetation resistance and responses 

(Holling 1973; Harrison 1979; Peterson et al. 1998), and recovery often involves progressive 

changes in forest structure and floristic composition (Everham and Brokaw 1996; Guariguata 

and Ostertag 2001; Chazdon 2003). In the absence of periodic large-scale disturbances, old-

growth forests can exhibit a steady-state (i.e. equilibrium) behavior, in which tree 

communities can remain stable until the next large disturbance. 
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Old growth Amazon forests have long been assumed to be at equilibrium, with treefall 

gaps associated with background tree mortality (Lugo and Scatena 1996) being the major 

disturbance regime (reported as lower than 5% yr-1 in Amazon forests) (Phillips et al. 2004; 

Gloor et al. 2009; Espírito-Santo et al. 2014). While gap-phase regeneration following treefall 

disturbances seems to fail in explaining landscape variations in tree species composition and 

diversity in these and other tropical forests (Uhl et al. 1988; Hubbell et al. 1999; Baker et al. 

2015), there is growing evidence supporting that even the variations in background tree 

mortality captured in available small permanent plots can significantly influence forest 

structure attributes (Toledo et al. 2013; Johnson et al. 2016; Schietti et al. 2016). 

In fact, recent studies also support that old-growth forests are not at equilibrium, but 

in a continuous recovery-process from different types and levels of disturbance (Cole et al. 

2014) likely to drive observed shifts in dynamics (Baker et al. 2004b; Brienen et al. 2015), 

species and trait composition (van der Sande et al. 2016). The occurrence of periodic 

blowdowns across vast areas of the Amazon (Nelson et al. 1994; Fisher et al. 2008; 

Chambers et al. 2009a; Chambers et al. 2013; Asner 2013) corroborates this ‘non-

equilibrium’ hypothesis. Basin-wide effects of large blowdowns on forest composition and 

dynamics, however, remain uncertain but presumably depend on the frequency and size 

distribution of these events (Gloor et al. 2009; Espírito-Santo et al. 2010; Chambers et al. 

2013; Espírito-Santo et al. 2014). Although this issue was not addressed in this dissertation, it 

is evident that the wide range of tree mortality intensities produced by blowdowns (Nelson 

and do Amaral 1994; Negrón-Juárez et al. 2010b; Negrón-Juárez et al. 2011; Marra et al. 

2014a; Rifai et al. 2016) is not captured by most of the available plot-based inventories in the 

Amazon (usually < 5%) (Lewis et al. 2004; Phillips et al. 2004; Brienen et al. 2015). 

General research on tropical forest resilience focused on small gap-phase regeneration 

(Grubb 1977; Denslow 1980a; Uhl et al. 1988; Hubbell et al. 1999; Bongers et al. 2009) or 

stand-removing human disturbances (Finegan 1996; Guariguata and Ostertag 2001; Poorter et 

al. 2016) that include soil alterations, nutrient removal and fire (Chazdon 2003; Chazdon et 

al. 2007). Here, I assumed that these extremes do not represent the entire disturbance gradient 

typical of Central and Western Amazon forests affected by periodic blowdowns (Nelson et al. 

1994; Chambers et al. 2013; Negrón-Juárez et al. 2016). Although there is an expressive 

number of studies on patterns of tree damage and mortality in tropical and subtropical forests 
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frequently affected by wind disturbances (e.g. hurricanes, typhoons and tornadoes), long-term 

monitoring and assessments of forest resilience to extreme natural disturbance events are 

scarce (Everham and Brokaw 1996; Scatena et al. 1996; Mascaro et al. 2005). The lack of 

knowledge on the recovery process across the full disturbance gradient of wind-disturbed 

Amazon forests and on the importance of windthrows for the biomass/carbon balance in these 

forests were my main motivations for developing the paper 4 of this dissertation (Fig. 13) 

(Magnabosco Marra et al. 2016b). 

 

Fig. 13. Framework describing the aspects and processes (upper boxes), sources and methodological approaches 

(lower boxes), and previous studies considered in the conception of the paper 4 comprising this dissertation 

(Magnabosco Marra et al. 2016b). Here, I assessed the biomass recovery process and its interactions with shifts 

in taxonomical attributes of tree communities during succession after windthrows. This study combines most of 

the previous knowledge and data acquired during the NASA Biodiversity and SAWI projects. In addition, it 

includes data acquired within the Projeto Jacaranda on an old-growth forest, which I used as a control. 

 

In paper 4, I assessed interactions between taxonomical attributes and resilience 

mechanisms during the biomass recovery process following different blowdown events (Fig. 

13). To this end, I combined my forest inventory data in a chronosequence approach and 

most of the previous knowledge acquired by our research group within the last nine years. 
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Although these forests seem to have high biomass resilience to windthrows, I detected 

decadal effects of initial tree-mortality on taxonomical and structural attributes, including 

functional composition (i.e. importance of pioneer, mid- and late-successional species) and 

species richness. I was for the first time able to provide a detailed picture of biomass recovery 

and could show how many and which species are performing different biomass gain 

mechanisms along the gradient of disturbance intensity and recovery-time. The variation in 

these attributes along the disturbance gradient typical of blowdowns marked a clear 

partitioning of biomass stocks and dynamics (i.e. biomass gain and losses). My results 

support that blowdowns produce non-negligible effects on these forests and are likely to 

contribute to broad scale patterns of species diversity and biomass dynamics. 
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2. GENERAL METHODS 

A detailed description of the employed methods is given in the different papers comprising 

this dissertation. Here, I present additional information not covered by these individual 

papers. To this end, I also provide figures from topic-related studies, including some in which 

I am a co-author. The references for the topic-related papers in which I am a co-author are 

given in the ‘Appendices’ section of this dissertation. The allometric data used in the paper 3 

(Magnabosco Marra et al. 2016a) and the forest inventory data on the old-growth forest used 

as a control in the papers 1 and 4 (Marra et al. 2014a; Magnabosco Marra et al. 2016b) were 

granted by the LMF/INPA. The forest inventory and soil data on the wind-disturbed forests, 

which were collected within the NASA Biodiversity and SAWI projects, are planed to be 

made available in the short future. The metadata from paper 1 (Marra et al. 2014a) and paper 

2 (Santos et al. 2016) are available on the German Centre for Integrative Biodiversity 

Research (iDiv) data portal (idata.idiv.de). For using these data contact D. Magnabosco 

Marra, J.Q. Chambers (jchambers@lbl.gov) or N. Higuchi (niro@inpa.gov.br). 

2.1. Study-sites selection 

Long-term studies describing forest recovery after large-scale natural-disturbances are rare. 

Aspects such as the relatively low frequency, predictability and detectability, have limited our 

capacity of studying the ecological and evolutionary importance of these disturbances. 

Accessibility, logistics and safety issues are other prevalent factors limiting our knowledge 

about large-scale disturbances. 

Over the last years, the improvement and availability of satellite images, remote 

sensing tools and the more recent emergence of open source software for image analysis (R 

Core Team 2014; Conrad et al. 2015; Google Earth Engine Team 2015; QGIS 2016), 

amplified our capacity of detecting, estimating the magnitude and distribution of large-scale 

disturbances such as blowdowns across the Amazon (Nelson et al. 1994; Chambers et al. 

2007; Espírito-Santo et al. 2010; Negrón-Juárez et al. 2010b; Negrón-Juárez et al. 2011; 

Chambers et al. 2013; Espírito-Santo et al. 2014; Negrón-Juárez et al. 2016). In contrast, the 

high tree mortality associated with these events creates large gaps, difficult to be accessed 

(Figs. 1 and 2). The enormous amount of woody debris from the dead trees, a dense 

community of canopy species (e.g. lianas and epiphytes) brought to the ground together with 
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falling trees and the formation of treefall pits and mounds, provide extra 

restrictions/difficulties for the implementation of a forest monitoring project. Although a 

considerable amount of necromass is decomposed within the first years, the natural 

regeneration of fast-growing species (i.e. herbs, shrubs, lianas and trees) promptly fills the 

forest understory, which in heavily damaged areas will remain more dense and closed for 

years (D. Magnabosco Marra and G.H.P.M. Ribeiro, personal observations). Still, when 

aiming to exclude the influence of more recent human disturbances, the remoteness and lack 

of infrastructure such as roads and trails, increase logistic and access difficulties. 

The goal of this dissertation could not have been achieved without the use of remote 

sensing data from satellites. Non-photosynthetic vegetation (NPV) has high reflectance in the 

band 5 of Landsat imagery (Fig. 14) (Nelson 1994; Chambers et al. 2007; Negrón-Juárez et 

al. 2010a; Negrón-Juárez et al. 2011). I used this signal, which lasts for about a year, to 

identify the three wind-disturbed forests comprising my chronosequence. 

 

Fig. 14. Reflectance signatures (also known as endmembers) (Adams et al. 1995; Adams and Gillespie 2006; 

Somers et al. 2011) used to detect forest blowdowns in the different studies comprising this dissertation. Non-

photosynthetic vegetation (NPV) has high reflectance in the band 5 (centered at 1.65 µm) of Landsat imagery, 

distinct from that of green vegetation (GV) and shaded pixels. Figure source: modified from Negrón-Juárez et 

al. 2011. 

 

The old-growth forest (Og) that I used as a control is located north of Manaus, at the 

EEST/INPA (Fig. 15). In this area, there are 250 permanent subplots (400 m2, each) installed 

along two transects with 2,500 m length, each (Fig. 16). These plots were installed in 1996 as 

part of the Projeto Jacaranda (Higuchi et al. 1998b; Silva et al. 2003) and have been 
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monitored by the LMF team (every two or three years) since 1998. This 10-ha area includes 

the typical topographical variation of the forests from Central Amazon (i.e. plateaus, slopes 

and valleys) (Braga 1979; Ranzani 1980) and harbors more than 700 tree species (Carneiro 

2004; Carneiro et al. 2005; Teixeira et al. 2007). The topographic gradient, high species 

diversity, long-term monitoring and history of use (i.e. no great disturbance within the last 5-

6 decades), make this forest a perfect site to be used as a reference in my chronosequence 

approach. 

 

Fig. 15. Study sites (year of blowdown) comprising the forest chronosequence studied in this dissertation. The 

selected sites are covered by typical terra firme forest. 

 

Downbursts associated with the squall line event from 2005 produced severe 

vegetation damage in different regions of the Amazon (Negrón-Juárez et al. 2010b), 
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including ca. 250 ha (Bd1) of old-growth forests of the EEST/INPA an adjacent area owned 

and administered by the Superintendência da Zona Franca de Manaus (SUFRAMA) (Figs. 

15 and 16). Blowdown patches were identified in RGB compositions (bands 5, 4 and 3) of 

Landsat 5 TM images by their high short-wave infrared reflectance (red channel), which 

indicates dead vegetation (NPV) (Figs. 16-18). Recognized disturbed areas were confirmed 

with a field survey led by the LMF/INPA. Later, disturbed areas were also visualized from a 

helicopter flight (Fig. 1).  

 

Fig. 16. Contiguous old-growth terra firme forest in the region of Manaus, Central Amazon, Brazil, shown in 

RGB composition (bands 5,4,3) of Landsat 5 TM imagery. Changes in surface reflectance from (a) Oct/2004 to 

(b) Jul/2005 indicate tree mortality caused by a blowdown event from 2005. Patches exhibiting high short-wave 

infrared reflectance (red channel) indicate non-photosynthetic vegetation (NPV) (green channel, near infrared) 

(b). The total affected area by this single event was ca. 250 ha. The transects used to sample the ZF2 (Bd1) site 

and the old-growth control forest (Og) (see Fig. 15), are shown in blue and white, respectively (b). Images 

source: http://earthexplorer.usgs.gov. 

 

In the Bd1, I installed six transects of varying lengths to survey the vegetation in the 

summer of 2009 (4 yrs after disturbance) (Fig. 16). Subplots were installed along six transects 

of varying size allocated in disturbed areas including the local variation in topography and in 

blowdown tree-mortality intensity. For the allocation of the transects, I considered changes in 

NPV, previous description of disturbed areas (Guimarães 2007), observations from field 

surveys conducted between 2007 and 2009, and logistic constrains. Apart from the papers 1, 

2 and 4 included in this dissertation, several other studies were developed in the Bd1 and 
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adjacent disturbed areas (Guimarães 2007; Negrón-Juárez et al. 2010b; Bordon 2012; Araujo 

et al. 2013; Chambers et al. 2013; Ribeiro et al. 2014; Negrón-Juárez et al. 2016). 

The selection of the blowdown sites ZF5 (Bd2) and Tumbira (Bd3) (Fig. 15) was done 

in cooperation with R.I. Negrón-Juárez and J.Q. Chambers. Due to well-known logistic 

limitations intrinsic to all studies carried in remote areas of the Amazon, site accessibility was 

also considered as a selection criterion. For that reasons, we focused our search in the region 

of Manaus. We also searched blowdowns in Landsat 5 TM imagery data over a 27yr- period 

(from 1979 to 2005). We systematically scanned pairs of images (from consecutive years) 

searching for ‘fan-shaped’ and irregular disturbed patches. We excluded blowdowns 

occurring close to main rivers (i.e. igapó and várzea) (Junk et al. 2011), in other upland forest 

types (i.e. campina and campinarana) (Braga 1979), close to roads and human settlements. 

The Bd2 and Bd3 sites spanned the maximum amplitude of time after disturbance and tree 

mortality intensity that we found within the considered time-period. 

The Bd2 site, which is accessible from the Ramal-ZF5 road, is located ca. 35 km 

north from the Bd1 (Fig. 15). This area is owned and administrated by the SUFRAMA. 

Similar to the sampling method adopted in the Bd1 (later also employed in Iquitos [Peru] 

within the NASA Biodiversity project), in the Bd2 I sampled the vegetation along a 3 km 

length transect crossing a single disturbed patch of ca. 900 ha (Fig. 16). Subplots were first 

measured in this area in the summer of 2010 (14 yrs after disturbance). 

The Bd3 site is located at the Reserva de Desenvolvimento Sustentável do Rio Negro 

(RDS Rio Negro), a 102,978.83 ha reserve. This area is accessible by boat, navigating 

through the Rio Negro and the Igarapé Tumbira (Fig. 15). In this site, I sampled the 

vegetation along two 1.5 km length transects crossing a total disturbed area of ca. 75 ha (Fig. 

18). The first survey was conducted in the summer of 2011 (24 yrs after disturbance). 
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Fig. 17. Contiguous old-growth terra firme forest in the region of Presidente Figueiredo, Central Amazon, 

Brazil, shown in RGB composition (bands 5,4,3) of Landsat 5 TM (TM) imagery. Changes in surface 

reflectance from (a) Jul/1996 to (b) Jun/1997 indicate tree mortality likely to be caused by a single downburst 

from 1996. Patches exhibiting high short-wave infrared reflectance (red channel) indicate non-photosynthetic 

vegetation (NPV) (green channel, near infrared) (b). The total affected area by this single event was ca. 900 ha. 

The transect used to sample the ZF5 (Bd2) site is shown in blue (b). Images source: 

http://earthexplorer.usgs.gov. 

 

 

Fig. 18. Contiguous old-growth terra firme forest in the region of Manacapuru, Central Amazon, Brazil, shown 

in RGB composition (bands 5,4,3) of Landsat 5 TM imagery. Changes in surface reflectance from (a) Aug/1986 

to (b) Jul/1987 indicate tree mortality likely to be caused by a single downburst from 1987. Patches exhibiting 

high short-wave infrared reflectance (red channel) indicate non-photosynthetic vegetation (NPV) (green 

channel, near infrared) (b). The total affected area by this single event was ca. 75 ha. The transect used to 

sample the Tumbira (Tum) site is shown in blue (b). Images source: http://earthexplorer.usgs.gov. 
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Before installing transects and subplots for carrying vegetation and soil surveys, I 

visited the selected sites and carefully inspected for differences in vegetation type, 

topography, soil texture and color (through manual and visual inspection), and history of use. 

Note that the Bd1, Bd2 and Og sites belong to a contiguous forest (Fig. 15). Although the 

Bd3 site is located on other side of the Rio Negro, this area is also covered by similar and 

comparable terra firme (upland) forest. This assumption was confirmed by the results 

presented in the ‘Supporting information’ section of the paper 4. 

2.2. Tree mortality estimates 

Since changes in the fraction of NPV (hereafter referred as ΔNPV) relate to changes in the 

fraction of dead vegetation, I was able to use ΔNPV images to estimate the tree mortality 

associated with the blowdowns included in my forest chronosequence. For each blowdown 

site, I produced a ΔNPV value on a per-pixel-basis by subtracting the NPV image of the year 

before the blowdown (2 yrs for the Bd2 site) from that of the same year of the blowdown. 

The ΔNPV images were then used to estimated tree mortality intensity with an estimation 

model that has pixel ΔNPV-value as predictor (Negrón-Juárez et al. 2010a; Negrón-Juárez et 

al. 2011). 

I produced NPV images for the selected blowdowns by employing Spectral Mixture 

Analysis (SMA) (Adams et al. 1995) on the Landsat 5 TM imagery. This technique allows 

for the quantification of the per-pixel fraction of the following three selected endmembers 

(Somers et al. 2011): green vegetation /photosynthetic active (GV), dead plant material/non-

photosynthetic vegetation (NPV) and shade. I used the shade endmember to account for 

differences in angle, topography, shading, and shadows (Adams et al. 1995). At last, I 

normalized the fractions of GV and NPV by removing the shade as GV/(GV+NPV) and 

NPV/(GV+NPV) (Negrón-Juárez et al. 2010; Negrón-Juárez et al. 2011; Negrón-Juárez et al. 

2016). For the analysis presented in the papers comprising this dissertation, I used images 

processed by R.I. Negrón-Juárez. With that, I aimed to standardize results from my studies 

with those from our research group (Negrón-Juárez et al. 2010b; Negrón-Juárez et al. 2011; 

Chambers et al. 2013). For further details on the image processing procedures and SMA 

routine, consult the ‘Material and Methods’ section of the paper 1 (Marra et al. 2014a), the 

‘Methods’ section of the paper 4 (Magnabosco Marra et al. 2016b) and topic-related studies 
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from our research group (Negrón-Juárez et al. 2010b; Negrón-Juárez et al. 2011; Chambers et 

al. 2013; Negrón-Juárez et al. 2016). 

Field-measures of tree mortality were obtained for my study region within the first 

year after the 2005 blowdown event in 30 plots of 20 m x 20 m for trees ≥ 10 cm DBH 

(Guimarães 2007). Blowdown tree-mortality intensity (%) was linearly and positively 

correlated with ΔNPV (Fig. 19) (Negrón-Juárez et al. 2010b). To estimate blowdown tree-

mortality in the sites included in my forest chronosequence, I used this linear model, which 

has Landsat-derived ∆NPV as single predictor (Negrón-Juárez et al. 2010b):  

!"## !"#$%&'$( % = 103.22 × ∆!"# − 3.22 [1]. 

To support the classification of the subplots comprising my forest chronosequence into 

typical topographic classes (i.e. plateaus, slopes and valleys), I extracted terrain elevation 

data from a digital elevation model (Shuttle Radar Topographic Mission –SRTM) 

(http://glovis.usgs.gov). 

 

Fig. 19. Relationship between Landsat-derived ΔNPV and field‐measured tree mortality in our study region 

(Bd1 and Og, see Fig. 15). (a) Tree mortality was measured in 30 plots (20 m x 20 m) allocated in five sites 

covering a 0-80% gradient of tree mortality (Guimarães 2007; Negrón-Juárez et al. 2010b). (b) The strong 

relationship between ΔNPV and field‐measured tree mortality data allows the estimation of tree mortality at this 

region. Figure source: modified from Negrón-Juárez et al. 2010. 

 

For the old-growth forest used as control (Og) (Figs. 15 and 16), I used measures of 

tree mortality calculated from ΔNPV only in paper 1 (Marra et al. 2014a). In that case, I 

applied census data from 2004-2006 and estimated tree mortality by using a ΔNPV image 
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obtained by subtracting the 2005 from the 2004 NPV image, which corresponds to the period 

between the two forest inventories (see details in the ‘Material and Methods’ section of paper 

1). Although regular surveys (ca. once a month) of the LMF/INPA team assure that no large 

blowdowns occurred in this area since 1996, I checked for representative changes in NPV 

over the time-period considered for selecting the blowdown sites (1979-2005). I did not find 

strong changes in NPV over large areas of the Og site during this entire period. Since changes 

in NPV can be detected at the pixel level (30 m x 30 m) (Negrón-Juárez et al. 2011), this 

approach allowed me to detect even small or single treefall gaps (ca. 1,000 m2), typical of 

old-growth forests (i.e. background tree mortality). Nonetheless, I did not remove subplots 

showing these small-scale disturbances. Together with regular field surveys, the lack of large 

changes in NPV assure that, apart from being free of human disturbances for 5-6 decades, no 

large-scale natural disturbance occurred in the Og site over the last years. This careful 

assessment, allowed me to use this forests as a control for assessing the magnitude of 

observed changes in the disturbed forests (i.e. Bd1, Bd2 and Bd3). 

2.3. Vegetation and soil sampling 

The sampling design adopted in the studies comprising this dissertation was defined and 

constrained by specific aspects of wind-disturbed forests. These are: (1) strong and complex 

gradients of tree mortality influenced by biotic and abiotic aspects such as species 

vulnerability (Negrón-Juárez et al. 2016; Ribeiro et al. 2016; Rifai et al. 2016) and the still 

unknown interaction between wind and Amazon forest canopies; and (2) access and 

displacement restrictions in disturbed areas, specially at early-successional stages (Figs. 1 and 

2). 

I sampled the vegetation in subplots installed along transects (Fig. 20) of varying 

lengths. With this method, I was able to reduce effort during installation (e.g. trail opening 

and maintenance, logistics to transport materials/equipment’s, number of employed personal 

and ergonomics) and monitoring of subplots (e.g. displacement and logistics to transport 

materials/equipment’s and samples). More importantly, this method allows sampling 

communities subjected to strong biotic and abiotic gradients (Felfili 1995; Schietti et al. 

2016). Therefore, sampling along transects allowed me to cover the entire disturbance 

gradient associated with the different blowdowns and previous important landscape 

variations. 
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The starting and end point of the different transects were defined in order to cover the 

entire tree mortality gradient found in each site, but also undisturbed areas used to compare 

the old-growth forest of each blowdown site with that from the old-growth control forest. The 

transects also crossed entire toposequences in order to account for possible gradients in wind-

damage due to topography. Since soil texture in these forests is known to vary along the 

topographic gradient (higher clay content in plateaus and sand in valleys) (Ranzani 1980; 

Telles et al. 2003), sampling along transects also allowed me to account for possible 

structural and floristic variation due to this aspect (Chauvel et al. 1987; Castilho et al. 2006). 

This method was also compatible with that adopted in the Projeto Jacaranda, i.e. the Og site 

included in my chronosequence (Higuchi et al. 1998b; Higuchi et al. 2003; Teixeira et al. 

2007). For additional information about specific sampling aspects from each site comprising 

the chronosequence, consult paper 4 (Table S1 of the ‘Supporting information’ section) 

(Magnabosco Marra et al. 2016b).  

 

Fig. 20. Sketch showing the allocation of subplots installed along transects crossing forest blowdowns in Central 

Amazon terra firme forests. The transects cross the entire disturbed patches accounting for the available tree 

mortality gradient, i.e. from undisturbed (white pixels) to heavily damage areas (dark-green). For each subplot, I 

was able to estimate tree mortality associated to the blowdowns by using weighted ΔNPV values in a locally 

field-calibrated model (Negrón-Juárez et al. 2010b). 

 

 The forest chronosequence studied in this dissertation (i.e. the three blowdown sites 

and the old-growth forest) comprised 596 subplots. Subplots were permanently delimited 

with plastic signs/flags. In blowdown site, I measured DBH of all trees ≥ 10 cm DBH (Fig. 

21). Recorded trees were tagged with aluminum numbered tags. Wounded trees and those 

with irregular trunks (buttresses) or aerial roots were measured above these irregularities. In 

all cases, the height at which measures were taken was marked with paint. With this I aimed 
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to avoid inducing measurement error when re-measuring the trees. In order to quantify forest 

dynamics (tree growth, recruitment and morality rates), all trees were measured at least two 

times in different intervals. I used three consecutive measures from the Og site, from the 

years 2002, 2004 and 2006 (2yr-intervals). The blowdown sites were monitored between 

2009 and 2015. Re-measurements were taken with 3yr-intervals. To reduce measurement 

errors, the trees were always measured by the same team. 

 

Fig. 21. Forest inventory routine and overall aspect of subplots installed in the three blowdown sites located in 

Central Amazon, Brazil (Fig. 15). Pictures: D. Magnabosco Marra and G.H.P.M. Ribeiro. 

  

Most of the novel and complementary knowledge presented in the studies comprising 

this dissertation required a detailed assessment of the flora. In all the studied sites, great effort 

was made to collect samples and to identify recorded tree species (Figs. 22 and 23). I 

continuously collected botanical samples in the blowdown sites between 2009 and 2015. 

Apart from that, a great effort has been undertaken just after the first forest inventory was 

completed (Fig. 22). In total, I collected ca. 2,100 samples. To do so, I counted on the support 

from A.F. Neves, I.G. de Souza and S.L. Pereira. I identified botanical samples with the 

support from V.M.C. Carneiro and F.Q. Reis. The botanical exsiccates collected within the 

SAWI project were incorporated to the herbarium of the Instituto Federal de Educação, 
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Ciência e Tecnologia do Amazonas (IFAM) (Fig. 23). Extensive botanical sampling and 

detailed species identification were carried out in the Og site as part of the Projeto Jacaranda 

(Higuchi et al. 2003). Botanical exsiccates were incorporated to the herbarium of the INPA 

and the collection of the EEST/INPA (Carneiro 2004; Carneiro et al. 2005). 

 

Fig. 22. (a) Equipment for collecting botanical samples within our study sites in Central Amazon, Brazil. Tree 

climbing with spurs (b) and belt (c) for collecting samples (d) with a pruner connected to a 11 m telescopic 

aluminum stick (e). In the field, botanical samples were preserved in alcohol (f) and later dried in an electric-

drier (g) at ca. 65°C. Binoculars were also used to recognize known species and those for which samples have 

been already taken (h). Pictures: D. Magnabosco Marra and G.H.P.M. Ribeiro. 
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Fig. 23. I collected at least one botanical sample (three replicates) from all species sampled in the blowdown 

sites. (a) Most of the samples were identified in the field. Species that were identified in the field were identified 

by consulting specialists or comparing botanical exsiccates with holotypes from the herbaria of the IFAM and 

INPA (b-e). Botanical exsiccates collected within the SAWI project were incorporated to the herbarium of the 

IFAM (f). Pictures: D. Magnabosco Marra.  

 

The soil study presented in paper 2 (Santos et al. 2016) of this dissertation was 

proposed within the scope of the SAWI project. This study was also part of the Master’s 

dissertation of L.T. dos Santos, undertaken at the INPA under supervision by N. Higuchi and 

me. This study also counted on fundamental support from P.B. de Camargo and S.E. 

Trumbore. Soil samples were collected from the Bd1 site in the summer of 2012, thus 7 yrs 

after disturbance (Fig. 24). Since soil texture differences related to topographic variation can 

also affect other soil attributes in these forests (Ranzani 1980; Telles et al. 2003), we sampled 

soils only in plateau subplots of the Bd1 site. 

 

59



 
 
2. GENERAL METHODS 
 

 60 

 

Fig. 24. Overall aspect of plateau subplots from the ZF2 site (Bd1) (see Fig. 15), 7 yrs after disturbance. 

Subplots were allocated along a wide disturbance gradient, including from 0-70% blowdown tree-mortality 

intensity. Note the large amount of litter and wood debris covering the soil. Pictures: D. Magnabosco Marra. 

 

We sampled a 30 cm depth profile and bulk density in 16 subplots covering a wide 

gradient of tree mortality. Soil clay content was determined with texture analysis using the 

pipetting method (Gee and Bauder 1986), with data from two profiles sampled in each plot. 

The 16 subplots were selected from the available 144 subplots installed in the Bd1 site 

(Marra et al. 2014a) to cover the maximum range of tree mortality intensity found in plateaus 

(0-70%). In most of the subplots that experienced high tree mortality intensities, 7 yrs after 

disturbance there was still higher amount of litter and wood debris than that from undisturbed 

subplots (Figs. 24 and 25). To cover the strong heterogeneity of microsites found our study 

site (i.e. root, trunk and crown zones of downed trees), we sampled six soil profiles (0-30 cm 

depth) in each subplot. In addition, we collected samples in 5 cm tall cylinders (98 cm3) for 

assessing bulk density. Soil analyzes were carried out at the Laboratório Temático de Solos a 

Plantas (LTSP) of the INPA and the Centro de Energia Nuclear na Agricultura (CENA) of 

the Universidade de São Paulo (USP). 
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Fig. 25. Soil sampling seven years after blowdown (Bd1 site, see Fig. 15). An auger was used to take samples 

from three depths (0-30 cm) and 5 cm tall cylinders (98 cm3) were used to collect bulk density samples. In our 

sampling design, we accounted for disturbance heterogeneity within plots, including root, trunk and crown 

zones of downed trees. Pictures: D. Magnabosco Marra. 

 

2.4. Allometric data 

The magnitude and high tree species diversity of the Amazon forests (de Oliveira and Mori 

1999; Ribeiro et al. 1999; Zappi et al. 2015) impose extra challenges to the development of 

forestry and ecological research involving observational and/or empirical data acquisition. 

The assessment of complex processes and mechanisms needed to address simple questions, 

commonly demand long-term sampling effort in an interdisciplinary framework (Fig. 9). For 

the development of the paper 3, I benefited from a valuable allometric data set collected 

along more than two decades by LMF/INPA team (Carvalho Jr et al. 1995; Santos 1996; 

Higuchi et al. 1998a; Silva 2007). 

 The results obtained in paper 1 of this dissertation indicated that forest recovery 

following blowdowns is a complex and dynamic process involving strong landscape 

variations in forest structure and floristic composition (Marra et al. 2014a). The regenerating 

forest can harbor species with different ecology, requirements, wood density and architecture 

than those found in old-growth communities. The mortality of large late-successional species 

combined with a fast recruitment of pioneer and mid-successional species can also lead to 

strong differences in the size distribution of trees. As I have shown in paper 3 of this 

dissertation (Magnabosco Marra et al. 2016a), reliable biomass estimates for these 

structurally complex and hyperdiverse forests, requires allometric models capturing strong 

gradients in the size distribution and floristic composition. As already noticed, the models 

need to include predictors accounting for allometric differences related to species from 
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different successional groups (i.e. pioneer, mid- and late-successional), different wood 

density and architecture (e.g. crown size and shape, total height and DBH:height 

relationship). For these reasons, I could not satisfactorily apply the biomass estimation 

models available for this study region. For instance, local models parameterized with data 

exclusively collected in old-growth (Higuchi et al. 1998a; Silva 2007) or secondary forests 

(Nelson et al. 1999), may not represent the species mixture found in blowdown areas, i.e. 

from early-recruited pioneers to late-successional survivors. By contrast, global and 

pantropical models combine different data sets and thus include a wide range of species. 

Nonetheless, these models may fail on capturing allometric variations along succession in an 

specific forest type (Magnabosco Marra et al. 2016a). 

The allometric data set applied in the paper 3 (Magnabosco Marra et al. 2016a) of this 

dissertation is probably one of the largest allometric data sets collected in a contiguous forest. 

This data set contains 727 trees ≥ 5 cm DBH and belonging to 135 species. Trees were 

harvested through the plot-based destructive method, in which all the trees from a plot within 

a given area were felled (see details in the ‘Material and methods’ section of paper 3). The 

sampled areas included an old-growth and two secondary terra firme forests located at the 

EEST/INPA. Data acquisition (Fig. 26) followed pre-established sampling protocols 

developed by the LMF/INPA over the last decades (Carvalho Jr et al. 1995; Santos 1996; 

Higuchi et al. 1998a; Silva 2007; Lima et al. 2012; Ribeiro et al. 2014). Adopted procedures 

are also prescribed by the IPCC (Penman et al. 2003; IPCC 2007).  

The biomass estimation models parameterized in paper 3 (Magnabosco Marra et al. 

2016a), include predictors accounting for architectural variations due to strong changes in 

floristic composition. Based on morphological and ecological attributes, I classified these 727 

tree species into successional groups. I also compiled wood density values from the available 

literature (see details on the ‘Material and methods’ section of the paper 3). For the biomass-

carbon transformations presented in the ‘General Discussion’ section of this dissertation and 

‘Discussion’ section of the paper 4, I assumed carbon to be 48.5% of the dry biomass. This 

value, similar to that reported for other Amazon forests (Brown et al. 1995; Lima et al. 2012), 

is the mean carbon content of randomly selected trees from the allometric data set included in 

paper 3 (Silva 2007). 
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Fig. 26. Acquisition of tree allometric data for the parameterization of aboveground biomass estimation models. 

The diameter at breast height (DBH) of target trees was measured before (a) felling operations. Total tree height 

and volume measurements were done after felling. Representative samples of the trunk, branches, leaves and 

flowers/fruits (when available) were taken from randomly selected trees for determining water and carbon 

content. When taking samples from trunk and branches, the mass of sawdust (b) was collected and weighted 

together with its respective stem section. Different tree compartments, i.e. trunk, coarse and fine branches, 

leaves and flowers/fruits, were weighted separately (c-h). Pictures: LMF/INPA. 

 

2.5. Data analysis 

A detailed description of the employed statistical methods is given in each of the studies 

comprising this dissertation. I developed all statistical analysis using the R platform (R Core 

Team 2014). R codes were written by myself, with occasional support from co-authors. When 

specific packages were used, these were specified in the correspondent papers. I 

parameterized biomass estimation models using the WinBUGS 1.4.3 software (Lunn et al. 

2000). SMA and other remote sensing analyses were developed using the Environment for 

Visualizing Images software (ITT 2012). Soil samples from the paper 2 were analyzed by 

L.T. dos Santos, at the LTSP/INPA and CENA/USP. The deforestation data employed in the 

Fig. 7 was obtained from the Instituto Nacional de Pesquisas Espaciais (INPE) 

(http://www.obt.inpe.br/prodes). I produced the Fig. 7 in the Quantum GIS environment 

(QGIS 2016). 
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Abstract

Canopy gaps created by wind-throw events, or blowdowns, create a complex mosaic of forest patches varying in
disturbance intensity and recovery in the Central Amazon. Using field and remote sensing data, we investigated the short-
term (four-year) effects of large (.2000 m2) blowdown gaps created during a single storm event in January 2005 near
Manaus, Brazil, to study (i) how forest structure and composition vary with disturbance gradients and (ii) whether tree
diversity is promoted by niche differentiation related to wind-throw events at the landscape scale. In the forest area affected
by the blowdown, tree mortality ranged from 0 to 70%, and was highest on plateaus and slopes. Less impacted areas in the
region affected by the blowdown had overlapping characteristics with a nearby unaffected forest in tree density (583646
trees ha21) (mean699% Confidence Interval) and basal area (26.762.4 m2 ha21). Highly impacted areas had tree density
and basal area as low as 120 trees ha21 and 14.9 m2 ha21, respectively. In general, these structural measures correlated
negatively with an index of tree mortality intensity derived from satellite imagery. Four years after the blowdown event,
differences in size-distribution, fraction of resprouters, floristic composition and species diversity still correlated with
disturbance measures such as tree mortality and gap size. Our results suggest that the gradients of wind disturbance
intensity encompassed in large blowdown gaps (.2000 m2) promote tree diversity. Specialists for particular disturbance
intensities existed along the entire gradient. The existence of species or genera taking an intermediate position between
undisturbed and gap specialists led to a peak of rarefied richness and diversity at intermediate disturbance levels. A diverse
set of species differing widely in requirements and recruitment strategies forms the initial post-disturbance cohort, thus
lending a high resilience towards wind disturbances at the community level.
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Introduction

Natural disturbances varying in size are suggested as major

driver of tree species substitution across space and time, thus

influencing vegetation structure, composition and diversity in

forest ecosystems [1–4]. Disturbance dynamics in neotropical

forests are considered to be dominated by small canopy gaps

(,2000 m2) from small treefall events resulting from small-scale

abiotic disturbances [5–7] and biotic interactions [8]. In contrast,

widespread tree mortality caused by large-scale exogenous

disturbances such as forest blowdowns are often regarded as rare

events.

However, remote sensing studies confirm a broad range in the

size and intensity of wind disturbances representing a continuum

without simple distinctions between frequent and episodic events

[9–11]. In addition, widespread tree mortality associated with

blowdowns is more prevalent in the Central and Western Amazon

than the Eastern Amazon [12–14]. This has revived a classical

question [1,5,15,16] on the ecological importance of large canopy

gaps (2000 m2) and how these influence forest dynamics and tree

diversity patterns at the landscape scale [11,14,17–20].

In Central Amazon forests, there is in fact a large gradient of

gap sizes created by blowdowns, which leads to a spatially complex

mosaic of successional pathways [10,20,21] and gap size distribu-

tion varies locally, for example with topography. Studies outside

the Amazon report that gap size distributions resulting from wind

disturbance vary predictably with elevation [22–24], with a greater

fraction of large contiguous blowdowns on exposed ridges and

plateaus. Blowdowns can raze thousands of trees locally, and with
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this create a few large gaps ( 2000 m2) as well as many smaller tree-

fall gaps (,2000 m2) [9,10,25].

Large blowdowns and small tree fall gaps may differ substan-

tially in environmental conditions and thus may represent very

different starting conditions for tree regeneration. In single-treefall

gaps, soil and organic layer disturbance due to uprooting and

snapping trees, as well as changes in nutrients and water

availability can influence both mortality and recruitment rates as

well as other factors vital for the maintenance of tree populations

and communities [6,15,26–28]. Large blowdowns can include a

wide range of variability in disturbance severity [22,29], which

may affect the structure and composition in the recovering forest

[30–33].

As a first order effect, gap formation by adult tree mortality is

considered a key process as it increases the local availability of

resources, most notably of light [5,34]. With the resulting increase

in high-light microsites [26] forest patches gain the potential to

promote light-demanding (pioneers) tree species specialized in

colonizing and occupying gaps by efficient dispersal and rapid

growth [2,34–36]. Nonetheless, the same traits that convey high

growth potential for such light-demanding or pioneer species (e.g.

high enzyme activity, low self-shading, and low wood density and

construction costs) weaken their competitive strength under

undisturbed conditions. Such traits may prevent them from

enduring low light conditions, casting shade and outcompeting

shade-tolerant and slower-growing (late-successional) trees in the

longer term, resulting in relatively short life spans [37–41]. Light-

demanding species thus depend on frequent gap formation to

escape local extinction [2,5,6,34]. However, this binary mosaic

view – pioneer versus late-successional species in gaps versus old

growth forest – may be too simplistic for understanding the

influence of a complex gradient ranging from single tree fall gaps

to large blowdowns on landscape-level dynamics of highly-diverse

tropical rain forests. Given the complexity of the disturbance

mosaic, tropical tree species may not fall into two distinct

successional groups but rather form a continuum from pioneer

to late-successional strategies [37,42–44]. For example, small gaps

(,2000 m2) opened up by mortality events of one or a few trees

maybe too dark for light-demanding species and colonization may

depend on alternative mechanisms, such as growth-release of the

understory sapling bank (advanced regeneration), resprouting of

damaged trees, and lateral expansion of surviving trees. All three

mechanisms may also be relevant in larger gaps (.2000 m2)

especially given distance-related limitation of seed dispersion.

[31,45–48], but here high-light conditions also strongly promote

the emergence of pioneer species [33,49]. However, the threshold

disturbance intensity below which colonization by light-demand-

ing species fails is not known. Moreover, it is not known whether

there are specialists for intermediate levels of wind disturbance.

By combining a landscape-level approach with a detailed plot-

scale analysis of high taxonomic resolution, we analyzed recruit-

ment patterns along a large gradient of disturbance intensity and

its potential relevance for maintaining tree species diversity in

tropical forests. We hypothesize that the vast species pool of

Amazonian forests contains species with strategies intermediate

between the extremes of light-demanding and shade-tolerant

species, thus enabling the forest vegetation to fully exploit the

entire gradient of gap sizes and resource availability. We further

hypothesize that a co-occurrence of light-demanding, shade-

tolerant and intermediate species leads to a peak in diversity at

intermediate disturbance intensities and gap sizes in early

regeneration. To address these hypotheses we answered the

following questions: 1. Are there predictable patterns of disturbance
intensity distributions for large blowdowns, and do these patterns

differ between topography classes (valleys, slopes, and plateaus)? 2.
Do severe blowdowns exert/promote selective mortality effects at
individual and species dimensions? 3. How do pre-blowdown
conditions, early vegetation responses and the relative importance of
the regeneration mode (establishment from seed, resprouting and
growth of survivors) interact with disturbance intensity? 4. What
are the implications of these effects on community composition and
species coexistence at the landscape scale?

Materials and Methods

Study sites
We conducted the research at the Estação Experimental de

Silvicultura Tropical (EEST) (2u619S, 60u209W) of the Instituto

Nacional de Pesquisas da Amazônia (INPA) and adjacent-

contiguous area (ZF2), which is administered by the Super-

intendência da Zona Franca de Manaus (SUFRAMA) (2u569S,
60u269W), Amazonas, Brazil (Figure 1a). In January of 2005

storms propagating from southwest to northeast of Brazil caused

large forest blowdowns across the central Amazon, including

,2500 ha of forest in the Manaus region [9]. At the ZF2, forest

not known to have been previously disturbed near the Rio

Cuieiras (a tributary to the Rio Negro) was heavily disturbed, as

identified by field surveys and Landsat images (Figure 1).

The entire area is covered by terra firme forest. Prior to the

2005 disturbance there was no evidence of human intervention for

at least the previous 40 years. In our Landsat chronosequence

there was no signal of large natural disturbances affecting the area

since 1979. Mean monthly temperature in this region is 26uC with

little seasonal variation [50,51] and annual rainfall is about

2600 mm, with a distinct dry season between July and September

[52,53]. The local topography is undulating with a maximum

altitudinal difference of about 140 m (40–180 m a.s.l). Upland

plateaus with high clay content (Oxisols) are cut by slopes and

valleys dominated by soils with high sand content (Spodosols) and

subject to seasonal flooding. The drainage network flows to

tributaries of the Rio Negro or directly to the Rio Cuieiras. The

terra-firme forest is characterized by a closed canopy with high

tree species diversity [54–57] and a dense understory with

abundant acaulescent palm species in plateaus and canopy palm

species in valleys [57,58]. In this region, forest compositional and

structural variations are correlated with water stress, soil and

topography [54,59–61].

Forest inventory
We sampled three different patches directly affected by the 2005

blowdown (hereafter referred to as disturbed forest). To assess the

entire disturbance gradient we installed three pairs of transects,

measuring 200, 600 and 1000 m length by 10 m width

respectively, for a total of six transects (Figure 1b – blue lines).

We established 144 sub-plots of 10625 m (total of 3.6 ha) within

the 6 transects. At each sub-plot, we determined several measures

of forest structure for trees with diameter at breast height (DBH)

$10 cm. Diameters of live uprooted and damaged-snapped trees

were usually measured above the DBH (1.3 m height) to avoid

lesions and mechanical obstructions, such as trunks, branches, soil,

etc. For species with buttressed and aerial roots, we measure the

diameter just above these obstructions.

Considering previous studies [26,46,62] and field observations,

we identified resprouting stimulated by mechanical injuries in

individuals following uprooting and snapping (partial or total

rupture of the crown). For botanical identification we collected

samples from at least one individual of each species and for

subsequent re-measurement we tagged all trees. We carried out
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identification to the species level [63–65] when possible, by

comparing the collected material with specimens at the INPA and

IFAM (Instituto Federal de Educação, Ciência e Tecnologia do

Amazonas) herbariums, and also with the EEST botanical

collection. Reproductive material (flowers and/or fruits) was

collected when available, and added to the IFAM herbarium

and to the EEST botanical collection. Our research did not

involve endangered or protected species and no special permits

were required to access the ZF2. We carried the forest inventory

between June and September of 2009. Botanical samples were

collected in two campaigns, in 2009 and 2011.

We used measurements from an undisturbed contiguous area

(hereafter referred to as undisturbed forest) to compare with our

data for the disturbed forest (Figure 1b – green lines). In this area,

two transect plots measuring 2062.500 m (10 ha) were installed in

1996 [66] and forest structure and dynamics are monitored in 250

sub-plots (20620 m) using measures of growth, recruitment and

mortality made every two years since 2000 [52,67]. We used data

from 196 (total 7.8 ha) sub-plots in an area not affected by clouds

in both 2004 and 2005 Landsat images, and estimated structural

parameters at these sites in 2008. We used census data from these

sites for the years 2004–2006 to obtain background forest

mortality rates for an area not directly affected by the 2005

blowdown (as confirmed using our Landsat DNPV maps) [10].

Although much of the Amazon experienced drought in 2005 with

potential effects on mortality [68,69], the region we studied was

not unusually dry during this period [9,53].

The transects established in disturbed and undisturbed forests

were perpendicularly oriented in north-south and east-west

directions (Figure 1b). These transects cross several toposequences

in order to represent the floristic and structural variation between

plateaus, slopes and valleys (Figure 1c). For classifying sub-plots

into topographic classes we used field observations, apparent soil

texture, slope and altitude [56,57,66]. Slope was measured with a

clinometer and sub-plot altitude data was assessed by using a

Global Positioning System (GPS) receiver (Trimble Nomad 900)
and a digital elevation model (Shuttle Radar Topographic Mission

-SRTM) (http://glovis.usgs.gov). Higher altitude areas (.80 m

a.s.l.) with lower slope (,0–10u) and higher clay content soils were

classified as plateaus. Areas with slope .10u, mixed sand/clay

texture soils, and located in interfluve areas were classified as

slopes. Areas with low elevation and relief with sandy soil and

direct contact with perennial or intermittent water streams were

classified as valleys (Figure 1). In the Manaus region, valleys can

be also characterized by the high abundance of some palm species

(e.g. Mauritiella aculeata (Kunth) Burret, Oenocarpus bataua
Mart. and Manicaria saccifera Gaertner) and for being partially

inundated during the rainy season. In the disturbed forest we

classified 44 (1.1 ha), 73 (1.8 ha) and 27 (0.7 ha) sub-plots in

plateaus, slopes and valleys, while in the undisturbed forest

plateaus, slopes and valleys represented 49 (2.0 ha), 96 (3.8 ha) and

51 (2.0 ha) sub-plots, respectively.

In both disturbed and undisturbed forests we counted dead trees

and measured their DBH. In the disturbed forest, we classified

mode of tree death related to the blowdown as snapped, uprooted

or standing dead according to previous studies [9,25,62]. For both

disturbed and undisturbed forests, we estimated tree density (trees

ha21) and basal area (m2 ha21). For the disturbed forest, we

additionally estimated mean DBH (cm) and wood density (g cm3)

for each sub-plot. We compiled species wood density from

available literature [70–73] to check for possible correlations

between disturbance intensity measures and wood density

variation. For species for which data were not available or the

identification was only possible at the genus level, we used genus-

level obtained by calculating the mean wood density of local

congeneric species. For six trees (snapped or without leaves), we

used family-level obtained by calculating the mean wood density of

the recorded species from the respective family.

Satellite data and disturbance parameters
We used Landsat-5 thematic mapper images (Path 231, Row

062), obtained from Brazil’s National Institute for Space Research

(INPE, http://www.dgi.inpe.br/CDSR/) and the United States

Geological Survey (USGS, http://glovis.usgs.gov) to assess distur-

bance intensity over the disturbed area, directly affected by the

2005 blowdowns. We first georeferenced (400 control points per

image) the images using the NASA Geocover data set as a

basemap (https:/zulu.ssc.nasa.gov/mrsid/) and several reference

Figure 1. Study areas at the confluence of the Rio Solimões and Rio Negro, Amazonas, Brazil. Legend: (a) Landsat RGB composition of
the studied areas (red inset); (b) sampled areas [short-wave infrared reflectance (red channel) indicate the 2005 blowdown tree mortality, measured
by quantifying the differences on the no-photosynthetic vegetation (DNPV) fraction - SMA analysis]; (c) SRTM elevation model and topographic
variation.
doi:10.1371/journal.pone.0103711.g001
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points across the EEST route were collected using a GPS (Trimble
Nomad 900); we applied a mask to remove clouds, cloud shadows,

land use, and water bodies; and removed smoke and haze

contamination with the Carlotto technique [74]. Further, we

carried out a spectral mixture analysis (SMA) [75] to determine

the fractions of green vegetation (GV), nonphotosynthetic vege-

tation (NPV) and shade. We normalized the pixels without shade

as GV/(GV + NPV) and NPV/(GV + NPV), resulting in shade-

normalized GV and NPV fractions [76]. The DNPV reflects

changes in nonphotosynthetic vegetation (NPV, wood, dead

vegetation and surface litter) before and after the storm and was

calculated as NPV2005-NPV2004. We carried out SMA analysis

with the Environment for Visualizing Images software (ENVI,

ITT Industries, Inc, Boulder CO, USA).

We assessed disturbance intensity in the disturbed forest by

estimating three disturbance parameters on a per-pixel basis

(30630 m): sub-plot mortality, mortality in the area surrounding

the sub-plot (hereafter referred to as neighboring mortality) and

gap size; these three disturbance parameters derived from tree

mortality measures (in percentage) obtained from a mortality

estimation model which has the DNPV as predictor

[Y= 103.22*DNPV-3.32] (r2=0.8 and P,0.001) [9]. We used

the four corner coordinates (northeast, northwest, southeast and

southwest) to rasterize polygons representing our sub-plots on the

DNPV image. The sub-plot’s DNPV was obtained by calculating

the area weighted mean DNPV value of those pixels included in its

respective rasterized polygon. To increase the accuracy of this

estimation, we resampled the DNPV image from its native

resolution of 30630 m to a 363 m grid size, which allowed

improved estimation of the relative area within each pixel

contributing to the total sub-plot area.

We applied the sub-plot’s weighted mean DNPV in our

mortality estimation model [9] to assess tree mortality at sub-

plot level in the two forests. For the disturbed forest we calculated

the neighboring mortality with the same equation by applying the

mean DNPV value of the eight pixels directly adjacent to that pixel

which included the geographic coordinates of the sub-plot’s central

point. Additionally, we estimated gap size as the area of virtual

polygons formed by groups of continguous pixels with DNPV$
0.16. In these forests a DNPV$0.16 corresponds to a mortality

rate of ,13% (,6 trees/pixel), which is conservatively above the

minimum rate observed from smaller treefall gaps in local old

growth forests (,2%) [67,77], and above the single-pixel mortality

gaps obtained from field-measured mortality (,5%) [10,25]. In

our mortality model [Y= 103.22*DNPV-3.32], DNPV,0.032

produced negative mortality estimates, which occurred exclusively

in the undisturbed forest and valleys of the disturbed forest.

Because the model was adjusted only for disturbed areas, negative

DNPV values cannot be interpreted as real gain in PV (or forest

regrowth). In order to avoid negative mortality estimates, we

applied a threshold (DNPV,0.032) below which we assumed

mortality was zero for sub-plots. Neighboring mortality and gap

size were only estimated for the disturbed forest. We computed

sub-plot and neighboring mortality by using tools from the raster
[78] and maptools [79] packages implemented in the R (version
3.0.1) software platform [80]. We computed gap size with the

SAGA software (version 2.0.8 http://www.saga-gis.org).

Statistical analysis
Disturbance patterns. To check for recognizable relation-

ships between disturbance patterns and topography, we compared

structural (tree density and basal area) and disturbance intensity

(sub-plot mortality) of the different forests. For the disturbed forest,

we tested for the effects of disturbance intensity measures (sub-plot

mortality, neighboring mortality and gap size) on subsequent

structural and floristic variation in the different topographic classes

of the disturbed forest.

To assess structural differences among topographic classes

within the two forests, we classified sub-plots from the disturbed

forest in two levels of disturbance. Non- and low-disturbance sub-

plots (DNPV,0.16; hereafter referred as low disturbance) [10]

were compared with sub-plots that experienced disturbance above

this threshold (DNPV.0.16; hereafter referred to as high

disturbance). We compared DNPV and structural measures of

the two forests with factorial ANOVA. We used a Post-hoc Tukey

test to evaluate significant differences among topographic classes.

In disturbed forest, we related mode of death (snapped, uprooted

and standing dead) among topographic classes with linear

regressions and assessed whether mode of death is still recogniz-

able and related to sub-plot mortality. With one-way ANOVA, we

compared the mean DBH of dead trees among modes of death.

Additionally, we tested for the effect of the disturbance intensity on

subsequent structural variation by relating tree density and basal

area to sub-plot mortality with linear regressions. The same

analysis was applied to test for possible correlations between mean

DBH of recorded dead trees and sub-plot mortality.

Selective mortality patterns. To address our questions

related to selective mortality effects at individual and species level,

we compared the size distribution of trees from the disturbed with

the undisturbed forest. For the disturbed forest, we described the

variation of genera’s importance at low and high disturbance

levels, and related species diversity measures to sub-plot mortality.

Due to the lower disturbance intensity that has been observed in

valleys, and also to pre-blowdown distinct structural and floristic

characteristics of the vegetation in the valleys, we only considered

sub-plots established on plateaus and slopes for these analyses. To

assess the influence of disturbance intensity on size distribution of

trees and on the importance of genera, we also considered the

classification described in section 2.4.1. We assessed the distur-

bance intensity effects on the size distribution of trees using Chi-

squared tests comparing the diameter distribution of live and dead

trees within the disturbed and undisturbed forests, and also within

the levels of disturbance described above. For the disturbed forest,

we additionally related the mean DBH of live trees to sub-plot

mortality. We described community demographic patterns at the

genus level for low and high disturbance sub-plots by estimating

the Importance Value Index (IVI), calculated as the sum of relative

density, frequency and dominance (basal area) of congeneric

species [81]. To assess the effects of disturbance intensity on

diversity patterns, we related with linear and polynomial

regressions, species richness, Shannon diversity and species

rarefaction to sub-plot mortality. These three measures were

calculated for groups of five sub-plots, ranked and grouped by

their sub-plot mortality value (23 in total). With this we avoided

the tree density effect observed in those sub-plots with high

mortality values, and thus few trees (e.g. with three trees); and were

able to look for patterns at the community level.

Disturbance gradient effects and vegetation

responses. To address our last two questions, on vegetation

responses along the disturbance gradient and changes on

community composition, we assessed the importance of resprou-

ters and fast growing or pioneer species, and checked for variations

in species composition with disturbance intensity measures.

With linear regressions we assessed the effect of sub-plot

mortality, neighboring mortality and gap size on the fraction of

resprouters; and effect of sub-plot mortality on mean wood

density. We tested with one-way ANOVA for wood density and

size differences between resprouters and non-resprouters. Further,
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we related the fraction of pioneer species basal area to sub-plot

mortality and mean wood density; and related the fraction of

pioneer species with neighboring mortality and gap size. We

consider as pioneers, light-demanding/fast-growing species typical

for the region from the genera Cecropia, Conceveiba, Inga, Laetia,
Miconia, Pourouma, Tachigali and Vismia. To reduce the

influence of possible pioneer trees that were established before

the blowdown, we only accounted for trees in these genera with

DBH#25 cm.

To test for the effect of disturbance intensity on floristic

composition, we used nonmetric multidimensional scaling

(NMDS) to reduce the dimensionality of the community species

composition [82,83]. Ordinations were computed with two axes

from one dissimilarity matrix generated by the abundance of all

recorded species. We used Mantel-tests (P,0.001) to test for the

significance of the NMDS analysis. Finally, sub-plot mortality,

neighboring mortality and gap size were used as predictors in

linear regressions to assess the effects of disturbance intensity

measures on the floristic composition variation detected by the first

NMDS axis. Finally, to look in detail at possible variations on

genera composition driven by the disturbance intensity, we fit a

cubic smoothing spline function (degrees of freedom=3) relating

the abundance of the 25 most important genera (based on IVI

values) to sub-plot mortality. As in our previous analyses (see

section 2.4.2) only sub-plots established on plateaus and slopes

were used for these last two analyses. All statistical analyses were

performed in R (version 3.0.1) software platform [80]. We used

the vegan package [84] for estimating diversity indices, species

curves and to process the NMDS analysis. All other tests were

custom written.

Results

Disturbance patterns
In the disturbed forest we sampled 1944 live and 363 dead trees.

Our structural measures confirm a correlation between DNPV and

tree mortality, and indicate that vegetation damage was partially

controlled by topography.

Tree density and basal area in the sub-plots (250 m2) of the

disturbed forest ranged from 3 to 33 trees and from 0.08 to 2.23

m2, respectively. Mean tree density and basal area in the

undisturbed forest was higher than in the low and high disturbance

sub-plots (Table 1). Mean tree density and basal area in slopes

from the high disturbance was lower than in slopes from the low

disturbance and undisturbed forest (Table 1).

In the disturbed forest, DNPV ranged from 20.213 to 0.696

with an overall mean value of 0.17660.037 (mean699% CI),

higher than from the undisturbed forest (0.03860.016; ranging

from 20.168 to 0.202). Estimated sub-plot mortality in the

disturbed forest ranged from 0 to 69.9% with an overall mean

value of 16.263.4%, higher than from the undisturbed forest

(3.760.8%; ranging from 0 to 30.5). In the undisturbed forest,

mortality rate computed from field data (2004–2006) was

1.660.7% year21 and correlated positively but weakly with the

estimated sub-plot mortality (r2=0.04; P=0.004; Pearson’s

r=0.20). Plateaus, slopes and valleys from high disturbance sub-

plots had higher mean DNPV and sub-plot mortality in

comparison to low disturbance and undisturbed forest (Table 1).

Plateaus and slopes from the high disturbance also had higher

neighboring mortality and gap size than plateaus and slopes from

the low disturbance. The disturbed sub-plots were set in gaps that

ranged in size from 0–22.6 ha (6.562.3), which correlated

positively with mean sub-plot mortality (r2=0.37; P,0.001;

Pearson’s r=0.60). During the analyzed period we did not find

gaps larger than three pixels (2700 m2) in the undisturbed forest.

In the disturbed forest the density of dead trees ranged from 0 to

360 trees ha21 and the mean (101622 trees ha21) varied among

topographic classes (F=8.74; P,0.001). The mean density of

dead trees in plateaus (104643 trees ha21) was similar to that for

slopes (120631 trees ha21) (P=0.536), but exceeded the mean

density observed in valleys (44631 trees ha21) (P,0.01, both).

The total number of dead trees, both snapped and uprooted,

correlated positively with sub-plot mortality in slopes in plateaus.

In the disturbed forest plateaus and slopes, the density of live trees

and basal area were negatively correlated with sub-plot mortality,

while valleys were not affected (Table 2).

Selective mortality patterns
Our data show that the blowdowns promoted subsequent

changes in forest structure, genera substitution and species

demography. Four years after the blowdown event, differences

in size-distribution, genera importance and diversity measures still

correlated with levels of disturbance.

In the disturbed forest, the DBH of recorded dead trees ranged

from 10 to 120 cm, with mean value (27.562.3 cm) higher than

from that from live trees of both disturbed (20.662.3 cm) and

undisturbed forest (2160.7 cm). DBH of dead trees did not vary

among modes of death (ANOVA F=2.37; P=0.125), but for

snapped and uprooted trees had a low correlation with sub-plot

mortality (r2=0.02; P=0.029; Pearson’s r=0.13), with a non-

variable mean value among modes of death (ANOVA F=2.37;

P=0.125).

Even four years after the blowdown event, the DBH distribution

comparisons indicated size distribution differences between trees

of the disturbed and the undisturbed forests. The DBH

distribution of dead trees in both low- and high-disturbance sub-

plots (Figure 2a) did not follow that of the undisturbed forest

before (2004) and after (2006) the blowdown event (Chi-squared

test, P,0.001). While the undisturbed forest had a higher

abundance of dead trees within the smaller diameter classes, low

and high disturbance forests had higher abundance of large trees

exhibiting a log-normal distribution. The DBH distribution under

low and high disturbance was also different (Chi-squared test,

P= 0.017). Within live trees, both disturbed and undisturbed

forests had higher abundance of small trees and exhibit the typical

negative exponential DBH distribution of tropical forests (Fig-

ure 2b). The DBH distribution of live trees under low disturbance

was similar to that of the undisturbed forest (P= 0.490), while

under high disturbance forest it diverged from that observed

within trees from the undisturbed and low disturbance forest (P,
0.001). The overall mean DBH of live trees was negatively related

to sub-plot mortality in plateaus and slopes of the disturbed forest

(Figure 2c).

In the disturbed forest, recorded trees were distributed in 51

families, 158 genera and 324 species or morphotypes. A total of 54

species (,16%) just occurred on plateaus, while 55 (,17%) and 20

(,6%) were restricted to slopes and valleys, respectively. Fifty

eight species (,18%) occurred in all topographic classes. Fabaceae

(66 species), Sapotaceae (26) and Lecythidaceae (23) were the

richer families in number of species and together summed ,40%

of all recorded trees and ,36% of the total richness. Eighteen

families were represented by just one species. 129 species were

represented by only a single tree. Heavily damaged sub-plots,

especially those in gaps with large amounts of necromass, often

had high density of lianas. Field observations showed that gaps in

which wood decay was more advanced generally had a dense

understory with seedlings dominated by the genera Casearia and
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Laetia (Salicaceae), Cecropia and Pourouma (Urticaceae), Con-
ceveiba and Croton (Euphorbiaceae), Inga and Tachigali (Faba-
ceae), Miconia (Melastomataceae), Tapirira (Anacardiaceae) and

Vismia (Hypericaceae). Genera demographic analyses revealed

differences between low (total of 258 species) and high disturbance

(215). Ten genera among the 20 most important genera from the

high and the low disturbance levels were different (Figure 3). The

high disturbance level had both typical light-demanding/fast-

growing (e.g. Cecropia, Inga and Pourouma) and shade-tolerant/

slower-growing (e.g. Brosimum, Pouteria, Sloanea and Vantanea)
exclusive genera within the 20 most important genera. Eschwei-
lera, Licania, Pouteria and Protium had the highest IVI in both

disturbance levels, but the contributions of the IVI estimators of

these and other common genera varied between disturbance

levels.

Species richness per sub-sub-plot varied from 3 to 25 species in

the disturbed forest. For groups of plots, species richness was

negatively related to sub-plot mortality (r2=0.39; P,0.001;

Pearson’s r=20.64) (Figure 4a). Shannon diversity also correlated

negatively with sub-plot mortality (r2=0.39; P=0.002; Pearson’s

r=20.61). Nonetheless, at intermediate disturbance (20–50% of

tree mortality), Shannon diversity was slightly lower or even

similar to that from the less- and non-disturbed sub-plots

(Figure 4b). Species rarefaction curve along the mortality gradient

indicated that intermediate-disturbance areas can be more diverse

than both heavily and undisturbed areas (Figure 4c).

Disturbance gradient effects and vegetation responses
Of the live trees recorded in the disturbed forest, 206 (,11% of

total sampled) had crown or trunk injuries and 191 (,10%) had

one of the mechanisms indicative of resprouting. 151 trees (,7%)

belonged to light-demanding/fast-growing pioneer genera, and

the mortality gradient appeared to amplify forest niches that lead

to changes in species composition.

Resprouting trees were recorded in all the topographic classes

and within different species. In slopes, the fraction of resprouters

related positively to sub-plot mortality as well as to other

disturbance intensity measures (Figure 5). In plateaus and slopes,

the mean wood density correlated negatively with sub-plot

mortality (r2=0.03; P,0.035; Pearson’s r=20.19), but resprou-

ters and non-resprouters had no significant differences in wood

density (F=0.262, P=0.609), but did have in DBH (F=4.87,

P=0.027).

In general, light-demanding/fast-growing genera (e.g. Cecropia,
Conceveiba, Inga, Casearia, Miconia, Pourouma, Tachigali,
Tapirira and Vismia) contributed less to total basal area in less

disturbed sub-plots, while their basal area was positively related to

sub-plot mortality in plateaus (r2=0.39; P,0.001; Pearson’s

r= 0.63) and slopes (r2=0.27; P,0.001; Pearson’s r= 0.52)

(Figure 6a). In contrast, the fraction of basal area contributed by

these fast-growing species was negatively related to sub-plot mean

wood density, also exclusively in plateaus (r2=0.30; P,0.001;

Pearson’s r=20.56) and slopes (r2=0.31; P,0.001; Pearson’s

r=20.57) (Figure 6b). The fraction of these typical pioneer

species was positively related to neighboring mortality in plateaus

(r2=0.32; P,0.001; Pearson’s r= 0.58) and slopes (r2=0.46; P,
0.001; Pearson’s r= 0.67) (Figure 6c). Gap size was also positively

related to these group of species in plateaus (r2=0.14; P= 0.013;

Pearson’s r= 0.34) and slopes (r2=0.21; P,0.001; Pearson’s

r= 0.44) (Figure 6d).

The NMDS stress value was 0.286, and the first two axes

captured 34% of the floristic variation (Figure 7a and Table 3).

Floristic similarities within heavily damaged sub-plots increased

due to the higher abundance of light-demanding and fast-growing

species. Sub-plot mortality related positively to the variations in

species composition captured by the first NMDS axis (Figure 7b).

The same pattern was observed for neighboring mortality and gap

size, which correlated more strongly (Table 3).

Figure 2. Tree size distribution (DBH$$10 cm) in plateaus and slopes of a forest disturbed by a large blowdown and an undisturbed
forest, in Amazonas, Brazil. Legend: (a) diameter distribution of dead trees; (b) diameter distribution of live trees; (c) mean DBH of live trees in
disturbed plateaus (r2 = 0.05; P=0.06; Pearson’s r=20.277) and slopes (r2 = 0.19; P,0.001; Pearson’s r=20.451) related to sub-plot mortality.
doi:10.1371/journal.pone.0103711.g002
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The demographic patterns of the 25 most important genera in

the community (identified in Figure 3) and the variations in species

composition (Figure 7) corroborate our results related to genera

abundance variation in respect to disturbance intensity (Figure 8).

The genera abundance curves show that these 25 genera are not

equally distributed along the landscape and that part of this

variation was regulated by variations in sub-plot mortality.

Interestingly, the abundance of these genera varied along the

mortality gradient revealing five distinct groups (identified using

colors in Figure 8) which had their optimum under specific

disturbance intensities. This pattern indicates that there exist

specialist guilds for each different level of disturbance/resource.

Moreover, areas where the tree mortality driven by the blowdown

ranged between 20–50% are those which provide gap space and

light conditions, thus favoring a wider range of species with

different requirements.

Discussion

Disturbance patterns
Mortality rate and structural measurements of the undisturbed

forest were similar to those reported in other undisturbed forests

nearby [52,67,77,85]. Tree mortality levels observed in the

disturbed forest were in accordance with patterns described in

earlier studies [9,10,25] also in Amazon and even higher than in

hurricane-damaged forests [30,45,47,86].

Figure 3. Genera importance ranking over plateaus and slopes of a forest disturbed by a large blowdown, in Amazonas, Brazil.
Legend: (a) Importance Value Index (IVI) of the 20 most important genera recorded under low disturbance (up to 13% of tree mortality); (b) IVI of the
20 most important genera recorded under high disturbance (up to 70% of tree mortality).
doi:10.1371/journal.pone.0103711.g003

Figure 4. Species richness and diversity measures related to a mortality gradient in plateaus and slopes of a forest disturbed by a
large blowdown, in Amazonas, Brazil. Legend: (a) species richness; (b) Shannon diversity; (c) species rarefaction.
doi:10.1371/journal.pone.0103711.g004
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Wind-related mortality caused by snapping and uprooting was

greatest in more exposed areas, including plateaus and the top of

slopes (Table 2). As a consequence of lower disturbance intensity,

structural patterns were not altered by blowdowns in the valleys

(Table 1). This may indicate that strong winds did not reach the

valley floors, or that the vegetation in valleys is less affected by

wind damage, as has been observed in other tropical and sub-

tropical forests affected by cyclones [23,24,29,48,87]. We also did

not observe uprooted canopy palm trees in valleys and just 14

snapped and/or standing dead ones. As there is no evidence that

caulescent palm tree species that occur in these valleys are less

susceptible to wind damage (see species in item 2.2), we assume

that valley floors are indeed better protected from strong winds.

Although in these forests vegetation damage was partially

controlled by abiotic aspects such as wind characteristics and

topography [22,29,88], resolution of this question requires more

information on individual-species traits, such as anatomic-

morphological variations among individuals and species, size

distribution and populations range, and individual pre-disturbance

conditions (pest-attack, biological interactions, age, etc.).

In the disturbed forest, measures of forest structure, including

tree density and basal area, were lower four years following the

blowdown event (Table 1). The topographic variation of measures

of structure was amplified by the landscape driven differences in

mortality. Immediate tree mortality effects on tree density and

basal area reduction are directly dependent on the disturbance

Figure 5. Fraction of resprouting tree species related to disturbance intensity measures from a forest disturbed by a large
blowdown, in Amazonas, Brazil. Legend: (a) fraction of resprouters related to sub-plot mortality (slopes Pearson’s r = 0.33); (b) fraction of
resprouters related to neighboring mortality (slopes Pearson’s r = 0.38); (c) fraction of resprouters related to gap size (slopes Pearson’s r = 0.33).
doi:10.1371/journal.pone.0103711.g005

Figure 6. Pioneer (light-demanding and fast-growing) tree species importance related to disturbance intensity measures and wood
density in a forest disturbed by a large blowdown, in Amazonas, Brazil. Legend: (a) fraction of pioneers’ basal area related to sub-plot
mortality; (b) fraction of pioneers’ basal area related to sub-plot mean wood density; (c) fraction of pioneers related to neighboring mortality; (d)
fraction of pioneers related to gap size.
doi:10.1371/journal.pone.0103711.g006
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intensity – i.e. the fraction of trees killed by wind (Table 2). In

heavily damaged areas with the highest estimated mortality rates,

structural measures were lower than the early-successional stages

found in other nearby and smaller disturbed forest patches [89]

and anthropogenic disturbances in the same forest type [41,90]. At

these sites, forest recovery will depend on species responses to the

light gradient in gaps, which was supported for our results related

to the third and fourth questions. Within the disturbed areas, the

correlation of percent mortality with structural characteristics also

showed that areas less affected by wind damage were similar to the

undisturbed forest sub-plots.

The observed higher mortality within plateaus and slopes of the

undisturbed forest was also related in nearby unaffected terra-
firme forest, where under regular disturbance regimes, standing

death can be expected to be more frequent in plateaus, and

uprooting and snapping more frequent in slopes and in valleys

[91]. Thus, competition can be more important in plateaus and

exogenous disturbances dominant in slopes and valleys, which will

cause differences in the size-density distribution of trees related to

topographic position [92]. Despite such findings, our study

indicates that for the Central Amazon forests, most notably in

plateaus and slopes, tree mortality is also regulated by wind

disturbance regimes such as blowdowns of varying size.

Although in the undisturbed forest we only observed small gaps,

in the disturbed forest large gaps ( 2000 m2) were common and

changed forest structure, particularly in plateaus and slopes. Such

results suggest that severe disturbances are required to form large

gaps. The higher values of tree density and basal area observed in

plateaus may indicate a variation in forest vulnerability due

differences in species composition, or possibly higher resilience of

plateaus.

Selective mortality patterns
We expected to see large emergent to be more prone to wind

damage than smaller ones. While we did observe differences in

DBH distribution of dead trees between undisturbed and

disturbed forests that suggests lower proportional mortality for

smaller trees (despite potential biases introduced because smaller

dead trees decompose faster), we also observed no correlation

between the DBH of dead trees and sub-plot mortality, indicating

that size selective mortality did not depend on disturbance

intensity.

Observed reductions in mean DBH and wood density in the live

trees in highly damaged areas of the disturbed forest (Figure 2c)

likely reflect fast recruitment of light-demanding and fast-growing

species with shorter life span and generally lower wood density

values [15,34,71]. Chambers et al. (2009b) compared non-

disturbed and smaller blowdown gaps with ,10 years-succession

and reported similar patterns, except for tree density, which was

lower in our four-years disturbed plots. The substantial increase in

the fraction of small trees with increasing sub-plot mortality also

evidentiate the recruitment of shade-tolerant or understory species

that usually do not reach the canopy, and thus demonstrates a

selective mortality feedback on floristic composition.

Tree diversity in Central Amazon forests is high, and our data

agree with those of other studies conducted in the same [52,67,93]

and in adjacent areas [55,57,94,95]. We observed clear effects of

the blowdown mortality on community demographic patterns

from low to high disturbance (Figure 3). Part of the observed

changes can be attributed to the fast recruitment of species with

different syndromes and growth (lateral expansion) in the available

gap space, such as Cecropia sciadophylla Mart., Pourouma
tomentosa Mart. ex Miq., Inga cf. paraensis, Iryanthera juruensis
Warb., Protium hebetatum D. C. Daly, Mabea speciosa Müll.Arg.

and Zygia racemosa (Ducke) Barneby & J. W. Grimes. These

species improved their importance within the high disturbance

sub-plots by increasing their relative density and frequency. Such

patterns may indicate success of establishment and expansion of

these populations [81], which in the longer-term may increase

species richness and forest diversity [89]. Common tree canopy

genera in adjacent areas (e.g. Couratari, Eschweilera, Pouteria,
Licania, Micropholis, Ocotea, Sloanea, Swartzia and Vantanea)
[67,90,93], also presented high importance within the sub-plots

with high disturbance (i.e. high mortality). Survivorship of shade-

tolerant and slower-growing species from these genera may be

attributable to the relatively high wood density (,0.79 g/cm3)

[71], small crown footprint, and presence of buttress and

supporting roots [54,56]. Blowdowns are a major disturbance in

these forests, thus the greater likelihood of survival and resprouting

ability may be reasons for these genera to be of such high

importance in the terra firme forests of this region [54–56,96].

Figure 7. NMDS ordination diagram of 117 sub-plots sampled in plateaus and slopes of a forest disturbed by a large blowdown, in
Amazonas, Brazil. Sub-plot mortality caused by the blowdown is highlighted by the color-scale. Legend: (a) NMDS scores computed from a
dissimilarity matrix with the abundance of all recorded species; (b) first NMDS axis related to sub-plot mortality.
doi:10.1371/journal.pone.0103711.g007
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Blowdown mortality, which directly affected species richness by

reducing tree density at a local scale, resulted in the negative

correlations between species richness and Shannon diversity with

sub-plot mortality (Figure 4a and b). Nevertheless, the rarefaction

curve indicate that a slightly higher number of species would be

observed for any smaller subsample of individuals taken from low

to intermediate disturbance areas, under the assumption of

random mixing of individuals (Figure 4c). Interestingly, despite

differences in species richness driven by disturbance intensity, the

higher number of rare species at low and intermediate disturbance

levels indicates that a short-term feedback of blowdown mortality

is to promote species richness at the landscape scale, with apparent

lower impacts on valleys.

Disturbance gradient effects and vegetation responses
So far we have focused on the importance of wind disturbance

for providing niche space for light-demanding species requiring

large canopy gaps for regeneration as a mechanism for promoting

species coexistence and thus diversity at the landscape scale.

Concomitantly, our data and tests related to the third and fourth

questions support that the studied gaps also provide adequate

niches for species with different requirements.

Disturbance and selective mortality patterns promoted imme-

diate effects on forest structure and species composition, as

evidenced by changes in tree size distribution (Figure 2), species

importance between levels of disturbance (Figure 3) and species

diversity along the mortality gradient (Figure 4). Nonetheless,

blowdown gaps seem to produce long-term effects at the

community level. The observed landscape mortality gradient also

changed diversity patterns by promoting compositional changes

with respect to the fraction of resprouters (Figure 5) and with light-

demanding/fast-growing species (Figure 6).

Thus, a second potentially important niche axis is the ability to

survive wind disturbance, which may provide a selective advan-

tage to species that are less susceptible to wind damage either

because they possess specific morphological and anatomical

adaptations lending stability or because they are of small stature

and are typically not exposed to wind. Both characteristics may

represent a competitive disadvantage in the absence of wind

disturbances. In the first case, stability conferred by e.g. high wood

density is associated with high construction costs and reduced

growth rates – a typical growth-defense tradeoff reported in the

literature [8,71,97]. In the second case, staying short or retaining a

low height/diameter ratio is certainly a disadvantage in the race

for light [62].

The positive correlations between disturbance intensity mea-

sures and density of resprouters in the disturbed forest (Figure 5)

confirms the importance of this regeneration mechanism in gaps

created by wind disturbances [31,47,48,86,98,99]. The similarities

in mean wood density between resprouters and non-resprouters

(usually undamaged trees) indicate that resprouting is a regener-

ation pathway adopted by species with different traits and light

requirements, predominantly by smaller trees (DBH#20 cm). A

similar pattern was found in a Caribbean hurricane-damaged

forest [45] and indicates that, although canopy trees from higher

wood density species may have higher wind resistance, resprouting

is not an exclusive regeneration pathway for shade-tolerant,

slower-growing or climax species. As for sub-tropical hurricane-

damaged forests [46], we hypothesize that in terra firme forests of
Central Amazon, both early secondary and understory species

may benefit from wind disturbances. Finally, the decrease in the

mean aggregated wood density in disturbed sub-plots is a direct

consequence of the higher fraction of pioneer species which are

characterized by low wood densities (Figure 6). Wood density
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variation among sub-plots was partially explained by sub-plot

mortality, which is significant when low wood density pioneers are

observed (Figure 6a and b). This greater importance of pioneers in

heavily damaged areas corroborates demographic patterns found

by assessing species IVI (Figure 3b) and patterns in species

composition, which was indicated by the NMDS-test and

regressions (Figure 7).

Our data show that species turnover in the 20 most important

genera (as quantified by IVI in Figure 3) is due to the increasing

importance of both non-pioneer and pioneer species. Indirect

evidence for this mechanism is provided by fact that the floristic

dissimilarity between undisturbed and disturbed sub-plots seems to

be driven by the admixture of light-demanding species (Figure 7a

and Figure 8). There was a significant correlation between sub-

plot mortality and the position of sub-plots along the first NMDS

axis, the latter explaining significant part of the total variation in

species composition (Figure 7b). This relationship was higher

when considering neighboring-mortality and gap size values

(Table 3). However, even in the plots with highest mortality rates

(40–70%) there was no complete takeover by classical pioneer

local genera (e.g. Cecropia, Conceveiba, Croton, Goupia, Inga,
Laetia, Miconia, Pourouma, Tachigali and Vismia) or shade-

tolerant common genera in undisturbed forests (e.g. Couratari,
Eschweilera, Licania, Pouteria, Scleronema, Sloanea and Swart-
zia). These last, maintained up a large fraction of the IVI as

indicated by their high proportion in the largest diameter class.

Some of the fast growth species we have recorded, especially from

the genus Cecropia, Inga, Pourouma and Tachigali were also

reported as important species during early succession stages of

secondary terra-firme forests around Manaus [40,90,100] and in

the upper Rio Negro [41]. In anthropic secondary forests, under

non-intensive use and without fire regimes, areas dominated by

species from the genus Cecropia and Pourouma present relatively

higher species richness, which hence more rapid plant succession

[40,100].

The variations of genera importance in respect to mortality

intensity support classical studies [2,5,6,34] that attempt to classify

species into a simplified conception of pioneer species in gaps

versus intermediate or late-succession species under undisturbed

forest patches. These classical opposing strategies were observed

within the 25 most important genera of the disturbed forest

(Figure 8), as characterized as high (light-demanding and faster-

growing - red lines) and low disturbance specialists (shade-tolerant

and slower-growing - green lines). Additionally, our data

highlighted alternative successional trajectories related to survival

(resistant or unaffected - black lines), resprouting and fast-

recruitment (favored under intermediate and high disturbance -

blue and orange, respectively).

These alternative successional trajectories have not been

observed as important regeneration mechanisms in smaller treefall

events. In larger gaps (.2000 m2), the canopy emergence of

specialized guilds with an optimum at specific levels of

disturbance, indicate a smooth occupation of the entire gap space

and light conditions. The similar pattern within genera belonging

to the same guilds may indicate similar regeneration strategies and

historical life. A possible explanation for the success of species from

these different genera may be the higher plasticity of traits and

alternative resilience mechanisms (such as survival, resprouting

and recruitment). As blowdowns are common in these forests

[10,12,14], these results show that a simplified classification system

is not enough to describe successional trajectories of large gaps.

Surprisingly, all the 25 most important genera in the disturbed

forest (Figure 3) also figured within the 121 most abundant genera

of the main portion of the Amazon [96]. Protium, Pouteria and

Eperua characterized the low disturbance specialist guild in the

disturbed forest (Figure 8) and took the second, third and seventh

position in the Amazonian genera abundance ranking, respectively

[96]. Ocotea, Sloanea and Couratari characterized the resistant or

unaffected guild in the disturbed forest and took the 14u, 22u and
106u position in the Amazonian ranking, respectively. Eschweilera,
Licania, Lecythis and Swartzia characterized the intermediate

disturbance intensity at the disturbed forest and took the first,

fourth, 10u and 17u position in the Amazonian ranking,

respectively. Inga, Pourouma and Cecropia characterized the

high disturbance specialist guild in the disturbed forest and figured

at the sixth, 18u and 30u position in the Amazonian ranking.

Figure 8. Genera abundance related to a mortality gradient in plateaus and slopes of a forest disturbed by a large blowdown, in
Amazonas, Brazil. Legend: low disturbance specialist genera- Brosimum, Eperua, Iryanthera, Micrandropsis, Micropholis, Pouteria, Protium and
Unonopsis; resistant or unaffected genera- Couratari, Ocotea and Sloanea; genera favored under intermediate disturbance- Eschweilera, Lecythis,
Licania, Naucleopsis, Swartzia, Qualea and Zygia; genera favored under high disturbance- Couepia, Mabea, Scleronema and Vantanea; high disturbance
specialist genera- Cecropia, Inga and Pourouma.
doi:10.1371/journal.pone.0103711.g008
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The co-occurrence of species with a broad range of life history

strategies at intermediate disturbance levels (evidentiated as higher

confluence of lines - Figure 8) shows that this blowdown promoted

species richness probably by amplifying niches and/or resources.

We assume that large gaps (.2000 m2) produced by blowdowns

can be partly associated to increased diversity and the contrasting

dominance of some species in these forests [54,55,57,67,94,96].

Variations in genera importance and species composition along

the disturbance gradient indicate that gap recovery in large gaps is

influenced by mortality patters, most pronounced in plateaus and

slopes. Additionally, selective mortality and fast-recruitment

highlight genera specialization along the mortality gradient, and

indicate that large gaps contain environmental variability that

together with species responses and resistance, allow high tree

species diversity. In this study, intermediate-disturbance levels had

higher species richness suggesting that there was a selective

mortality and resulting species turnover in response to the

disturbance gradient. This pattern provides evidence that blow-

downs allow species richness and diversity through an interaction

of wind-damage with species-resistance and resilience. Although

classical successional guilds may dominate small treefall gaps, the

observed pattern indicate that in large gaps (.2000 m2) there are

specialists for a wider range of disturbance and light. Thus, we

assume that a diverse set of species differing widely in light

requirements and recruitment strategies forms the pioneer cohort,

thus lending a high resilience towards wind disturbances at the

community level.

Our results add new and complementary information about

succession and turnover of Western and Central Amazon forests

and reinforce that recovery processes for large gaps differ from the

trajectory observed in gaps formed by smaller treefall events

[2,6,15,31,86] and secondary forests from anthropic activities,

where fire and logging may increase biomass losses [41,90] and

limit species regeneration [40,100]. Moreover, we revealed a

gradient in demographic responses along the entire gradient of

disturbance levels. Mortality intensity and gap size seem to

influence community composition by filtering shade-tolerant

survivors with resprouting ability and favoring more light-

demanding and fast-growing species. As already observed in

tropical and subtropical regions [26,29,32,47,98,101] wind dam-

age depends on species composition and successional stage, which

suggest that secondary forests in the Amazon might be more

vulnerable and less resilient to windstorms than forests in more

advanced successional stage. Thus, for better understanding the

blowdown effects on species distribution, forest vulnerability,

ecosystem functioning, and the ecological importance of large gaps

on species maintenance it is necessary that future studies include

dynamic and long-term succession data. In addition, the

proliferation of lianas and pioneer tree species in severely

disturbed areas may represent an important impediment to

seedling establishment [102]. Previous studies in this region

showed that it takes an average of ,18 years for dead trees

(.10 cm DBB) to completely decay, although some can take

considerably longer [103], so that coarse woody debris and greater

surface litter accumulation can have a persistent effect on forest

regeneration by covering the soil and acting as a physical barrier,

which can favor or exclude species [104,105]. The persistence of

decomposing debris may also alter nutrient and even perhaps

water availability to seedlings and regenerating species, all of

which will serve as filters that help determine which species

recolonize large gaps.

Conclusion

Blowdown gaps larger than 2000 m2 initiate secondary

succession providing niches to establish a canopy position for

species with a broad range of life history strategies and

requirements. Smooth gradients in demographic responses and

the existence of specialists for different levels of disturbance can

perhaps help explain carbon cycle, maintenance of biodiversity

and the recently reported hyperdominance of some tree and palm

species in these forests [96]. If forest structure and species

composition depend on the intensity and frequency of large

disturbance regimes, the intensification of more extreme climate

events such as convective storms, may alter forest vulnerability and

resilience depending on the successional trajectories. Considering

size, vegetation heterogeneity and local logistical limitations,

permanent forest monitoring in Amazon must combine remote

sensing methods allowing the inclusion of large natural distur-

bances.
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da Amazônia. Manaus, Amazonas, Brazil: INPA. 51–81.

67. Vieira S, Camargo P de, Selhorst D, Silva R da, Hutyra L, et al. (2004) Forest
structure and carbon dynamics in Amazonian tropical rain forests. Oecologia

140: 468–479.

68. Phillips OL, Aragão LEOC, Lewis SL, Fisher JB, Lloyd J, et al. (2009) Drought
sensitivity of the Amazon rainforest. Science 323: 1344–1347.

69. Marengo J, Nobre C, Tomasella J, Oyama M, Oliveira G de, et al. (2008) The
drought of Amazonia in 2005. J Clim 21: 495–517.

70. Fearnside P (1997) Wood density for estimating forest biomass in Brazilian

Amazonia. For Ecol Manage 90: 59–87.

71. Chave J, Muller-Landau H, Baker T, Easdale T, ter Steege H, et al. (2006)

Regional and phylogenetic variation of wood density across 2456 neotropical
tree species. Ecol Appl 16: 2356–2367.

72. Nogueira EM, Nelson BW, Fearnside PM (2005) Wood density in dense forest

in central Amazonia, Brazil. For Ecol Manage 208: 261–286.

73. Nogueira EM, Fearnside PM, Nelson BW, França MB (2007) Wood density in

forests of Brazil’s ‘‘arc of deforestation’’: Implications for biomass and flux of
carbon from land-use change in Amazonia. For Ecol Manage 248: 119–135.

74. Carlotto M (1999) Reducing the effects of space-varying, wavelength-
dependent scattering in multispectral imagery. Int J Remote Sens 20: 3333–

3344.

75. Adams J, Sabol D, Kapos V, Filho R, Roberts D, et al. (1995) Classification of
multispectral images based on fractions of endmembers: Application to land-

cover change in the Brazilian Amazon. Remote Sens Environ 52: 137–154.

76. Adams J, Gillespie A (2006) Remote sensing of landscapes with spectral images.

A physical modeling approach. Cambridge University Press.

77. Higuchi N, Chambers J, Santos J dos, Ribeiro R, Pinto A, et al. (2004)
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Abstract. Windthrows change forest structure and species
composition in central Amazon forests. However, the effects
of widespread tree mortality associated with wind distur-
bances on soil properties have not yet been described in this
vast region. We investigated short-term effects (7 years af-
ter disturbance) of widespread tree mortality caused by a
squall line event from mid-January of 2005 on soil carbon

forest. The soil carbon stock (averaged over a 0–30 cm depth
± 8.2Mg ha−1, mean ±95%

p = 0.09)
than that from undisturbed plots (47.7± 13.6Mg ha−1).
The soil organic carbon concentration in disturbed plots
(2.0± p < 0.001) than that
from undisturbed plots (1.36± 0.24%). Moreover, soil car-
bon stocks were positively correlated with soil clay content
(r2 = 0.332, r = 0.575 and p = 0.019) and with tree mortal-
ity intensity (r2 = 0.257, r = 0.506 and p = 0.045). Our re-
sults indicate that large inputs of plant litter associated with
large windthrow events cause a short-term increase in soil
carbon content, and the degree of increase is related to soil
clay content and tree mortality intensity. The higher carbon
content and potentially higher nutrient availability in soils
from areas recovering from windthrows may favor forest re-
growth and increase vegetation resilience.

1 Introduction

Tropical forests contain about 44% (383 PgC) of the approx-
imately 860 PgC stored in forests worldwide, with soils ac-
counting for 32% of the total carbon stocks (Queré et al.,
2009; Lal, 2004). Global emissions due to changes in land
use and soil cultivation are estimated to be 136 PgC since the
industrial revolution (Lal, 2004; Houghton, 1999). However,
there are few estimates of emissions by the decomposition
and mineralization of organic carbon in soils following natu-
ral disturbances (Lal, 2004), presumably because we assume
there is a balance between rapid losses that follow distur-
bance and recovery between disturbances at the larger spatial
scales.
The effects of large-scale natural disturbances (i.e., wind

disturbances) on carbon stocks and cycling due to the in-
crease of litter inputs promoted by widespread tree mortality,
the fraction of this carbon that persists in soil organic mat-
ter, and how long it is stabilized are poorly known in both
in tropical and temperate forests (Foster et al., 1998; Turner
et al., 1998). In temperate forests, newly exposed soil due to
wind disturbance can cover from ca. 10% (Peterson et al.,
1990) up to 60% of the surface (Beatty, 1980; Putz, 1983).
In a three-species temperate forest in Slovakia, no organic
carbon was lost at two windthrow sites within 3.5 years af-
ter disturbance, but shifts occurred within organic layers and
mineral soil toward decomposed organic matter (Don et al.,
2012). In Amazonian forests, where windthrows are a ma-
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Figure 1. Study area (white inset) on the left side of the Rio Cuieiras, Amazonas, Brazil (a). Sampled transects (white inlet) set along wind-
b). The

reddish color in (b)
(bands 3, 4, and 5) from Landsat 5 TM (p231, r062, from 29 July 2005). Image source: http://earthexplorer.usgs.gov/.

jor natural disturbance (Nelson et al., 1994; Chambers et al.,
2013), such effects have not yet been investigated.
Wind disturbances are frequent in the western and cen-

tral Amazon, (Nelson et al., 1994; Espírito Santo et al.,
2010; Negrón-Juárez et al., 2010). In this large region,
windthrows are associated with torrential rains and very
strong winds (16m s−1) known as downbursts (Nelson et
al., 1994; Garstang et al., 1998). The widespread tree mor-
tality creates canopy gaps with a wide range of sizes (from
few square meters up to thousands of hectares; Nelson et al.,
1994; Negrón-Juárez et al., 2010, 2011) and affects forests
at the landscape level (Marra et al., 2014). It has been re-
ported that these large gaps have a potential effect on carbon
cycling (Chambers et al., 2013) and can promote tree species
diversity by allowing a diverse cohort of species with a broad
range of life history strategies (Chambers et al., 2009; Marra
et al., 2014) and allometry (Ribeiro et al., 2014).
In the tropics, winds break and uproot trees causing strong

soil disturbances (e.g., increasing leaves and wood debris and
changing morphology and nutrient availability; Schaetzl et
al., 1989; Lugo, 2008). Treefall gaps can also change micro-
climate conditions such as light intensity and create a vari-
ety of microsites, which can be separated into canopy, trunk,
and root/uprooted sites (Putz, 1983). These microsites have
important features that drive soil and vegetation recovery af-
ter disturbance (Putz, 1983; Schaetzl et al., 1989; Vitousek
and Denslow, 1986). They can differ in microbial activity
(Batjes, 1996) and enhance the colonization of fast-growing
species that help in the assimilation of nutrients and soil car-
bon, which in turn can contribute to quickly restore the forest
canopy through succession (Putz, 1983). This rapid recycling
of nutrients potentially enhances the resilience of tropical
forests to natural disturbances (Schaetzl et al., 1989; Ostertag

et al., 2003; Lugo, 2008). However, how complex and hy-
perdiverse tropical forests such as the Amazon will respond
in a scenario of higher frequency of extreme weather events
(Coumou and Rahmstorf, 2012; Cai et al., 2014) is still not
clear.
We assessed the effects of wind disturbances on soils of a

that windthrows forming large canopy gaps (≥ 2000m2) af-
fect the soil carbon content via litter and wood debris depo-
sition and decomposition, and that the soil carbon content is
controlled by the interaction of tree mortality intensity, clay
content, and depth. To test our hypothesis we addressed the
following questions:

1. Are there differences in soil carbon stocks between dis-
turbed and undisturbed areas, and how do possible vari-
ations compare to other tropical and temperate forests
worldwide?

2. What is the importance of soil texture (clay content) on
soil organic carbon content in wind disturbed areas?

3.
stocks?

2 Methods

2.1 Study site

100 km from Manaus, Amazonas, Brazil (Fig. 1). We sam-

Tropical (EEST) of the Instituto Nacional de Pesquisas da
Amazônia (INPA) and from a contiguous forest, adjacent to

Biogeosciences, 13, 1299–1308, 2016 www.biogeosciences.net/13/1299/2016/
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Table 1. Average concentrations of soil organic carbon content (SOC), soil carbon stocks (SCSs), bulk density (BD), and clay, silt, and sand
average concentrations in transect 1 (E1), transect 2 (E2), and transect 3 (E3). Values in brackets represent the standard error of the mean.

Disturbed forest Undisturbed forest Soil texture

SOC SCS BD Clay Silt Sand
(cm) (%) (Mg ha−1) (%) (Mg ha−1) (g cm−3) (%) (%) (%)

E1 0–10 3.72 (0.28) 31.00 (5.07) 2.48 (0.24) 20.18 (0.75) 0.74 69.42 21.97 8.56
10–20 2.31 (0.13) 22.82 (1.97) 2.05 (0.22) 19.24 (0.74) 0.97 69.04 22.42 8.54
20–30 1.79 (0.13) 16.61 (1.76) 1.71 (0.17) 13.06 (0.44) 0.98 68.69 22.78 8.53

E2 0–10 3.27 (0.19) 25.50 (1.42) – – 0.89 57.41 19.31 22.25
10–20 1.79 (0.09) 19.87 (0.84) – – 1.15 67.59 22.42 8.54
20–30 1.36 (0.07) 15.11 (1.59) – – 1.31 60.23 19.41 19.34

E3 0–10 2.11 (0.14) 21.52 (1.80) 1.17 (0.14) 11.36 (3.44) 1.24 22.63 10.33 67.04
10–20 1.31 (0.08) 17.48 (3.08) 0.82 (0.09) 10.69 (2.63) 1.36 57.8 19.1 23.1
20–30 1.13 (0.10) 16.50 (2.90) 0.75 (0.07) 10.14 (2.63) 1.41 24.78 10.94 63.93

Average 0–10 2.89 (0.13) 25.90 (2.06) 1.58 (0.19) 14.90 (3.18) 0.95 50.55 17.30 32.15
10–20 1.71 (0.07) 20.05 (1.34) 1.13 (0.13) 14.11 (2.76) 1.16 50.45 17.90 31.65
20–30 1.37 (0.06) 16.01 (1.27) 0.98 (0.10) 11.31 (1.91) 1.19 51.95 17.51 30.54

the Ramal-ZF2 road. The forest adjacent to the Ramal-ZF2
road is owned and administered by the Superintendência da
Zona Franca de Manaus (SUFRAMA). Mean annual temper-
ature in this region was 26.7 ◦C (1910–1983; Chambers et al.,
2004), and rainfall ca. 50 km east of our study site averaged
to 2610mmyr−1 (1980–2000; Silva et al., 2003). From July
to September there is a distinct dry season with usually less
than 100mm of rain per month. The forest at the studied re-
gion has a closed canopy, high tree species diversity, and a
dense understory (Braga, 1979).
The soils of the Amazon region are old and complex, with

At the studied region, the relief is undulating with altitude
ranging from 40 to 180m a.s.l. Soils on upland plateaus and
the upper portions of slopes have high clay content (Oxisols),
while soils on slope bottoms and valleys have high sand con-
tent (Spodosols; Telles et al., 2003) and are subject to spo-
radic inundations (Junk et al., 2011). The yellow Oxisols are
found primarily on plateaus and slopes. In general, the soils
are well drained and have low fertility, low pH, low cation ex-
change capacity, high aluminum concentration, and low or-
ganic carbon (Ferraz et al., 1998; Telles et al., 2003).

2.2 Tree mortality estimates

In January of 2005, a single squall line event propagating
across the Amazon caused widespread tree mortality over
large areas (Negrón-Juárez et al., 2010), including ca. 250 ha

scape level through the correlation of plot-based measure-
ments and changes on the fractions of green vegetation (GV)
and non-photosynthetic vegetation (NPV) calculated from
Landsat images – see Negrón-Juárez et al. (2010) for a de-
tailed method description. This metric, validated by Negrón-

Juárez et al. (2011), allowed us to sample soils across an ex-
tent tree mortality gradient 0–70%, including from small- to
large-sized gaps and patches of old-growth forest not affected
by the 2005 windthrows (Marra et al., 2014).

2.3 Soil sampling

We sampled soils during the dry season (July–September)
of 2012 (7 years after disturbance) according to the de-
gree of disturbance intensity measured as tree mortality (%).
In total, 16 plots with dimensions of 25m⇥ 10m were se-
lected along three pairs of transects, with 200 (E1), 600 (E2),
and 1000m (E3) length (Fig. 1). The transects cross several
toposequences and include local variations of soils and forest
structure among plateaus, slopes, and valleys. In this study,
we only considered plots established on plateaus, which were
more severely affected by the 2005 windthrows (Marra et al.,
2014). Although our samples covered soils types from Ox-
isols to Spodosols, we reduced strong soil attribute variations
related to topography by excluding slope and valley areas.
In each of our 16 selected plots, we sampled six soil pro-

(0–10, 10–20, and 20–30 cm) using an auger. For soil bulk
density, samples were also collected in the three depths in

volume of 98 cm3. Altogether we collected 288 soil samples
for carbon analysis (16 plots⇥ ⇥ 3 depths)

⇥ 3 depths;
Fig. 1).

2.4 Soil analysis

Before performing soil analyses, we removed leaves, twigs,
and roots from our samples. Samples were then sieved, dried,
and homogenized by grinding (< 2mm). The soil carbon con-
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Figure 2. (a) soil carbon stock (SCS) and (b) soil organic carbon (SOC) between the
disturbed and the undisturbed forest (mean±
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Figure 3. Soil carbon stock (SCS) as a linear function of (a) clay
content (b)

tent was determined in a combustion analyzer at the Centro
de Energia Nuclear na Agricultura (CENA-USP), Piracicaba,
Brazil. Bulk density samples were dried at 105 ◦C to constant
weight. The soil carbon stock (SCS; Mg ha−1) for each depth
was calculated by the formula:

SCS= (SOC ⇥ BD ⇥ D)/10, (1)

where SOC is the soil organic carbon content (g kg−1), BD is
bulk density (g cm−3), andD is soil depth (cm). The soil clay
content was determined by texture analysis using the pipet-

plot.

2.5 Statistical analysis

Before performing statistical tests, we tested our data set for

we use factorial ANOVA and compared undisturbed/low-
disturbance plots (tree mortality < 5%, hereafter referred as
undisturbed forest) with those that experienced higher distur-
bance intensities (tree mortality ≥ 5%, hereafter referred as
disturbed forest). In total we sampled 5 plots in undisturbed
forest and 11 plots in disturbed forest. In the disturbed for-
est plots were set in disturbed patches varying from 900m2

(Landsat pixel size (30⇥ 30m) (Negrón-Juárez et al., 2011)
to ca. 17 ha in area (Marra et al., 2014). To address our sec-
ond question, we compared the SCS values from our study
with those from different tropical and temperate forests. We
addressed our third question using linear regression to corre-
late SCS to soil clay content and tree mortality intensity. We
performed all analysis in R 3.0.1 platform (R Core Team,
2014) and produced Figs. 2–5 using the ggplot2 package
(Wickham, 2009). We produced the Fig. 1 using the ArcMap
GIS extension of the ArcGIS 10 software (ESRI, 2011).

3 Results

Soils from the disturbed forest had higher mean val-
ues of SCS and SOC than those from the undisturbed
forest. This was true for all three depths we sam-
pled (Table 1). SCS values averaged over 0–30 cm were
61.4± 8.2Mg ha−1 (mean±
disturbed and 47.7± 13.6Mg ha−1 for undisturbed forest
(p = 0.09 and F = 3.191; Fig. 2a). For the same depth pro-

± 0.17% for the disturbed and
1.36± 0.24% for the undisturbed forest (F = 16.74 and
p < 0.001; Fig. 2b).
The soil clay content in the entire study area ranged from

2.0 to 71.5% averaged over 0–30 cm depth. This large vari-
ation in soil texture led to a large variation in the concen-
tration of soil organic carbon (SOC) and soil carbon stocks
(SCSs). The SOC in the upper samples (0–10 cm) had values
ranging from 0.29 to 6.62% and mean of 2.57± 0.13%. For
the same depth interval, values of SCS ranged from 3.79 to
48.53Mg ha−1 with a mean value of 23.34± 2.01Mg ha−1.
Overall, bulk density increased with depth, while SOC and
SCS decreased (Table 1). We found no difference compar-
ing soil clay content between the disturbed and the undis-
turbed forest (F = 2.648 and p = 0.108). The fact that there
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Table 2. Estimates of soil carbon stock (SCS) from this and other studies conducted in different tropical, subtropical, and temperate forests.

Author Region Forest type Successional stage/management SCS (Mg ha−1) Soil type/description
0–10 cm 0–30 cm

a Undisturbed/old-growth forest 14.9 47.7 Oxisolsb/Spodosolsb

b

a Old-growth forest 32.3 Ultisols

Old-growth forest 48.1 Ultisols

to seasonal semi-deciduous forest

to seasonal semi-deciduous forest

to seasonal semi-deciduous forest

Old-growth forest 33.4 Oxisols

Rhoades et al. (2000) Ecuador Lower montane forest Old-growth forest 95.6 Andic Humitropepts
Batjes (2001) Senegal Equatorial forest Old-growth forest 23 Orthic Ferralsolc

Old-growth forest 35 Plinthic Ferralsolc
Old-growth forest 30 Eutric Regosolc

Powers and Schlesinger (2002) Costa Rica Tropical wet forest Old-growth forest 34.1 82.2 Tropohumultb, Dystropeptb
and Dystrandeptb

Veldkamp et al. (2003) Costa Rica Tropical moist forest Old-growth forest 64 Oxisols
Old-growth forest 96 Oxisols

Marin-Spiotta et al. (2009) Puerto Rico Subtropical wet forest life zone Old-growth forest 31 Oxisols
Grimm et al. (2008) Barro Colorado Island Semi-deciduous moist tropical forest Old-growth forest 38.1 69.4 Oxisols, Cambisols
Neumann-cosel et al. (2011) Panama Tropical moist forest Old-growth forest (100-year-old) 34 Homogenous, silty clay and clay,

pH values from 4.4 to 5.8
Ngo et al. (2013) Singapore Coastal hill dipterocarp forest Old-growth forest 22.1 Very acidic and infertile
Don et al. (2012) Slovakia Mixed temperate forest Old-growth forest ca. 47 Dystric Cambisols

Non-harvested windthrow (3.5-year-old) ca. 51
Harvested windthrow (3.5-year-old) ca. 43

Kramer et al. (2004) Tongass National Forest, Alaska, USA Coastal temperate rain forest Secondary forest (68-year-old) 17d Heterogeneous (Spodosols,
Histosols and Inceptisols)

Secondary forest (128-year-old) 46d
Secondary forest (218-year-old) 58d

Huntington and Ryan (1990) Hubbard Brook Experimental Northern hardwood forest Secondary forest (65-year-old) 32 Acidic Typic, Lithic
Forest, New Hampshire, USA and Aquic Haplorthods

Secondary harvested forest (65-year-old) 34
a IBGE, 2004; b USA Soil Taxonomy; c FAO, 1998; World Reference Base for Soil Resources (WRB); d Oa horizon.

our hypothesis that the tree mortality is the major vector of
the changes we observed.
Along the entire sampled area (disturbed and undis-

turbed forest), the SCS was positively correlated with soil
clay content (Fig. 3a) and with tree mortality intensity
(Fig. 3b). When constraining the tree mortality gradient into

sity (%), we found no differences in SCS (F = 1.67 and
p = 0.226; Fig. 4a). However, SCS was 61.1± 12Mg ha−1
in the disturbance category 3 (tree mortality ≥ 50%) vs.
43.1± 17.2Mg ha−1 in disturbance category 1 (tree mortal-
ity < 5%). The SOC in the disturbance category 2 (5% tree
mortality <50%) was marginally higher than that from cate-
gory 1 (Tukey HSD, p = 0.066; Fig. 4b).

4 Discussion

4.1 Estimates of soil carbon stocks

As expected, our results were between those values found
in the two soils types (Oxisols and Spodosols) evaluated in
a previous study also conducted at the EEST (Telles et al.,
2003), in which SCS values for 0–10 cm were reported as
14.9± 3.18Mg ha−1 (Table 2). However, the overall SCS
value (23.3± 2.01Mg ha−1) and that from our disturbed for-
est (25.9± 2.06Mg ha−1) were greater than those reported
by Telles et al. (2003). Such differences indicate an increas-
ing in SOC and SCS 7 years following disturbance.
The soils from our study area also had different SCS val-

ues from those reported for other regions of the Brazilian
Amazon (i.e., same/similar soil types; Table 2). For the 0–

Pará state, the mean SCSs of our undisturbed and disturbed
forests were lower and similar, respectively (Trumbore et al.,
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Figure 4. (a) Soil carbon stock (SCS) and (b) soil organic carbon (SOC) (mean ±

Figure 5. Soil carbon stock (SCS) at sites with different soil clay
content and tree mortality intensity.

our undisturbed forest had similar SCS to that reported for
other regions. When including other soil types, our disturbed
forest had SCS values (61.4Mg ha−1) higher than most re-
ported SCS values, with the exception of SCS values re-
ported for a region in Mato Grosso (65.3Mg ha−1) and an-
other in Rondônia (62Mg ha−1; Maia et al., 2009). The SCS

tion (Powers and Veldkamp, 2005; López-Ulloa et al., 2005;
Neumann-Cosel et al., 2011). Indeed, the different SCS rates
from different soil types are related to important factors such
as geology, climate, and soil formation (Adams et al., 1990;
Batjes, 1996). The differences in SCS values among our
undisturbed forest and other regions in the Brazilian Ama-

and/or landscape variations of soil type (Quesada et al., 2010,
2011).
When comparing to forests worldwide (i.e., different soil

types), both our undisturbed and disturbed forest had lower
SCS values (Table 2). We only found higher SCS values than

rial forest in Senegal, Africa (Batjes, 2001). For the 0–10 cm

reported for an old-growth coastal hill dipterocarp forest in
Singapore (Ngo et al., 2013) and a 68-year-old secondary
coastal temperate rain forest in southeast Alaska (Kramer et
al., 2004), both in different soil types. In contrast, our dis-
turbed forest had lower SCSs than those reported for other
temperate forests in Europe (Don et al., 2012) and North
America (Huntington and Ryan 1990; Kramer et al., 2004).
This was true for both non-harvested and harvested forests, in
which nutrient exportation via logging has an opposite effect
than that of wind disturbances (nutrient inputs).

4.2 Changes in carbon stocks and clay concentration in
the soil

Soil clay content was positively correlated with the SOC
(Pearson’s r =
quently with SCS (Pearson’s r = 0.575). This relationship
between SOC and clay content was shown in other studies
(Powers and Schlesinger, 2002; Kahle et al., 2002). The soil
organic matter can form aggregates stabilizing the clay sur-
face and the age of the soil carbon at the same depth increases
with clay content (Telles et al., 2003). However, the clay con-
tent is not always a good predictor of SOC (Torn et al., 1997;
Powers and Schlesinger, 2002; Telles et al., 2003). Thus, the
method we applied in this study would be better applied in
studies involving the same soil type and origin. In other situa-
tions, the mineralogical composition (i.e., including the type
of clays) may be a better predictor of SOC than just the per-
centage of clay itself.
Due to the proximity of our plots, we assume climatic and

geological aspects to be constant. Thus, the importance of

cal pattern. Here we focused on assessing the effects of the
existing Amazon tree mortality gradient (Espírito Santo et
al., 2010; Chambers et al., 2013) on SOC and SCS, which
is why we excluded valleys and selected plots along tran-
sects crossing forest patches with different disturbance inten-
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of SCS due to inputs of organic matter from tree mortality,
our data show that clay-richer soils originally had higher SCS

content (Fig. 5). Soils from areas where tree mortality was
<10% and clay content≥ 50% had SCS ca. 36% higher than
those under the same tree mortality intensity but clay con-
tent <50% (59.4Mg ha−1 vs. 37.9Mg ha−1, respectively). In
contrast, where disturbance intensity was higher (tree mortal-
ity ≥ 10%), this difference was smaller. Soils with clay con-
tent≥ 50% had SCS only ca. 8% higher than those with clay
content <50% (62Mg ha−1 vs. 56.5Mg ha−1, respectively).

tality caused by the 2005 windthrows increased the SCS in
our study area. A higher frequency and intensity of wind dis-
turbances in plateau areas also suggests that the higher SCS
in these portions of the relief, apart from those related to abi-
otic factors (e.g., soil texture, topography and erosion), might

soil clay content is an important aspect and greater inputs of

puts can also occur in more sandy sites, for instance, when
strong wind gusts reach lower parts of slopes and valleys.

4.3 Intensity of disturbance and soil carbon stocks

Although we observed an increase of SCS in areas affected
by the storm, it is notable that the fresh necromass produced
by widespread tree mortality events is not fully incorporated
into the soil. Under this assumption, the fast decomposition
of carbon stored in roots and other woody material probably
contributes most to the observed increases in SCS. Carbon
inputs from belowground material, which is already incorpo-
rated to the soil, might be specially related to the increase of

Seven years after the windthrow event, the SCS at 30 cm
depth was approximately 13.7Mg ha−1 greater in the dis-
turbed forest compared to the undisturbed forest. This num-
ber is equivalent to 8.3% of the total carbon stored in the
aboveground tree biomass (ca. 164Mg ha−1) of the studied
forest (Higuchi et al., 2004), which indicates an average rate
of soil carbon accumulation of 1.8Mg ha−1 yr−1. Still, the
amount of SCS in our disturbed forest is probably underes-
timated due to the large amount of carbon stored in below-
ground (roots) from coarse wood > 2mm, not included in our
samples. Part of this coarse material is not incorporated into
the soil. Instead, it is decomposed at the surface (Chambers
et al., 2000, 2004), though some is leached into the soil or
carried out by detritivores.
Amazon soils typically have a great variation in texture

and nutrient availability related to physical and chemical

basin-wide variations in forest structure and function (Que-
sada et al., 2012). Our results indicate that in central Amazon

soil attributes at the landscape level. In this region, the ob-
served organic carbon enrichment derived from widespread
tree mortality might also be related to the fast establish-
ment and growth of pioneer species in heavily disturbed areas
(Chambers et al., 2009; Marra et al., 2014).
In contrast, according to Lin et al. (2003), the Fushan

Experimental Forest, which has experienced frequent wind-
storms, did not regain any nutrients following disturbance.
This, in turn, has limited local tree growth (shown as lower
canopy height) and, consequently, decreased carbon input
into the soil. Thus, more intense mortality regime can also
be expected to change forest dynamics, and eventually de-
crease SCS and nutrient cycling. The effects might depend on

and forest structure attributes such as tree density, basal area,
and biomass), and tree mortality intensity, often controlled
by the speed and duration of wind gusts (Lugo et al., 1983;
Garstang et al., 1998). In our study area, fast vegetation re-
generation could even reduce short-term losses of carbon as-
sociated with the 2005 windthrows, which had an estimated
emission (assuming the carbon from all felled trees emitted
to the atmosphere at once) of ca. 0.076 PgC, equivalent to
50% of the deforestation during that same year (Higuchi et
al., 2011; Negrón-Juárez et al., 2010).

on soil carbon content (gaps from 0.1 up to 17 ha) indicates

position, forest structure, and forest dynamics (Chambers et
al., 2013; Marra et al., 2014) – also change soil attributes.
The nutrients released in this process might have an impor-
tant feedback on vegetation resilience and recovery following
disturbance. To determine how much of the added soil car-
bon is stabilized in a long term, future studies should assess
soil carbon stocks and soil organic carbon along a chronose-

ferent time since disturbance. Since wind is a major distur-
bance agent in western and central Amazon, more precise

differences in tree mortality regimes at the landscape level.
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Abstract. Old-growth forests are subject to substantial
changes in structure and species composition due to the in-

extreme weather events. Trees store ca. 90% of the total
aboveground biomass (AGB) in tropical forests and precise
tree biomass estimation models are crucial for management
and conservation. In the central Amazon, predicting AGB
at large spatial scales is a challenging task due to the het-
erogeneity of successional stages, high tree species diver-
sity and inherent variations in tree allometry and architec-
ture. We parameterized generic AGB estimation models ap-
plicable across species and a wide range of structural and
compositional variation related to species sorting into height
layers as well as frequent natural disturbances. We used 727
trees (diameter at breast height ≥ 5 cm) from 101 genera
and at least 135 species harvested in a contiguous forest
near Manaus, Brazil. Sampling from this data set we as-
sembled six scenarios designed to span existing gradients

lect models that best predict AGB at the landscape level
across successional gradients. We found that good individ-

predictions of AGB at the landscape level. When predict-
ing AGB (dry mass) over scenarios using our different mod-

els and an available pantropical model, we observed system-
atic biases ranging from−31% (pantropical) to+39%, with
root-mean-square error (RMSE) values of up to 130Mg ha−1

low mean biases (0.8 and 3.9%, respectively) and RMSE
(9.4 and 18.6Mg ha−1) when applied over scenarios. Pre-
dicting biomass correctly at the landscape level in hyperdi-
verse and structurally complex tropical forests, especially al-
lowing good performance at the margins of data availability
for model construction/calibration, requires the inclusion of
predictors that express inherent variations in species architec-

position and size-distribution variability of the target forest,
implying that even generic global or pantropical biomass es-
timation models can lead to strong biases. Reliable biomass
assessments for the Amazon basin (i.e., secondary forests)
still depend on the collection of allometric data at the lo-
cal/regional scale and forest inventories including species-

imprecisely in most regions.
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1 Introduction

Allometries describe how relationships between different di-
mensions (e.g., length, surface area and weight) of organ-
isms change non-proportionally as they grow (Huxley and
Teissier, 1936). The lack of proportionality arises from the
fact that organisms change their shape while they grow (i.e.,
the dimensions differ in their relative growth rates). As one
important application, allometric relationships can be used
to relate simple dimensions of trees (e.g., diameter at breast
height, DBH, or tree total height,H ) to dimensions more rel-
evant for forest managers and basic ecological research, such
as wood volume or whole tree biomass (Brown et al., 1989;
Higuchi et al., 1998; Saldarriaga et al., 1998).
Allometric relationships and biomass estimation models

can differ substantially between different tree species, espe-
cially in species-rich regions with a high variation in tree
sizes and architectures such as in the tropical rainforests
(Banin et al., 2012; Nelson et al., 1999; Poorter et al., 2003).

life history, such as tree species occupying different strata
when mature (e.g., understory, canopy or emergent species),
successional groups (SGs) (e.g., pioneer or light-demanding
species, such as Cecropia spp. and Pourouma spp., in con-
trast to late-successional or shade-tolerant species, such as
Cariniana spp. and Dipteryx spp.) or environmental mi-
crosites (Clark and Clark, 1992; King, 1996; Swaine and
Whitmore, 1988).
Important and highly variable architectural attributes of

tropical tree species include stem shape (e.g., slender to
stout form), branch form and branching intensity (e.g., pla-
giotropic, orthotropic and unbranched), crown contour (e.g.,
round, elongated and irregular), crown position (e.g., under-
story, canopy and emergent), maximum DBH and H (Hallé,
1974; Hallé et al., 1978). In addition, there is large varia-
tion in growth rate (the speed at which a certain tree volume

(Bowman et al., 2013; da Silva et al., 2002; Worbes et al.,
2003). Wood density (WD), which is particularly important

(Muller-Landau, 2004) and can differ between species by
more than an order of magnitude (Chave et al., 2006). Given
these sources of variation, it is not surprising that different
allometries were reported when comparing species (Nelson
et al., 1999), successional stages (Ribeiro et al., 2014), on-
togenies (Sterck and Bongers, 1998) and regions (Lima et
al., 2012). Unfortunately, transferring such estimation mod-
els to other contexts – other species, size ranges, life stages,
sites or successional stages – typically leads to predictions
that deviate strongly from observations, especially when the
sampling design does not allow the selection of relevant data
for proper estimation of the parameters of interest (Gregoire
et al., 2016) or when predictor ranges are limited or neglected
(Clark and Kellner, 2012; Sileshi, 2014).

In temperate and boreal forests, the size, ontogeny and
site variations have been captured by the development of

al., 2004; Wutzler et al., 2008) based on data from hundreds
of individuals from a single tree species. However, this ap-
proach is prohibitive in the tropics where thousands of tree
species coexist (Slik et al., 2015; ter Steege et al., 2013). In-
stead, the challenge is to develop generic local or regional
formulations that also generalize across species (Higuchi et
al., 1998; Lima et al., 2012; Nelson et al., 1999; Saldarriaga
et al., 1998). Ideally, they contain predictor variables that (1)
jointly capture a large fraction of the variation induced by the
underlying morphological and anatomical gradients and (2)
are still easy enough to obtain or measure.
The development and application of such generic models

pose a number of challenges. Finding the appropriate model
structure and estimating the model parameters requires a data
set with a large number of individual measurements contain-
ing the variable of interest (here aboveground biomass, or
AGB) and the predictor variables (i.e., DBH, H , species’
SGs and WD). Importantly, the data set should ideally cover
all possible real-world combinations of predictor values in
order to avoid error-prone extrapolations and unreliable pre-
dictions. However, in multiple regression models, this pre-
condition is rarely met, not even by large design matrices.
The ultimate prediction is typically at the landscape level,

which requires summing up individual predictions for several
thousands of trees varying in size and species assignment.
The larger the variation of predictor values within a stand, the
higher is the likelihood that extrapolation errors occur. This
calls for a validation at the landscape level, which requires
a plot-based harvest method. For obvious reasons, this has
rarely been attempted (Carvalho Jr. et al., 1995; Chambers et
al., 2001; Higuchi et al., 1998; Lima et al., 2012).
Notable effort has already been made to parameterize

global/pantropical AGB estimation models (Brown et al.,
1989; Chave et al., 2005, 2014). Commonly, these mod-
els are derived using several different data sets, each of
which is comprised of relatively few trees and species. Al-
though few opportunities exist to evaluate theses models at
the landscape level, they are used worldwide in different con-
texts, sites and across successional stages. For instance, the
pantropical model from Chave et al. (2005) (DBH + WD as
predictors) overestimated biomass when tested against trees
in Gabon (Ngomanda et al., 2014), Peru (Goodman et al.,
2014), Colombia (Alvarez et al., 2012) and Brazil (Lima et
al., 2012), but it also underestimated the AGB in mixed-
species Atlantic Forest stands in Brazil (Nogueira Jr. et al.,
2014).
The availability of such generic AGB estimation models

applicable to many species and contexts is particularly im-
portant for management, ecological and biogeochemical re-
search in tropical forest landscapes that encompass a partic-
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of old-growth forest can hold more than 280 tree species
(DBH≥ 10 cm) (de Oliveira and Mori, 1999) with a wide
range of architectures and anatomies (Braga, 1979; Muller-
Landau, 2004; Ribeiro et al., 1999). At the landscape scale,
this region encompasses a mosaic of successional stages
promoted by windthrows (Asner, 2013; Chambers et al.,
2013; Negrón-Juárez et al., 2010; Nelson et al., 1994). Dis-
turbed areas include a diverse set of species representing
the range from new regrowth to adult survivors, thereby in-
cluding different SGs (pioneers, mid- and late-successional
species), tree sizes and with a broader range of architec-
tures than old-growth forests (Chambers et al., 2009; Marra

tion changes and structural gradients increase to this extent,
allometry becomes more complex and reliable landscape-
level biomass estimates rely on well-designed and well-
tested generic biomass models.
We report here a novel data set of 727 trees harvested in a

set includes biomass measurements from 101 genera and at
least 135 tree species that vary in architecture and are from
different SGs (pioneers, mid- and late successional). These
trees span a wide range of DBH (from 5 to 85 cm), H (from
3.9 to 34.5m) and WD (from 0.348 to 1.000 g cm−3). We
used this data set to parameterize generic AGB estimation

across species and a wide range of structural and composi-
tional variation (i.e., secondary forests), using various sub-
sets of the available predictors; i.e., size (DBH and H), SGs
and WD.
We next evaluated our models, as well as the pantropical

model from Chave et al. (2014) at the landscape level using
a virtual approach. We created scenarios of simulated 100
1 ha forest plots by assembling subsets of the 727 known-
biomass trees in our data set. These scenarios were designed

successional species, and (2) size distributions of trees. We
compared the known biomass of these forest assemblage sce-
narios to predictions based on the generic models, with the
goal of answering the following questions.

1. Which variance modeling approach and combinations
of predictors produced the best individual tree biomass
estimation model?

2. Which model most reliably predicted AGB at landscape
level, i.e., across successional gradients?

We expected that the best model, the one reducing both mean
deviation and error of single and landscape-level biomass

as an additional parameter allowing the modeling of het-
eroscedastic variance. Our approach and the independence
of our data set allowed us to evaluate whether it is still im-
portant to build local/regional models or whether available

pantropical/global models are suitable for landscape biomass
assessments – under the assumption that they predict biomass
satisfactorily over all sorts of tropical forest types and succes-
sional stages.

2 Material and methods

2.1 Study site

Our study site is located at the Estação Experimental de Silvi-
cultura Tropical (EEST), a 21 000 ha research reserve (Fig. 1)
managed by the Laboratório de Manejo Florestal (LMF) of
the Brazilian Institute for Amazon Research (INPA), Man-
aus, Amazonas, Brazil (2◦560 S, 60◦260W). Averaged annual
temperature in Manaus was 26.7 ◦C for the 1910–1983 pe-
riod (Chambers et al., 2004). Averaged annual precipitation
ca. 50 km east of our study site was 2610mm for the 1980–
2000 period (da Silva et al., 2003) with annual peaks of up
to 3450mm (da Silva et al., 2002). From July to September
there is a distinct dry season with usually less than 100mm
of rain per month. Topography is undulating with elevation
ranging from ca. 50 to 140m a.s.l. Soils on upland plateaus
and the upper portions of slopes have high clay content (Ox-
isols), while soils on slope bottoms and valleys have high

and várzea) associated with large Amazonian rivers (e.g., Rio
Negro and Rio Amazonas), valleys associated with streams
and low-order rivers can be affected by local rain events and

with many short and sporadic inundations mainly during the
rainy season (Junk et al., 2011).
The EEST is mainly covered by a contiguous closed

diversity and dense understory (Braga, 1979; Marra et al.,

forest types in the Brazilian Amazon (Braga, 1979; Higuchi
et al., 2004) and ca. 93% of the total plant biomass is
stored in trees with DBH≥ 5 cm (Lima et al., 2012; da Silva,
2007). The tree density (DBH ≥10 cm) in the EEST is 593±
28 trees ha−1 (mean±
al., 2014). Trees larger than 100 cm in DBH are rare (< 1 in-
dividual ha−1) and those with DBH>60 cm accounted for
only 16.7% of the AGB (Vieira et al., 2004). In the study

topography (Marra et al., 2014; Toledo et al., 2012). Floristic
composition and species demography can also vary with the
vertical distance from drainage (Schietti et al., 2013).

2.2 Allometric data

We used data from 727 trees harvested in this region (dos
Santos, 1996; da Silva, 2007), each with measured biomass
and predictor variables. This data set comprised 101 genera
and at least 135 species with DBH≥ 5.0 cm (Table 1; all data
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Figure 1.
Brazil.

are given in Table S1 in the Supplement). The trees were
harvested through the plot-based harvest method in an old-
growth forest and in two contiguous secondary forests (14-
year-old regrowth following slash and burn and 23-year-old
regrowth following a clear cut) (Fig. 1). Rather than an indi-
vidual selection, our plot-based method relies on the harvest-
ing of all trees found in selected plots. This method allows for
a valid/faithful representation of the DBH distribution of the

(Higuchi et al., 1998; Lima et al., 2012).
Before selecting plots, we surveyed both the old-growth

and secondary forests to assure that no strong differences in

lected patches were representative of our different succes-
sional stages. In the old-growth forest the trees were har-
vested in eight plateau and three valley plots (10m⇥ 10m)
randomly selected within an area of 3.6 ha (da Silva, 2007).
In each of the secondary forests the trees were harvested in

⇥ 20m), each randomly selected within a
1 ha plateau area (dos Santos, 1996; da Silva, 2007). By in-
cluding trees from secondary forests we were able to increase

range of species-related variation in architecture and allome-
try (Table 1 and Table S1). Since our secondary forests were
inserted in the contiguous matrix from which old-growth
plots were sampled, we also controlled for the effects of im-
portant drivers of tree allometry and architecture, such as
variations in environmental conditions (e.g., soil, precipita-
tion rates and distribution), forest structure and wood density
(Banin et al., 2012); the last is intrinsically related to varia-

Table 1. Summary of the data set applied in this study. Trees were
harvested in the Estação Experimental de Silvicultura Tropical,

Brazil.

Variables Old-growth Secondary forest Secondary forest
forest (23 years old) (14 years old)

NT 131 346 250
SR 82 63 51
DBH 5.0–85.0 5.0–37.2 5.0–33.1
H 5.9–34.5 3.9–27.0 9.0–15.5
WD 0.348–0.940 0.389–1.000 0.395–1.000
AGB 8.3–7509.1 5.4–1690.2 7.5–1562.8

Variables: number of trees (NT), species richness (SR), diameter at breast height
(DBH) (cm), tree total height (H) (m), wood density (WD) (g cm−3) and
aboveground biomass (AGB) (dry mass in kilograms).

Trees were harvested at ground level. For each tree, the
DBH (cm), H (m) and fresh mass (kg) were recorded in the

cal metal scale (300 kg⇥ 200 g), respectively. The DBH was
measured before, while H was measured after harvesting.
For trees with buttresses or irregular trunk shape, the di-
ameter was measured above these parts. Each tree compo-
nent (i.e., stem, branches and leaves) was weighted sepa-
rately. For large trees, stems were cut into smaller sections
before weighing. The mass of sawdust was collected and
weighted together with its respective stem section. Leaves
and reproductive material, when available, were collected to

tem (Stevens, 2012). Botanical samples were incorporated
in the EEST collection. The water content for each tree was
determined from three discs (2–5 cm in thickness), collected
from the top, middle and bottom of the bole, and samples (ca.
2 kg) of small branches and leaves. The samples were oven
dried at 65 ◦C to constant dry mass. The dry mass data were
calculated by using the corresponding water content of each
component (Lima et al., 2012; da Silva, 2007). Dry mass for

isons.

2.3 Species’ architecture attributes

Each of our tree species or genera was assigned to one of
three SGs known to vary in their architecture, namely pi-
oneer, mid- and late-successional groups. To make this as-
signment, we considered several attributes related to species’
architecture (i.e., shape and life history), growth position
(i.e., stratum), morphology, wood density and ecology (Ta-
ble S1 and Table S2). We validated this approach by check-
ing our assignments against those of classic studies (Clark
and Clark, 1992; Denslow, 1980; Saldarriaga et al., 1998;
Shugart and West, 1980; Swaine and Whitmore, 1988), lo-
cal/regional studies conducted in the Amazon (Amaral et al.,
2009; Chambers et al., 2009; Kammesheidt, 2000; Marra
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et al., 2014) and species descriptions available in the Mis-
souri Botanical Garden (http://www.tropicos.org), species-
Link (http://www.splink.cria.org.br) and Lista de Espécies da

chitectural information from our data set and data for species
presence/absence from a network of permanent plots repre-
senting a wide range of successional stages in central Ama-
zon (Table S2). This network includes plots in old-growth
forests (LMF unpublished data (census from 1996 to 2012);
da Silva et al., 2002), secondary forests (Carvalho Jr. et al.,
1995; dos Santos, 1996), and small and large canopy gaps (≥
ca. 2000m2) created by windthrows that are 4, 7, 14, 17, 24
and 27 years old (LMF unpublished data; Marra et al., 2014).
Since reported WD values for the same species or gen-

era can vary strongly among different studies (Chave et al.,
2006) and sites (Muller-Landau, 2004), we compiled WD
values mainly from studies carried out in the Brazilian Ama-
zon (Chave et al., 2009; Fearnside, 1997; Laurance et al.,
2006; Nogueira et al., 2005, 2007). For species where WD
data were not available for the Brazilian Amazon, we con-
sidered studies from other Amazonian regions (Chave et al.,
2009). For species where no published WD was available,

(63 in total), we used the mean value for all species from
the same genus occurring in central Amazon. For trees iden-

mean value of genera from that family excluding those not
reported in the study region (Table S1).

2.4 Statistical analyses

The AGB estimation models we applied varied in the num-
ber and combination of our predictor variables (eight combi-
nations/series) as well as the strategy of modeling the vari-
ance (three model types – see below), yielding a set of
24 candidate models (Table 2). We used DBH (cm), WD
(g cm−3) and H (m) as predictors. Furthermore, we used the
species’ SG assignment as a “categorical predictor” (factor 1
is pioneer, 2 is mid-successional and 3 is late-successional
species), thereby representing functional diversity along a
main axis of tree successional strategies, functional and ar-
chitectural variation. Depending on the model-type parame-
ters, the continuous variables were allowed to vary for cap-
turing the successional aspects of functional diversity. We
consider the SG grouping factor as integral part of the model.
Fitting all SGs in one model in an Markov chain Monte Carlo

joint model also absorbs the covariance structure of the pa-
rameters across groups, especially in models where not all
parameters are allowed to vary among SGs.
We tested variables for collinearity by calculating the vari-

2003; Petraitis et al., 1996). Model series 1–4 had VIF < 1.5

predictors. For model series 5–8, we found VIF > 2.0 for
DBH andH

these two variables. This pattern was previously reported
for other data sets from Amazon and other tropical regions
(Lima et al., 2012; Ribeiro et al., 2014; Sileshi, 2014).

combinations to our entire data set of 727 trees using three
variance modeling approaches: nonlinear least square (NLS),
ordinary least square with log-linear regression (OLS) and a
nonlinear approach in which we modeled the heteroscedastic
variance of the data set (MOV). In the MOV approach we
modeled the variance as a function of DBH with a normally
distributed residual error:

"i = N
�
ŷi , σi

�
, (1)

where i is the subscript for individuals (i = 1, ..., n) and σi is
modeled with a heteroscedastic variance according to

σi = ci ·DBHc2
i . (2)

Model series 1 (M11, M12 and M13) used DBH as the sole
predictor (Table 2). For model series 2 (M21, M22 andM23),
we allowed the b regression parameters and c heteroscedas-
tic variance to vary according to the SG assignment (1, 2
or 3). This approach allowed us to account for differences
among the SGs without splitting the data set into three differ-
ent groups. This method has increased analytical power and
allowed us to assess the relationships between tree allometry
and architecture.
For model series 3 (M31, M32 and M33), we ignored the

SG assignment but introduced WD (which did not correlate
strongly with SG). For model series 4 (M41, M42 and M43)
we allowed each SG to have its own wood density effect. For
model series 5 and 6, we replaced the WD with H . In model
series 5 (M51, M52 and M53), we restricted the SG variation
of b and c, while in series 6 (M61, M62 andM63) we allowed
these parameters to vary according to SG. For model series
7 (M71, M72 and M73), we combined DBH, H and WD
but restricted the SG variation of b and c. Finally, for model
series 8 (M81, M82 and M83), we combined DBH, H and
WD and allowed b and c to vary with SG (Table 2).
In contrast to prior approaches, we did not test mod-

els based on compound (e.g., log[AGB] ⇠ log[b1] +
b2[logDBH2HWD]) or quadratic/cubic derivatives (e.g.,
log[AGB] ⇠ log[b1] + b2[logDBH] + b3[logDBH2] +
b4[logDBH3]) (Brown et al., 1989; Chave et al., 2005, 2014;
Ngomanda et al., 2014). These structures would have limited

H and WD separately.

uniform priors using WinBUGS 1.4.3 (Lunn et al., 2000;
Spiegelhalter et al., 2002). For each model, three chains were
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Table 2.

Series Model Equation Variance VIF
modeling (range)
approach

1 M11 AGB ⇠ b1DBHb2 NLS 1
M12 log(AGB) ⇠ log(b1) + b2(logDBH) OLS 1
M13 AGB ⇠ b1DBHb2 MOV

2 M21 AGB ⇠ b1[SG]DBHb2[SG] NLS 1.001
M22 log(AGB) ⇠ log(b1[SG]) + b2(logDBH[SG]) OLS 1.005
M23 AGB ⇠ b1[SG]DBHb2[SG] MOV

3 M31 AGB ⇠ b1DBHb2WDb3 NLS 1.007
M32 log(AGB) ⇠ log(b1) + b2(logDBH) + b3(logWD) OLS 1.017
M33 AGB ⇠ b1DBHb2WDb3 MOV

4 M41 AGB ⇠ b1[SG]DBHb2[SG]WDb3[SG] NLS 1.016–1.468
M42 log(AGB) ⇠ log(b1[SG]) + b2(logDBH[SG]) + b3(logWD[SG]) OLS 1.017–1.395
M43 AGB ⇠ b1[SG]DBHb2[SG]WDb3[SG] MOV

5 M51 AGB ⇠ b1DBHb2Hb3 NLS 3.382
M52 log(AGB) ⇠ log(b1) + b2(logDBH) + b3(logH ) OLS 3.342
M53 AGB ⇠ b1DBHb2Hb3 MOV

6 M61 AGB ⇠ b1[SG]DBHb2[SG]Hb3[SG] NLS 1.019–3.439
M62 log(AGB) ⇠ log(b1[SG]) + b2(logDBH[SG]) + b3(logH [SG]) OLS 1.010–3.360
M63 AGB ⇠ b1[SG]DBHb2[SG]Hb3[SG] MOV

7 M71 AGB ⇠ b1DBHb2Hb3WDb4 NLS 1.014–3.428
M72 log(AGB) ⇠ log(b1) + b2(logDBH) + b3(logH ) + b4(logWD) OLS 1.038–3.469
M73 AGB ⇠ b1DBHb2Hb3WDb4 MOV

8 M81 AGB ⇠ b1[SG]DBHb2[SG]Hb3[SG]WDb4[SG] NLS 1.523–3.624
M82 log(AGB) ⇠ log(b1[SG]) + b2(logDBH[SG]) + b3(logH [SG]) + b4(logWD[SG]) OLS 1.422–3.547
M83 AGB ⇠ b1[SG]DBHb2[SG]Hb3[SG]WDb4[SG] MOV

Predictors: diameter at breast height (DBH) (cm), species’ successional group (SG) (pioneers, mid- and late successional), tree total height (H) (m) and wood density (WD)
(g cm−3). Variance modeling approach: nonlinear least square (NLS), ordinary least square with log-linear regression (OLS) and nonlinear with modeled variance (MOV).

run in parallel, and convergence of the posterior distribution
for each parameter was assessed by convergence of the ratio
of pooled to mean within-chain central 80% intervals to 1 or
by the stability of both intervals (Brooks and Gelman, 1998;
Brooks and Roberts, 1998).
To select the best model we calculated the deviance

information criterion (DIC). The DIC is a generalization
of Akaike’s information criterion and consists of a cross-

the models’ complexity. The lower the value the higher the
predictive ability and parsimony (Spiegelhalter et al., 2002).
We also checked whether the 95% credible intervals of the
parameter’s posterior distributions excluded 0. However, we
did not attempt to test the null hypothesis that a particular
parameter is 0 (Bolker et al., 2013; Bolker, 2008). Contrasts
were evaluated by monitoring differences between parame-
ters or predictions based on their posterior distribution. For
communicating the results we consider two parameters sig-

rior distribution of their difference does not include 0.
To allow for comparisons of different model structures and

approaches with the available literature, we calculated the
R2)

determination (R2adj) and the relative standard error (Syx%).
The Syx% was calculated as follows:

Syx% =
✓

2s
ŷ
p

N

◆
, (3)

where s, ŷ andN are the standard deviation of the regression,
the mean of the focal independent variable and the number
of observations, respectively. As in all allometric data sets
relating linear to volume-proportional data, there is indeed
heteroscedasticity in our data, which restricts the use of the
Syx% for model selection. Nonetheless, this measure is pre-
scribed for assessing models’ uncertainty (IPCC, 2006) and
is commonly used (Chave et al., 2014; Lima et al., 2012;
Ribeiro et al., 2014; Sileshi, 2014).
For the OLS approach including log-transformed vari-

ables, we calculated the Syx% using untransformed data. To
correct for the bias introduced by the log-transformed data, a
correction factor (CF) was calculated as follows:

CF= exp

√
SSE2

2

!

, (4)

where SSE is the standard error of the estimate (Sprugel,
1983).
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Figure 2. Sampling schemes applied to assemble the six forest

forests.

2.5 Landscape-level biomass predictions across
scenarios

To evaluate the models outlined in Table 2, we predicted
AGB at the landscape level for six forest scenarios assembled

data set of 727 trees. Our scenarios were designed to span
a successional gradient created by natural disturbances in
which the interaction of tree mortality intensity and species
vulnerability and resilience produce complex communities
varying in species composition and size distribution of trees
(Chambers et al., 2009, 2013; Marra et al., 2014). We as-

tribution. Each scenario was sampled 100 times, resulting
in 100 1 ha plots per scenario with different combination of
trees randomly (with replacement) assembled according to

on estimated AGB, we created scenarios where we varied
the proportion of pioneer, mid- and late-successional species.
The early-successional scenario comprised 50% from trees

40% from mid- and 10% from late-successional species
(as survivors of disturbances). The mid-successional sce-
nario comprised 10% from trees sampled randomly from

from late-successional species. The late-successional sce-
nario comprised 10% from trees sampled randomly from

from late-successional species (Fig. 2a and c). We con-

of 1255 trees ha−1 (DBH≥ 5 cm) typical for the old-growth

al., 2014; Suwa et al., 2012).
To address variations in size distribution, we varied the

of 21 cm, which represents the mean DBH (trees with
DBH≥ 10 cm) of our studied forest (Marra et al., 2014). Our
size-distribution scenarios included a small-sized stand, with
90% from small (DBH< 21 cm) and 10% from big trees
(DBH≥ 21 cm); a mid-sized stand with equal numbers of
trees smaller and greater than or equal to 21 cm in DBH;
and a large-sized stand, with 10% small and 90% big trees

order to produce reliable size-distributions, we constrained
our sampling effort to a basal area value of 30.3m2 ha−1
also typical of our studied old-growth forest (trees with
DBH≥ 5 cm) (Marra et al., 2014; Suwa et al., 2012). Both

J -
inverse distribution pattern, typical of tropical forests (Clark
and Clark, 1992; Denslow, 1980).
AGB at the landscape level was determined by adding up

the measured AGB for “sampled” trees in each scenario. To
test how well our biomass estimation models predicted the
AGB at the stand level, we related biases and root-mean-
square error (RMSE). In order to assess the accuracy of dif-
ferent predictions in the context of models’ uncertainty, we
additionally reported the overall performance of the tested
models along all forest scenarios. When doing so, we present
the bias and RMSE in the same unit (Mg), which allow for
assessing the magnitudes of deviations in model predictions
(Gregoire et al., 2016; McRoberts and Westfall, 2014). Be-
cause data on tree height are normally unavailable or esti-
mated imprecisely in Amazonian forest inventories, we fo-
cused on models including only DBH, WD and SG as pre-
dictors (model series 1–4). In addition to the “internal eval-
uation” of our models, we tested the pantropical model from
Chave et al. (2014):

\logAGB⇠ −1.803− 0.976E + 0.976
⇥
logWD

⇤

+ 2.673
⇥
logDBH

⇤
− 0.0299[logDBH]2, (5)

which was parameterized with data from 4004 trees
(DBH≥
forests. This model has DBH, H (estimated from a DBH :H
relationship), WD and a variable E (environmental stress) as
predictors and was suggested for estimating tree AGB in the
absence of height measurements.
We performed all analysis using the R 3.2.1 software plat-

form (R Core Team, 2014). We use the R2WinBUGS (Sturtz
et al., 2005) package for running WinBUGS from R and

with the exception of Fig. 1, which was produced in the Envi-
ronment for Visualizing Images software (ENVI, ITT Indus-
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Table 3.
for predictors and applied variance modeling approaches and Table A3 for the models’ parameters.

Series Model Dev pD DIC R2 R2adj Syx% CF

1 M11 9694.5 2.919 9697.4 0.894 0.894 3.130
M12 6808.0 2.990 6811.3 0.865 0.865 3.542 1.066
M13 6821.0 3.856 6825.2 0.864 0.864 3.544

2 M21 9216.0 3.773 9219.9 0.946 0.945 2.259
M22 6751.0 6.943 6758.3 0.557 0.540 6.458 1.061
M23 6739.0 10.465 6749.5 0.558 0.554 6.381

3 M31 9291.0 4.052 9294.7 0.949 0.939 2.373
M32 6683.0 4.062 6687.0 0.885 0.884 3.280 1.056
M33 6698.0 4.918 6702.5 0.865 0.865 3.527

4 M41 9057.0 2.303 9059.8 0.957 0.956 2.030
M42 6657.0 10.006 6667.5 0.701 0.699 5.215 1.054
M43 6649.0 13.059 6661.6 0.701 0.699 5.239

5 M51 9479.0 0.023 9479.3 0.921 0.921 2.702
M52 6680.0 4.017 6684.3 0.899 0.898 3.060 1.055
M53 6720.0 4.674 6724.7 0.897 0.896 3.103

6 M61 9183.9 −71.746 9112.2 0.948 0.947 2.214
M62 6614.0 10.078 6624.1 0.754 0.750 4.845 1.050
M63 6631.0 11.754 6642.9 0.740 0.737 4.896

7 M71 8998.0 0.951 8999.1 0.959 0.959 1.942
M72 6570.0 5.023 6574.9 0.934 0.933 2.480 1.047
M73 6610.0 5.697 6615.4 0.922 0.920 2.707

8 M81 8812.0 −42.073 8770.3 0.968 0.967 1.719
M82 6548.0 13.031 6561.3 0.811 0.804 4.200 1.046
M83 6566.0 13.778 6580.0 0.801 0.800 4.262

Parameters: models’ deviance (Dev), effective number of parameters (pD), deviance information criterion (DIC),
R2) R2adj), relative standard error (Syx%)

tries, Inc, Boulder CO, USA). All codes used in this study
were written by the authors.

3 Results

Although the NLS approach produced models with overall
higher values of R2 and R2adj and lower values of Syx%,
the DIC values indicated that the MOV and the OLS ap-
proaches produced the best models. The models M33 (DBH
and WD as predictors) and M43 (DBH, SG and WD) were

R2 and R2adj and low Syx% and DIC values compared to
other models). These two models also produced more reli-
able landscape predictions (see Sect. 3.2). The statistics for

variables, the addition of other predictors together with DBH
systematically decreased the CF values. This pattern suggests
a reduction in the biases resulting from back transformation.
As expected, the addition of other predictors to a model

containing only DBH systematically increased the models’

parsimony, as indicated by the lower DIC values (Table 3).
The inclusion of the SG assignment resulted in models with
slightly lower R2adj and higher Syx% compared to the same
model structure without SG.
We observed differences with respect to the parameters

b and c among pioneer, mid- and late-successional species
in most of the models that included the SG assignment (Ta-
ble S3 and Fig. S1). The late-successional species tended to
have higher intercepts and steeper slopes. Pioneer and mid-
successional species had lower differences in intercepts but
still strong differences in the slopes.
Evaluations of AGB predictions for individual trees from

our two best models (as described in the Sect. 3.2) as well
from the pantropical model (Chave et al., 2014) are presented
in the Supplement of this study (Fig. S1). The models M33
and M43 had lower biases (overestimation of 0.6 and 3.5%,
respectively) than the tested pantropical model (underestima-
tion of 30%).

3.2 Landscape-level biomass predictions across
scenarios

To search for the model that best predicts AGB at the land-
scape level, we tested our models (excluding those withH as
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Figure 3. Predicted vs. observed aboveground biomass (AGB) along six forest scenarios composed of 100 1 ha plots. The line of equality
(1 :

the sampling scheme described in Sect. 2.4.2 (Fig. 2) of this study. Models’ predictors: diameter at breast height (DBH) (cm), species’
successional group (SG) (pioneers, mid- and late successional) and wood density (WD) (g cm−3). See Table 2 for the variance modeling
approach of different equations. Note that models containing tree total height (H) as predictor were excluded here.

a predictor; Table 2) across the 100 1 ha plots assembled for
each of our six forest scenarios (Figs. 3–5) as well as jointly
for all of them (Fig. 6).
The “true” AGB in our 1 ha plots (from the summed mass

of trees used to assemble the forest scenarios) varied from
198.1 to 314.3 (early- to late-successional scenarios) and
101.4 to 391.8Mg ha−1 (small- to large-sized scenarios).
The ability of the various biomass estimation models to pre-

data (Table 3 and Figs. 3–6). The same pattern was observed
when evaluating the tested pantropical model, which under-
estimated both the AGB of individual trees (Fig. S1) and in
all of our scenarios (Table S4 and Fig. S2).
While some models produced accurate and satisfactory

predictions across all scenarios, others systematically under-
or overestimated the observed AGB (Fig. 3 and Fig. S2). The

not only by the different combinations of predictors but also
by the different methods to model the variance. Interestingly,

level predictions, with model M11 (only DBH as predictor)
being the unique exception for the mid- and late-successional
scenarios (Fig. 3).

We observed systematic biases ranging from −14%
(underestimation) to 38.8% (overestimation) in estimated

tended to overestimate landscape-level AGB, with biases
ranging from −3.6 up to 38.8%, both extreme values from
model series 1 (only DBH as predictor). Overall, the mod-

position better than in tree size distribution. The tested
pantropical model systematically underestimated landscape-
level biomass, with a mean bias of −29.7% (Table S4 and
Fig. S2).

trees. Consequently, these models produced the most reliable
landscape-level predictions within the scenarios (Fig. 3). As

proach produced more reliable AGB predictions, especially
with model series 2 and 4.

proaches did not show systematic trends in under- or over-

ranging from −13.8 to 11.1%, with extreme values from

MOV approach had biases ranging from −14 to 10.5%, also
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Figure 4.
estimation models tested along six forest scenarios composed of

predictors: diameter at breast height (DBH) (cm), species’ succes-
sional group (SG) (pioneers, mid- and late successional) and wood
density (WD) (g cm−3). Variance modeling approaches: nonlinear
least square (NLS), ordinary least square with log-linear regression
(OLS) and nonlinear with modeled variance (MOV). Note that mod-
els containing tree total height (H ) as predictor were excluded here.

with extreme values from model series 1 and 2, respectively
(Fig. 4).
The reported systematic biases led to strong differences

between the predicted and the observed AGB (Fig. 5). The

16.8 up to 125.8Mg ha−1
the RMSE values ranged from 5.1 to 57.6Mg ha−1. The
MOV models had RMSE ranging from 5.5 to 58.7Mg ha−1.
The pantropical model’s predictions had a mean RMSE of
102.6Mg ha−1 (Table S4).
By combining the bias and RMSE values, we could ob-

serve the overall models’ performance in predicting AGB
across scenarios (Fig. 6). When challenged to predict

approach produced more reliable predictions (smaller range
of biases and RMSE), except for model series 1 (only DBH
as a predictor), for which the OLS approach performed bet-
ter. Independently of applied predictors, the NLS approach
had the highest mean and range of values for bias and RMSE.
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Figure 5.
ground tree biomass estimation models tested along six forest sce-
narios composed of 100 1 ha plots. Forest scenarios were designed

forests. Models’ predictors: diameter at breast height (DBH) (cm),
species’ successional group (SG) (pioneers, mid- and late succes-
sional) and wood density (WD) (g cm−3). Variance modeling ap-
proaches: nonlinear least square (NLS), ordinary least square with
log-linear regression (OLS) and nonlinear with modeled variance
(MOV). Note that models containing tree total height (H ) as pre-
dictor were excluded here.

As we expected, the addition of SG and WD improved the
quality of the joint prediction. This was evidenced by the sys-
tematic reduction of models’ bias and RMSE. Notably for the
NLS approach, the inclusion of SG led to strong reduction of
the bias and RMSE (Fig. 6). Interestingly, for this approach
the addition of WD alone did not improve the estimations
accuracy.

4 Discussion

The best-performing allometry model structures for predict-

(Fig. 3, Fig. 6 and Table S3). As we hypothesized, includ-
ing both the SG and WD as predictors greatly increased
the models’ performance. When taken alone, adding either
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Figure 6. Overall performance of 12 aboveground tree estimation models along six forest scenarios composed of 100 1 ha plots. Forest sce-

resent absolute mean and range values, respectively. Models’ predictors: diameter at breast height (DBH) (cm), species’ successional group
(SG) (pioneers, mid- and late successional) and wood density (WD) (g cm−3). Variance modeling approaches: nonlinear least square (NLS),
ordinary least square with log-linear regression (OLS) and nonlinear with modeled variance (MOV). Note that models containing tree total
height (H ) as predictor were excluded here.

of these two predictors to the basic DBH model yielded a
more consistent model than adding H (Table S3). This pat-
tern was true for all the three variance modeling approaches

assignment into SGs) and/or coherent wood density values,
which is crucial when aiming for precise tree AGB predic-
tions. Since old-growth forests comprise a mosaic of differ-
ent successional stages, with trees of various architectures
and sorted into different forest layers/strata, these variables
are especially important when aiming for reliable AGB pre-
dictions at the landscape level (see Sect. 4.2).

R2adj and lower Syx%), the assumption of a constant vari-
ance violates the natural heteroscedasticity of allometric data
sets. With the log transformation of the OLS approach, ho-
moscedasticity is reached but in a way that does not exactly

estimate the biomass of large-sized trees.
Indeed, the best models are obtained using the MOV and

OLS approaches, in which we explicitly modeled variance
depending on the main predictor (DBH). This explains why

(i.e., smaller differences between predictions and observa-

approach. The NLS approach is still frequently found in the
literature (Sileshi, 2014), despite the fact that assuming con-
stant variance is not an appropriate choice for allometric data
sets. We included the latter approach mainly for illustrative
purposes.
Despite the highly heterogeneous nature of our data set

(Table 1 and Table S1), DBH alone still captures a large frac-

lower Syx% values within model series 1 in comparison to
the other model series (Table 2). This result illustrates that

ignoring selection criteria that capture a model’s capacity to
make predictions for new predictor combinations (e.g., dif-
ferent region or successional stage), such as the DIC or our
landscape-level evaluation (see Sect. 4.2), can lead to the
wrong choice. The basic models containing only DBH had
a higher DIC in comparison to other model series and con-
sequently did poorly in predicting the AGB of our different
landscape scenarios (Fig. 6).
Our data set contains a large number of species, which

allowed for the maximum expression of architectural at-

collected in undisturbed and homogenous forests (Higuchi
et al., 1998; Lima et al., 2012), we expected the addition of

improve model parsimony. This pattern was observed when
adding both SG and WD (Fig. 6 and Table S3).
The differences related to the parameters b and c we found

among our successional groups highlighted the importance
of using SG as a predictor of the architectural attributes

forests where WD is not available (Table S3). In the mod-

ters b and c between pioneers, mid- and late-successional
species highlights the importance of architectural attributes

differences were neglected in previous studies that dealt
with heterogeneous data sets and aimed at parameterizing
global/pantropical biomass estimation models.
Interestingly, when compared to our two best models, the

tested pantropical model from Chave et al. (2014) produced
the largest bias (overestimation) for individual tree biomass
prediction (Fig. S1 and Sect. 3.1). As previously mentioned,
underestimation was also reported when applying the Chave
et al. (2005) biomass estimation model in Atlantic Forest
stands in Brazil (Nogueira Jr. et al., 2014). For our study,
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we attribute part of this pattern to strong differences in forest
structure and tree allometry/architecture between our central
Amazon data set and that used to parameterize the pantropi-
cal model from Chave et al. (2014). Although the DBH and
H range of the trees used in our study is well represented by
the pantropical data set, the two data sets vary strongly with
respect to the DBH and H distribution of trees (Fig. S3).
Our data set clearly has a much higher density of small-
sized trees and a much lower density of large-sized trees. The
pantropical data set comprises ca. 8% (n = 329) of trees with
DBH≥ 60 cm and mean H of 39.3m (and even a tree with
212 cm DBH and another one with 70.7m H). Interestingly,

forests in the region of Manaus. Note that the largest tree in
our data set has 85 cm DBH and 33m H (Table 1 and Ta-
ble S1) and, as previously reported, trees with DBH≥ 60 cm
account for less than 17% of the total AGB in central Ama-

ture and biomass of these central Amazonian forests is not
well predicted from the “improved” pantropical biomass es-
timation model from Chave et al., 2014.
Observed differences on the relationship between predic-

tor variables (DBH and WD) and AGB of trees from our data
set and that used in the pantropical model highlight part of
the variation in tree allometry and architecture that was not
represented in the pantropical data set (Fig. S4). As for the
differences in forest structure, these differences in tree al-

composition among successional stages (Clark and Clark,
1992; Denslow, 1980; Marra et al., 2014). By including our
two secondary forests, we added a greater proportion of al-
lometric variation in our models compared to the Chave et
al. (2014) data set (Fig. S5). Our results indicate that neglect-
ing variations in tree allometry and architecture related to

individual tree AGB, especially when complex old-growth
and secondary forests (Asner, 2013; Chambers et al., 2013;
Norden et al., 2015) are not accounted for in the model pa-
rameterization.

4.2 Landscape-level biomass predictions across
scenarios

structure (i.e., tree density and basal area) used in our virtual

bers et al., 2009; Marra et al., 2014; Norden et al., 2015), in-
cluding realistic variations in AGB reported for central Ama-
zon stands differing in successional stage (from early succes-
sional to old growth) (Carvalho Jr. et al., 1995; Higuchi et
al., 2004; Lima et al., 2007). When taking into account the
accuracy of landscape-level predictions across scenarios, the

approaches. From the MOV approach, the models M33, M43

tively (Fig. 6).
Modeling the variance properly as in the MOV approach

is particularly important when both small and large trees –
at the respective endpoints of the size predictors DBH and
H – are to be estimated precisely. Assuming homoscedas-
tic variance in allometric data gives a stronger weight to the
information of large trees (which have large residuals) and
reduces the “strength” of the small trees (with small residu-
als) on the estimation of the parameters. This almost invari-
ably leads to models that overestimate the biomass of small
trees (i.e., large trees pulling the “line” upwards). This effect
can be clearly seen in Fig. 4 where the NLS models dramat-
ically overestimated the biomass, particularly in the small-
sized and the early-successional scenario. The OLS approach
tends to produce the opposite effect. The log transformation
shrinks the size of the residuals of the large-sized trees and

residuals or large-sized trees that often have a strong lever is
reduced, and the lever of very small trees is increased. This
may (although not as extremely as in the NLS case) lead to
an underestimation of the biomass of big trees. A slight ten-
dency of this effect is also visible in Fig. 4 when the OLS
and MOV models are compared in the model series 2 and
3. The model evaluation with our virtual forests thus clearly
illustrates that a balanced modeling of the variance, i.e., giv-
ing the small and large trees equal weight, is very important
when (1) the design matrices are very heterogeneous or un-
balanced with respect to size and when (2) predictions are
made at landscape level across stands that vary in the mean
size/shape of trees.
Models containing only size predictors (such as DBH) are

particularly sensitive to this problem. Including SG and WD

architecture and anatomy and partly alleviated the above-
mentioned problems of the NLS and OLS models. Thus, al-
though a simple allometric model (e.g., AGB⇠ b1DBHb2)
can accurately describe the DBH :AGB relationship at the
individual level (Table 3 and Table S3), our results demon-
strate that reliable estimates of biomass in heterogeneous
landscapes (i.e., mixtures of successional stages and tree
sizes) requires correct modeling of the size-related variance
(Sileshi, 2014; Todeschini et al., 2004) and including suitable

architectural and anatomical variation.
Our model evaluation using “virtual forests” was used

to test what level of model complexity and appropriateness
of variance modeling is needed to avoid “distortions” and
make satisfying predictions at the fringes of our predictor
space. This approach also allowed us to assess the magni-
tude of RMSE in model predictions in relation to the bias
of these predictions. Our best performance models produced
predictions with RMSE similar (i.e., M33, M43, and M23)
to the bias associated to these prediction, which indicates
that model deviations can be attributed to random variation
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and possibly be ignored (Gregoire et al., 2016; McRoberts
and Westfall, 2014). However, since we constructed the for-
est scenarios with trees from our data set, this is an “in-
ternal evaluation” and not a test of model behavior in the
face of new predictor combinations. Furthermore, we used
DIC as parsimony-based model selection criterion, which
was designed to exactly approximate this capacity and typ-
ically yields similar results as cross-validation (Wirth et al.,
2004). The DIC is therefore particularly important for judg-
ing the quality of the model, especially for application in
other regions or for other species. Unlike the virtual forest
approach, where the DBH + WD with modeled variance
(M33) appeared to be the best model (lowest bias and RMSE
at the same time) (Fig. 6), the DIC invariably requires the full
model complexity irrespective of whetherH is considered or
not (Table 3).
As reported in other studies (Alvarez et al., 2012; Lima et

al., 2012; Ngomanda et al., 2014; Nogueira Jr. et al., 2014),
using the pantropical biomass estimation model by Chave et
al. (2014) for landscape-level predictions led to strong bi-
ases in the case of our central Amazonian forest scenarios.
Thus, our recommendation is not to assume that their model
is equally applicable across all tropical forests, especially for
secondary or hyperdiverse tropical forests. In this context,
we alert researches and managers about the importance of
applying local or regional generic models when estimating
biomass and the importance of species composition informa-
tion in plot studies.

4.3 Suitability of the chosen predictors for practical
application

As we have seen, predicting biomass correctly at the land-
scape level and in particular improving performance at the
fringes or outside the predictor space requires the inclusion
of predictors related to species architecture (DBH in com-
bination with H (when available), WD and/or SG). Knowl-

of species, further assignment into successional groups and

For the purposes of our study, these variables were success-
fully addressed.
However, we understand that reliable biomass estimation

dently acquired or measured. As we discuss below, this is not
H and, consequently,

in many cases for WD and SG.
The tree species diversity in the Amazon is high (de

Oliveira and Mori, 1999; ter Steege et al., 2013). Species

botanical samples) and joint effort of parabotanists, botanists
and taxonomists. In many cases, this task might pose a major
problem.
For WD, values can vary widely not only between species

(Chave et al., 2006) – which we exploit in our modeling ap-

proach – but also between different sites/regions (Muller-
Landau, 2004), within individuals of the same species or
even in an individual tree (density varying along the tree
bole) (Higuchi et al., 1998; Nogueira et al., 2005). Ide-
ally, WD measures should be carried out in situ follow-
ing a method that allows for sampling both heart- and sap-
wood. Measuring WD from nonrepresentative samples and
applying measures from studies in which samples were
oven dried at different temperatures can produce compli-
cation. At temperatures below 100 ◦C, the wood bound
water content cannot be removed (Williamson and Wie-
mann, 2010). This requires improvement of available meth-
ods and tools (e.g., resistography, X-ray, ultrasonic tomog-
raphy, near-infrared spectroscopy, acoustic/ultrasonic wave
propagation and high-frequency densitometry) (Isik and Li,
2003; Lin et al., 2008; Schinker et al., 2003) that in the future
may allow the measurement of WD in live trees from hyper-
diverse tropical forests (thousands of species). However, the
acquisition of WD data is still expensive and is not easily
conducted simultaneously with forest inventories.
In the Amazon, information on WD is not available at the

species level for most regions, and the available WD data
have been acquired using a wide range of methods. Thus,
the compilation of WD data from different sources without

ror. As a result, researchers and managers need to establish
robust criteria and test whether including WD information
compiled from the available literature can really increase the
quality of biomass predictions (as shown in our study). These
limitations become critical when adjusting biomass estima-
tion models both from small or even large/combined data sets
collected without a plot-based harvest method that allows for
a landscape-level evaluation of models derived using indi-
vidual trees (Carvalho Jr. et al., 1995; Higuchi et al., 1998;
Lima et al., 2012; da Silva, 2007). One important result of our
study is that correct assignment of species into successional
groups can satisfactorily replace the use of WD despite the
fact that WD and SG were not trivially correlated (Table 2).
Most of the available biomass estimation models include

H as a predictor. Indeed, we expected the inclusion of H to

level predictions. Although H is a powerful predictor of

ness of trees and also indicates the lifetime light availabil-
ity (suppressed trees with typically short crowns have a high
H

cult in tall and complex tropical forest canopies. As a con-
sequence, H is often measured imprecisely or not at all in
most existing forest inventories across the Amazon.H varies
with plant ontogeny and can be affected by environmen-
tal and neighbor effects (Henry and Aarssen, 1999; Sterck
and Bongers, 1998). Consequently, the error of AGB esti-
mates can increase when applying H values estimated from
regional or global models (Feldpausch et al., 2011, 2012;
Hunter et al., 2013; Santos Jr. et al., 2006). As observed in
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our (Table 2) and other data sets (Sileshi, 2014), the high
collinearity between DBH and H

The increased availability of new tools such as Lidar can im-
prove the resolution of data on tree height and thus biomass
(Marvin et al., 2014; Sawada et al., 2015), but currently the
areas where such data are available are limited. The cali-
bration of remote-sensing-based biomass models for diverse
tropical forest still relies on the degree of uncertainty associ-
ated to plot-level AGB estimates (Chen et al., 2015).
Despite uncertainties associated with global estimates of

carbon stocks, tropical forests store ca. 25% of the terrestrial
carbon (Bonan, 2008; Saatchi et al., 2011) and provide re-
sources (e.g., food, fuel, timber and water) essential for hu-
mankind (Trumbore et al., 2015). Nonetheless, old-growth
tropical forests are rapidly changing and degrading due to the

and extreme weather events (FAO, 2010; IPCC, 2014). The
Reducing Emissions from Deforestation and Forest Degra-
dation (REDD+) program from the United Nations Frame-
work Convention on Climate Change (UNFCCC) establishes
rewards for actions that mitigate carbon emission through
prevention of forest loss and degradation. For countries with
large forest cover (e.g., Brazil and other Amazonian coun-
tries), such programs emerge as an economical alternative to
historically more lucrative land uses resulting in forest degra-
dation or suppression. However, we showed that reliable es-
timates of forest biomass are complex to obtain and prone
to large uncertainty. Reliable predictions of biomass/carbon
stocks over large regions of structurally complex and hy-
perdiverse tropical forests such as the Amazon still depend
on the collection of plot-based allometric data and forest in-
ventories including information on species composition, tree
height and wood density, which are often unavailable or esti-
mated imprecisely in most regions.
Natural and anthropogenic tropical secondary forests are

widely distributed and account for ca. 50% of the global
forest cover (FAO, 2010). Although highly productive and
resilient (Poorter et al., 2016), Neotropical forests can
take unpredictable successional trajectories (Norden et al.,

changes and structural gradients increase, allometry becomes
more complex and reliable landscape-level biomass esti-
mates may require models that include predictors approxi-

should be taken when using biomass estimation models to
assess biomass dynamics (e.g., biomass recovery after distur-
bances). Earlier stages of recovery can have a higher propor-
tion of small trees from pioneers species, which have lower
wood density (Chambers et al., 2009; Marra et al., 2014; Sal-
darriaga et al., 1998) and a particular type of architecture
(Hallé et al., 1978; Swaine and Whitmore, 1988).

when aiming for reliable landscape AGB estimations for cen-

models are not available. When data on species composition
and wood density are available or could be accurately com-
piled from the literature, we encourage the use of the model
M33 or M23 (MOV approach). In case the MOV approach
cannot be applied for model parameterization (i.e. technical
or computational restrictions), the OLS is presumably more

The Supplement related to this article is available online
at doi:10.5194/bg-13-1553-2016-supplement.
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Figures 

 

 

Figure S1. Fit of the two best tree aboveground estimation models parameterized in this study (M33 and M43) 

and that from Chave et al. (2014)’s pantropical model. Note that the pantropical model underestimates the 

biomass of the small-sized trees (diameter at breast height < 21 cm). This pattern was also observed at the 

landscape-level (Fig. S2). 

 

 

Figure S2. Predicted vs. observed aboveground biomass (AGB) along six forest-scenarios composed of 100 1-

ha plots. The line of equality (1:1 line) is shown as a red/straight line. Forest scenarios were designed to reflect 

landscape-level variations in floristic composition and size-distribution of trees, typical of Central Amazon terra 

firme forests. Floristic composition and size-distribution scenarios followed the sampling scheme described in 

section 2.4.2 (Fig. 2) of this study. Here, the predictions were made by using the Chave et al. (2014)’s 

pantropical model, which has diameter at breast height (DBH), tree total height (H) (estimated from a DBH: H 

relationship), wood density (WD) and environmental stress as predictors. 
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Figure S3. DBH- (diameter at breast height) and height-distribution of trees included in Chave et al. (2014)’s 

pantropical model (n = 4004) and those from this study (n = 727). Note the great density/probability difference 

for small- and large-sized trees between the two datasets. 

 

 

Figure S4. Relationship between predictors (diameter at breast height [DBH] and wood density [WD]) and 

aboveground biomass (AGB) of the trees included in this study (n = 727) and those included in Chave et al. 

(2014)’s pantropical model (n = 4004). 
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Figure S5. Relationship between predictors (diameter at breast height [DBH] and wood density [WD]) and the 

observed aboveground biomass (AGB) of the trees from old-growth and secondary forests used to parameterize 

the biomass estimation models fit in this study and Chave et al. (2014)’s pantropical model. Note that this study 

included 596 trees (82% of the total) harvested in secondary forests, while Chave et al. (2014) included only 220 

(5% of the total). In this study, the representative amount of trees and species from different successional stages 

of the same forest type allowed for the inclusion of a wide range of tree architecture and thus allometries (i.e. 

from slender to stout trunks, from suppressed or emergent late-successional species typical of old-growth 

forests, up to competing or canopy/emergent pioneer species typical of large treefall gaps created by wind-

disturbance. 
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In our paper “Predicting biomass of hyperdiverse and struc-
turally complex central Amazonian forests – a virtual ap-

using fresh and not dry tree mass data. Thus, the models
reported in our paper are valid for the estimation of fresh
aboveground biomass (AGB) of trees and not dry AGB as re-
ported. A direct implication of this mistake is that our evalua-
tion of the pantropical biomass estimation model from Chave
et al. (2014) is incorrect in the published paper. The pantropi-

estimated the biomass of the heavier fresh trees used in our
paper. In this corrigendumwe have redone the analyses in the
paper using dry mass data, which allowed us to reassess dif-
ferent models’ performance across our proposed forest sce-
narios. The correction from wet to dry mass affected both
the AGB values of trees and the models for predicting AGB.
Thus, the main conclusions in our paper about which models
best represent/capture the variations in AGB across our for-
est scenarios have not changed. However, the absolute values

of the models’ parameters are different (see Table 3, which
should replace Table S3 in the Supplement). For complete-
ness, we give the results of re-analysis here, i.e. the evalua-
tion of our models and the pantropical model from Chave et
al. (2014).

parameters

A detailed description of the harvesting method was pro-
vided in Sect. 2.2 of the paper. Water content was mea-
sured for 66 randomly selected trees, following the proce-
dures also described in Sect. 2.2 of the paper and includ-
ing samples representing different components (i.e., trunk,

when available). The weighted water content of the 66 trees
was 47.4%± 0.01% (mean± 95% CI). This value is similar
to those reported for other forests in the eastern
(Araújo et al., 1999), central (Higuchi et al., 2004) and west-
ern (Brown et al., 1995; Lima et al., 2012) Amazon. For this
corrigendum, we calculated a weighted mean water-content
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(Correction to Fig. S1 of the Supplement). Comparison of the two best tree aboveground estimation models (M33 and M43) –
corrected now to predict dry AGB – with the prediction from the pantropical model from Chave et al. (2014). Note that the pantropical model
overestimates the biomass of small and, especially, of large-sized trees (diameter at breast height ≥ 21 cm). This pattern was also observed
at the landscape level (see Fig. 2).

(Correction to Fig. S2 of the Supplement). Predicted vs. observed aboveground biomass (AGB) along six forest scenarios composed
of 100 1 ha plots. The line of equality (1 :

forests. Floristic composition and
size-distribution scenarios followed the sampling scheme described in Sect. 2.4.2 (Fig. 2) of the paper. Here, the predictions were made by
using the pantropical model of Chave et al. (2014), which has diameter at breast height (DBH), tree total height (H) (estimated from a DBH:
H relationship), wood density (WD) and environmental stress as predictors.

value for each of our successional groups (i.e., pioneer, mid-
and late-successional species). There were 49.2, 45.0 and
43.8%, for pioneer, mid- and late-successional species, re-
spectively (Table 1).
The mean water content of each successional group was

used to convert fresh mass to dry mass for each tree and
those (Table 2) were used in all subsequent re-analyses. Al-
though water content is related to wood density (Suzuki,
1999) and thus can vary among species (Muller-Landau,
2004; Williamson and Wiemann, 2010), individuals and tree
compartments (Higuchi et al., 1998; Plourde et al., 2015),

and in community composition (i.e., from pioneer to late-
successional species). Moreover, Chambers et al. (2001) re-
ported little effect of the variation in water content (i.e., the

prediction error for both individuals and groups of trees har-
vested in the same region as our study.
With respect to our models, since there was little variation

in water content among tree species and successional groups,

and because corrections affected both the predicted variable
and the models, we expected our analysis of how well the
various models performed to be the same as initially. How-
ever, those interested in using biomass estimation models to

vided in Table 3 of this corrigendum, rather than those re-
ported in Table S3 of the Supplement.

We evaluated the pantropical model from Chave et al. (2014)
with our corrected dry mass data. In our paper, the model un-
derstandably underestimated biomass because we were com-
paring estimated dry weight with our wet weight data. When
we compared the estimates with our data after correction, i.e.,
removing the weight of water, we found that the pantropical
model overestimated the biomass of individual trees on aver-
age by 29.8% resulting in a root-mean-square error (RMSE)
of 210.2 kg (Fig. 1).
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Predicted vs. observed aboveground biomass (AGB) along six forest scenarios composed of 100 1 ha plots. The line of equality
(1 :
size distribution of trees, typical of central Amazon forests. Floristic composition and size-distribution scenarios followed the
sampling scheme described in Sect. 2.4.2 of the paper. Models’ predictors: diameter at breast height (DBH) (cm), species’ successional
group (SG) (pioneers, mid- and late successional) and wood density (WD) (g cm−3). See Table 2 for the variance modeling approach of
different equations. Note that models containing total tree height (H) as predictor were excluded here.

forests. Models’ predictors:
diameter at breast height (DBH) (cm), species’ successional group (SG) (pioneers, mid- and late-successional species) and wood density
(WD) (g cm−3). Variance modeling approaches: non-linear least square (NLS), ordinary least square with log-linear regression (OLS) and
non-linear with modeled variance (MOV). Note that models containing total tree height (H) as predictor were excluded here.
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(Correction to Fig. 6 of the paper). Overall performance of 12-tree aboveground estimation models across six forest scenarios

of trees, typical of central Amazon forests. Models are rated by the absolute mean bias and root-mean-square error (RMSE),
both in Mg. Solid points and bars represent mean and range values, respectively. Models’ predictors: diameter at breast height (DBH)
(cm), species’ successional group (SG) (pioneers, mid- and late-successional species) and wood density (WD) (g cm−3). Variance modeling
approaches: non-linear least square (NLS), ordinary least square with log-linear regression (OLS) and non-linear with modeled variance
(MOV). Note that models containing total tree height (H) as predictor were excluded here.

Contribution of tree compartments to the total aboveground biomass (AGB) (mean), water content of different tree compartments
and weighted tree water content of the successional groups included in the paper and this corrigendum (mean± 1 standard deviation, both).

Compartments Contribution to H2O Weighted H2O
the total AGB (%) content (%) content (%)

Pioneer species (N = 39)

Trunk/bole 65.6 48.1± 6.1 49.2± 0.9
Thick/coarse branches 11.7 43.7± 4.1

+ 7.1
Leaves 4.7 64.8 + 7.4
Flowers/fruits 0.2 61.2± 4.8
Mid-successional species (N = 22)

Trunk/bole 77.4 43.0± 4.5 45.0± 1.0
Thick/coarse branches 0.0 0.0

± 3.9
Leaves 5.6 61.7± 9.6
Flowers/fruits 0.0 0.0

Late-successional species (N = 5)

Trunk/bole 60.9 41.6± 3.3 43.8± 1.1
Thick/coarse branches 0.0 0.0

± 7.7
Leaves 12.9 56.3± 11.8
Flowers/fruits 0.0 0.0

The pantropical model also systematically overestimated
the AGB of our scenarios (Fig. 2). We observed biases
ranging from +29.2% (mid-succession) to +30.8% (early
succession) (mean of +29.8%) and RMSE raging from
40.5Mg ha−1 up to 71.0Mg ha−1 (mean of 56.4Mg ha−1)
(Table 4). Overestimation was also reported in previous stud-
ies that tested pantropical models in Amazon
forests (Alvarez et al., 2012; Lima et al., 2012; Ngomanda
et al., 2014).

In our study area, trees larger than 60 cm diameter at breast
height (DBH) occur in densities < 1 ha−1 (Vieira et al., 2004).
Moreover, trees  40 cm DBH account for more than 90%
of the total tree density (Higuchi et al., 2012). We attribute
the overestimation of the pantropical model to the great im-
portance that this model gives to large trees (Sect. 4.1 and
4.2, and Fig. S3 of the paper; Figs. 1 and 2 of this corrigen-
dum). As we have shown, the pantropical model does not
represent the size distribution of trees from our study region.
The results from this corrigendum highlight that site differ-
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(Correction to Table 1 of the paper). Trees were harvested in the Estação Experimental de Silvicultura Tropical, a contiguous terra
forest reserve near Manaus, Amazonas, Brazil. The corrected AGB values have been calculated using the correction from wet to dry

weight.

Variables Old-growth Secondary forest Secondary forest
forest (23-year old) (14-year old)

NT 131 346 250
SR 81 63 50
DBH 5.0–85.0 5.0–37.2 5.0–33.1
H 5.9–34.5 3.9–27.0 4.2–27.0
WD 0.348–0.940 0.389–1.000 0.395–1.000
AGB 4.5–4216.5 2.7–861.6 3.9–859.3

Variables: number of trees (NT); species richness (SR); diameter at breast height
(DBH) (cm); total tree height (H) (m); wood density (WD) (g cm−3); and
aboveground biomass (AGB) (dry mass in kg).

ences in size distribution of trees need to be considered both
when parameterizing and applying biomass estimation mod-
els.

models, we again tested our predictors for collinearity. Over-

change.

non-linear least-square (NLS) approach yielded models with
R2

cient of determination (R2
dinary least square with the log-linear regression (OLS) and
our non-linear with modeled variance (MOV) approach (Ta-

invariably had lower Syx%
and MOV approaches. Nonetheless, when considering De-
viance Information Criterion (DIC) values as the most impor-
tant criterion for model selection, our results are consistent

(lower DIC values). The models M33, M43 and M42 had the

dictions (underestimation of 0.8% and overestimation of 3.0
and 3.1% of dry AGB, respectively).

The corrected mean AGB (dry) in our 1 ha plots ranged
from 107.2 to 170.9Mg ha−1
ios) and from 54.1 to 230.2Mg ha−1 (size-distribution sce-
narios) (Fig. 3). This variation was proportional to that ob-
served for the fresh mass data reported in the paper and val-
ues are coherent with those reported for other Amazon re-
gions including secondary (Lima et al., 2007; Saldarriaga et

al., 1998) and old-growth forests (Higuchi et al., 2004; Lima
et al., 2012; Vieira et al., 2004).

of models when predicting AGB across our forest scenar-
ios (Fig. 3). Overall, the patterns reported in the paper did
not change. While some models predicted AGB accurately
across all different scenarios, others systematically under-

viously reported, despite having the highest R2 and R2adj

least reliable landscape-level predictions with biases rang-
ing from −5.4% (underestimation) to +39.8% (overestima-
tion) (both values from the model M11) leading to RMSE
of up to 68.6Mg ha−1
proach performed better (lower RMSE and bias) at the late-

the OLS and MOV approaches performed satisfactorily and
similarly across most of the scenarios. For model series 2 and

with the OLS approach had biases raging from −18.4 to
+11.9%, with maximum RMSE of 41.8Mg ha−1; models

−19 to
9.9%, and maximum RMSE of 43.2Mg ha−1.
As observed from the DIC values of individual tree pre-

dictions (Table 5), our MOV and the OLS approaches pro-
duced the more reliable (smaller biases and RMSE) predic-
tions when challenged across all scenarios (Fig. 5). As for

dictors, the NLS approach invariable had the highest mean
and range of values for bias and RMSE. As previously re-
ported, the best-performing model structures for predicting

(Table 5 and Figs. 3–5). The best-performing models across
all scenarios were M33 (bias of 2.1% or 4.0Mg ha−1), M43
(3.7% or 7.3Mg ha−1) and M32 (3.9% or 7.7Mg ha−1).
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corrigendum. See the Table 2 of the paper for checking the equations and variance modeling approaches, and the Table 5 of this corrigendum

Series Model SG b1 b2 b3 b4 c1 c2

1 M11 0.504 (0.426,0.594) 2.078 (2.035,2.120) 108.8 (103.4,114.6)
M12 −1.762 (−1.883,−1.642) 2.329 (2.280,2.380) 0.368 (0.350,0.387)
M13 0.183 (0.162,0.207) 2.328 (2.274,2.380) 0.051 (0.041,0.064) 2.424 (2.334,2.517)

2 M21 pio 0.249 (0.130,0.416) 2.195 (2.025,2.379) 75.17 (71.41,79.16)
mid 0.153 (0.102,0.216) 2.436 (2.344,2.532)
lat 2.607 (2.226,3.010) 1.683 (1.646,1.723)

M22 pio −1.547 (−1.723,−1.376) 2.203 (2.133,2.274) 0.345 (0.327,0.363)
mid −1.940 (−2.175,−1.705) 2.418 (2.313,2.524)
lat −1.893 (−2.090,−1.694) 2.476 (2.395,2.556)

M23 pio 0.227 (0.191,0.268) 2.201 (2.131,2.270) 0.076 (0.054,0.105) 2.201 (2.067,2.334)
mid 0.156 (0.126,0.193) 2.408 (2.315,2.494) 0.106 (0.062,0.167) 2.105 (1.889,2.333)
lat 0.159 (0.134,0.187) 2.472 (2.403,2.538) 0.050 (0.032,0.073) 2.449 (2.289,2.619)

3 M31 0.885 (0.776,1.008) 2.061 (2.029,2.094) 1.113 (1.022,1.205) 80.35 (76.34,84.55)
M32 −1.438 (−1.557,−1.323) 2.370 (2.324,2.416) 0.863 (0.740,0.989) 0.330 (0.313,0.347)
M33 0.230 (0.207,0.257) 2.406 (2.366,2.446) 0.880 (0.752,1.012) 0.076 (0.061,0.094) 2.213 (2.125,2.304)

4 M41 pio 0.165 (0.086,0.280) 2.587 (2.395,2.788) 1.236 (0.977,1.500) 67.81 (64.38,71.51)
mid 0.138 (0.075,0.226) 2.457 (2.346,2.576) −0.098 (−0.460,0.266)
lat 2.152 (1.841,2.486) 1.786 (1.744,1.831) 0.555 (0.435,0.679)

M42 pio −1.229 (−1.401,−1.053) 2.279 (2.211,2.345) 0.872 (0.688,1.049) 0.323 (0.307,0.340)
mid −1.857 (−2.130,−1.581) 2.419 (2.319,2.518) 0.196 (−0.216,0.604)
lat −1.684 (−1.907,−1.461) 2.461 (2.384,2.538) 0.548 (0.234,0.867)

M43 pio 0.275 (0.231,0.325) 2.324 (2.251,2.396) 0.878 (0.680,1.078) 0.109 (0.075,0.153) 2.009 (1.869,2.155)
mid 0.182 (0.139,0.238) 2.409 (2.318,2.494) 0.353 (0.028,0.793) 0.102 (0.060,0.162) 2.121 (1.900,2.348)
lat 0.193 (0.159,0.233) 2.460 (2.392,2.527) 0.539 (0.254,0.835) 0.048 (0.031,0.071) 2.442 (2.277,2.619)

5 M51 0.033 (0.021,0.049) 1.561 (1.491,1.632) 1.423 (1.241,1.607) 93.60 (88.91,98.52)
M52 −2.687 (−2.886,−2.490) 1.930 (1.844,2.015) 0.715 (0.590,0.845) 0.341 (0.324,0.359)
M53 0.084 (0.066,0.104) 1.970 (1.872,2.062) 0.621 (0.488,0.765) 0.045 (0.036,0.056) 2.457 (2.363,2.551)

6 M61 pio 0.014 (0.004,0.035) 1.915 (1.715,2.111) 1.276 (0.906,1.664) 67.65 (64.27,71.25)
mid 0.068 (0.027,0.133) 2.269 (2.131,2.420) 0.448 (0.109,0.798)
lat 0.524 (0.356,0.739) 1.408 (1.349,1.470) 0.803 (0.647,0.955)

M62 pio −2.626 (−2.921,−2.337) 1.817 (1.713,1.927) 0.756 (0.581,0.925) 0.314 (0.298,0.331)
mid −2.743 (−3.046,−2.438) 1.942 (1.784,2.099) 0.742 (0.539,0.942)
lat −2.791 (−3.215,−2.353) 2.088 (1.904,2.270) 0.697 (0.393,0.994)

M63 pio 0.086 (0.059,0.118) 1.864 (1.745,1.979) 0.670 (0.482,0.879) 0.072 (0.051,0.100) 2.198 (2.059,2.335)
mid 0.078 (0.054,0.108) 2.004 (1.830,2.173) 0.634 (0.411,0.861) 0.081 (0.046,0.132) 2.193 (1.963,2.432)
lat 0.068 (0.044,0.099) 2.118 (1.953,2.273) 0.648 (0.386,0.936) 0.048 (0.031,0.071) 2.426 (2.263,2.599)

7 M71 0.063 (0.046,0.083) 1.581 (1.530,1.632) 1.342 (1.217,1.478) 1.024 (0.949,1.100) 64.91 (61.66,68.39)
M72 −2.253 (−2.441,−2.059) 2.027 (1.952,2.104) 0.605 (0.490,0.717) 0.773 (0.655,0.895) 0.308 (0.293,0.324)
M73 0.109 (0.088,0.134) 2.121 (2.047,2.194) 0.839 (0.711,0.966) 0.535 (0.416,0.657) 0.073 (0.057,0.092) 2.206 (2.110,2.305)

8 M81 pio 0.029 (0.010,0.061) 2.306 (2.118,2.513) 0.830 (0.523,1.167) 0.999 (0.764,1.231) 57.16 (54.30,60.21)
mid 0.058 (0.028,0.111) 2.072 (1.867,2.308) 0.761 (0.295,1.145) 0.420 (0.007,0.823)
lat 0.195 (0.134,0.281) 1.456 (1.401,1.514) 1.124 (0.967,1.276) 0.732 (0.636,0.831)

M82 pio −2.086 (−2.396,−1.784) 1.978 (1.865,2.089) 0.560 (0.392,0.735) 0.710 (0.538,0.885) 0.300 (0.285,0.316)
mid −2.671 (−3.016,−2.327) 1.946 (1.787,2.104) 0.737 (0.540,0.934) 0.162 (−0.221,0.548)
lat −2.545 (−3.010,−2.070) 2.120 (1.938,2.301) 0.621 (0.316,0.915) 0.388 (0.084,0.691)

M83 pio 0.131 (0.091,0.182) 2.087 (1.976,2.202) 0.761 (0.571,0.957) 0.471 (0.290,0.650) 0.106 (0.074,0.150) 2.005 (1.861,2.147)
mid 0.089 (0.059,0.127) 2.006 (1.835,2.170) 0.350 (0.037,0.733) 0.639 (0.427,0.872) 0.080 (0.045,0.132) 2.195 (1.962,2.432)
lat 0.087 (0.055,0.129) 2.154 (1.995,2.309) 0.435 (0.153,0.725) 0.575 (0.310,0.852) 0.050 (0.032,0.074) 2.401 (2.234,2.578)

Model series predictors: 1 (diameter at breast height [DBH]); 2 (DBH and species’ successional group [SG]); 3 (DBH and wood density [WD]); 4 (DBH, WD and SG); 5 (DBH and total tree height [H ]); 6 (DBH, H and SG); 7
(DBH, H and WD); and 8 (DBH, H , SG and WD). Species’ successional groups: pioneer (pio), mid-species (mid) and late-successional species (lat).

Our new results support that predicting biomass correctly
at the landscape level in hyperdiverse and structurally com-
plex tropical forests, such as the Amazon, still depends on
the collection of plot-based allometric data and forest in-
ventories including information on species composition, tree
height and wood density. In forests subjected to more intense

sition and size distribution), reliable landscape-level biomass
estimates may require models that include predictors approx-

sible variations in the size distribution of trees.

We would like to emphasize the importance of the aspects
related to model parameterization, selection and applicabil-
ity, as discussed in Sect. 4 of our paper. Furthermore, we

timating dry aboveground biomass of central Amazon terra
forests, and the adequacy of the methods that we em-

ployed. When data on species composition and wood density
are available or can be accurately compiled from the litera-
ture, we suggest the use of models M33, M43 or M42, re-
spectively. In case wood density data are not available or are

model M23.

133



(Correction to Table S4 of the Supplement). Root-mean-square error (RMSE) and bias (absolute and relative values) from tree
aboveground biomass predictions across our forest scenarios by using the Chave et al. (2014)’s pantropical estimation model. Chave et
al. (2014)’s pantropical estimation model has diameter at breast height (DBH), tree total height (H) (estimated from a DBH:H relationship),
wood density (WD) and environmental stress as predictors.

Scenarios RMSE Bias Bias
(Mg ha−1) (Mg ha−1) (%)

Early-succession 40.5 40.1 30.8
Mid-succession 46.1 45.5 29.2
Late-succession 67.1 66.4 29.3
Small-sized 51.9 51.7 30.1
Mid-sized 61.8 61.6 30.0
Large-sized 71.0 70.8 29.6
Mean 56.4 56.0 29.8

predictors and variance modeling approaches.

Series Model Dev pD DIC R2 R2adj Syx% CF

1 M11 8880.2 2.926 8883.1 0.889 0.888 3.315
M12 5924.7 2.963 5927.6 0.867 0.867 3.615 1.070
M13 5948.1 3.847 5952.0 0.867 0.867 3.619

2 M21 8342.3 3.647 8345.9 0.947 0.946 2.296
M22 5827.3 7.001 5834.3 0.552 0.548 6.593 1.061
M23 5827.5 10.534 5838.0 0.595 0.592 6.285

3 M31 8439.3 3.972 8443.2 0.939 0.939 2.449
M32 5762.9 4.014 5766.9 0.901 0.901 3.119 1.056
M33 5792.5 4.805 5797.3 0.882 0.881 3.412

4 M41 8193.2 1.271 8194.5 0.957 0.956 2.077
M42 5732.8 10.007 5742.8 0.719 0.715 5.223 1.053
M43 5737.6 13.126 5750.7 0.738 0.735 5.056

5 M51 8661.5 −0.071 8661.4 0.918 0.917 2.853
M52 5810.7 4.052 5814.8 0.887 0.886 3.340 1.060
M53 5858.2 4.652 5862.9 0.882 0.881 3.415

6 M61 8189.8 −55.307 8134.5 0.957 0.956 2.071
M62 5690.5 10.118 5700.7 0.753 0.750 4.895 1.050
M63 5720.5 11.602 5732.1 0.755 0.752 4.891

7 M71 8129.0 2.234 8131.2 0.960 0.960 1.980
M72 5663.5 5.025 5668.5 0.935 0.934 2.539 1.048
M73 5715.7 5.512 5721.2 0.927 0.927 2.681

8 M81 7944.2 −38.934 7905.3 0.969 0.969 1.753
M82 5624.8 13.226 5638.0 0.818 0.815 4.205 1.046
M83 5655.9 13.489 5669.4 0.821 0.818 4.187

Legend: models’ deviance (Dev), effective number of parameters (pD), Deviance Information Criterion (DIC),
R2) R2adj), relative standard error (Syx%)
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Abstract 

Forest resilience is the capacity of a forest to recover to its pre-disturbance state. Yet, the 

rates and mechanisms defining the recovery trajectory from natural disturbances such as 

recurrent windthrows have not been previously presented for central Amazon forests. We 

used Landsat imagery to identify a chronosequence of sites that ranged from 4 to 27 yrs after 

windthrows that created large-size gaps (> 2000 m2) in the region surrounding Manaus, 

Brazil. Detailed forest inventories were conducted to follow forest dynamics in three wind-

disturbed and an old-growth forest used as a control. Biomass was estimated with locally 

parameterized allometric models. We carried full botanical surveys and recorded mechanisms 

of biomass gain and loss. Blowdowns reduced biomass stocks for at least three decades in 

areas sustaining high tree mortality/damage, with loss of biomass from late successional 

species continuing for years after the windthrows. Biomass resilience was enhanced by 

recruitment and growth of various pioneer and mid-successional species. Biomass 

accumulation rates in these species were nearly double that observed in the same functional 

groups in old-growth forest. Over the entire disturbance gradient, biomass gain was 

dominated by 20 genera from different functional groups and with performance influenced by 

variations in blowdown tree-mortality intensity. While reduction of biomass resilience in 

late-successional trees was triggered by species loss, increase of biomass resilience in pioneer 

trees was triggered by species enrichment. Although the richness of mid-successional species 

decreased under high disturbance intensities, biomass resilience in this group increased 

systematically due to key genera and species. Our findings support that blowdowns have 

relevant implications for biomass/carbon balance and taxonomical attributes of tree 

communities in Central Amazon forests. 
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Significance Statement  

In Amazon forests, blowdowns are a major natural disturbance. Understanding biomass 

dynamics and recovery trajectories from blowdowns is relevant for management and 

conservation of the Amazon. We identified and monitored biomass and species composition 

in forest sites identified using remote sensing as having experienced wind-disturbance 

between 4 and 27 yrs previously. These single-event blowdowns produced changes in 

biomass stocks and dynamics that persisted for decades. Variations in blowdown tree-

mortality drove the partitioning of biomass gain and losses mechanisms among species and 

successional groups, with various pioneers and mid-successional species making up a greater 

proportion of biomass stocks and gain in more damaged stands. Although these forests seem 

to be resilient, blowdowns produce non-negligible effects on community composition and 

biomass balance that last for decades, and are likely to contribute to broad scale patterns of 

species diversity and biomass. 
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Introduction 

Following disturbance, the capacity of a forest to recover to its pre-disturbance state is 

defined as resilience (Holling 1973; Harrison 1979). This process depends on forest 

resistance to damage and endogenous responses to different levels of disturbance (Peterson et 

al. 1998; Johnson and Miyanishi 2010; Hodgson et al. 2015). Although small-scale 

disturbances such as background tree mortality are more frequent, episodic large-scale 

natural disturbances (e.g. drought, fire, floods, landslides and wind storms) are a worldwide 

phenomenon that can promote extensive vegetation damage and cause long-term changes in 

forest structure and dynamics (Dale et al. 1998; Turner et al. 1998; Lugo 2008; Johnson and 

Miyanishi 2010). By turning significant amounts of biomass into necromass, large-scale 

disturbances can also change ecosystem functions such as carbon storage (Lindroth et al. 

2009; Zeng et al. 2009). The time required to return to pre-disturbance conditions is 

influenced by rates of relative biomass loss (i.e. vegetation resistance) and gain (i.e. 

vegetation responses). In tropical forests, decomposition rates are so rapid (i.e. mostly < 20 

years for tree stems) (Chambers et al. 2000; Clark et al. 2002; Hérault et al. 2010), that 

regrowth is in fact the main driver of biomass/carbon recovery (Everham and Brokaw 1996; 

Chazdon et al. 2007; Rozendaal and Chazdon 2015). 

To date, most of the research on biomass resilience in tropical forests has been on the 

extremes of the available disturbance gradient, i.e. either gap-phase regeneration (Denslow 

1980; Brokaw 1985; Hubbell et al. 1999) or severe human disturbances (e.g. shifting 

agriculture, fire and logging) (Finegan 1996; Guariguata and Ostertag 2001; Chazdon et al. 

2007). Depending on size, treefall gaps can have higher light availability and air temperature 

as well as possible changes in soil and air moisture compared to old-growth forests (Brokaw 

1985; Dalling et al. 2004). These environmental differences promote changes in floristic and 

functional composition through the partition of microsites and resource gradients among 

species with varied requirements and life histories (i.e. pioneer, mid- and late-successional 

species) (Grubb 1977; Denslow 1980; Swaine and Whitmore 1988). Even small niche-

variations in small canopy-gaps ‘along an old-growth matrix’ can promote tree species 

diversity (Molino and Sabatier 2001; Bongers et al. 2009; Burslem and Whitmore 2009), 

which in turn has been stated to have a positive effect on biomass stocks of tropical forests 

(Poorter et al. 2015).  
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In contrast to small-scale canopy disturbance associated with background tree 

mortality, human disturbances often implicate soil alterations, strong reductions in biomass 

and nutrient removal (e.g. logging and fire), which together produce longer-lasting effects on 

forest structure and floristic composition and may lower biomass resilience (Finegan 1996; 

Guariguata and Ostertag 2001; Chazdon 2003; Jakovac et al. 2015). Palaeoecological records 

suggest that tropical forests are in a continuous recovery-process from large-scale natural 

(mostly by wind) and human disturbances, with a median time of 210 yrs to recover 95.5% of 

pre-disturbance levels (Cole et al. 2014). Overall, resilience is influenced by site-specific 

characteristics such as land-use history, abiotic (e.g. soil fertility and climate) and biotic 

aspects (e.g. community stability, functional and genetic diversity, effectiveness of dispersion 

and physiological responses) (Peterson et al. 1998; Chazdon 2003; Thompson et al. 2009; 

Cole et al. 2014; Poorter et al. 2016). 

In the Amazon, a prevalent hypothesis is that old-growth forests are dominated by 

small-scale canopy disturbances (< 2,000 m2), which can be seen as an integral feature of a 

self-replacing system in equilibrium and having little relevance for biomass/carbon dynamics 

(Gloor et al. 2009; Espírito-Santo et al. 2014), or structural and taxonomic attributes (Uhl et 

al. 1988; Baker et al. 2015). More recently, however, blowdowns produced by downbursts 

associated with severe convective systems such as squall lines (Nelson et al. 1994; Garstang 

et al. 1998) have been identified as a potentially major disturbance regime in Central and 

Western Amazon (Nelson et al. 1994; Espírito-Santo et al. 2010; Chambers et al. 2013; 

Negrón-Juárez et al. 2016). Blowdowns vary in size from 900 m2 (the pixel size in Landsat 

imagery) (Negrón-Juárez et al. 2011) to thousands of hectares (Nelson et al. 1994) and can 

cause catastrophic tree mortality, reported as up to 80% at pixel-/plot-level (Marra et al. 

2014; Negrón-Juárez et al. 2016; Rifai et al. 2016). The spatial distribution of tree damage 

and mortality in these events are likely to be controlled by the interaction of abiotic variables 

such as wind characteristics and topography, with biotic variables, including tree-size 

distribution, wood density and tree anchoring-capacity (Negrón-Juárez et al. 2016; Ribeiro et 

al. 2016; Rifai et al. 2016). At the landscape-level, wind disturbance creates a complex 

mosaic of different-sized patches comprising a range of disturbance intensities, from single 

treefall gaps to square-kilometer wide blowdowns with strongly altered floristic composition, 

structure (Chambers et al. 2009; Marra et al. 2014) and soil attributes (Santos et al. 2016). To 

date, there is no study assessing the rates and mechanisms of tropical forest succession and 
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biomass recovery across this vast gradient of conditions created by wind disturbance in 

Amazon forests. 

Although vegetation damage and responses to catastrophic tree mortality events have 

been extensively studied in tropical and subtropical forests typically affected by large-scale 

wind disturbances (e.g. cyclones, hurricanes, typhoons and tornadoes) (Everham and Brokaw 

1996; Lugo 2008), assessments of biomass resilience and detailed mechanisms of biomass 

gain and loss as components of resilience have rarely been carried out. In Puerto Rico and 

Nicaragua forests that lost 50% and 80% of their original biomass after hurricanes, biomass 

accumulation averaged 16.3 Mg ha-1 yr-1 (5-yr succession) (Scatena et al. 1996) and 5.36 Mg 

ha-1 yr-1 (11-yr succession, varying from 8 to 22 Mg ha-1 yr-1) (Mascaro et al. 2005), 

respectively. Apart from being related to land-use history and abiotic aspects, this strong 

difference in biomass resilience reported for Puerto Rico and Nicaragua forests also reflected 

differences in the dominant biomass gain mechanism observed in each of these forests. While 

in the Puerto Rico forest biomass gain was mostly due to the growth of newly recruited trees 

from different successional groups (Scatena et al. 1996), resprouting of late-successional 

species with low growth rates was the dominant biomass gain mechanism in the Nicaragua 

forest (Yih et al. 1991; Mascaro et al. 2005). General knowledge of tropical forest ecology 

suggests that biomass resilience to complex wind-disturbances can be enhanced by the 

contribution of different mechanisms: resprouting of damaged trees or direct regeneration 

(Yih et al. 1991; Bellingham et al. 1995; Mascaro et al. 2005), survival and increased growth 

of resistant/adapted species released from competition (Everham and Brokaw 1996; Weaver 

2002), recruitment of old-growth species by activation of the understory sapling bank (You 

and Petty 1991; Zimmerman et al. 1994; Burslem et al. 2000), recruitment of seed-dispersed 

species (Ferguson et al. 1995; Imbert et al. 1998; Vandermeer et al. 2000; Hjerpe et al. 2001) 

or any combination of these mechanisms (Lawton and Putz 1988; Brokaw and Grear 1991; 

Walker 1991; Vandermeer et al. 1995). The activation and importance of different biomass 

gain mechanisms is likely to depend on the size and intensity of the disturbance, pre-

disturbance conditions (structure and floristic composition) and abiotic variables (e.g. soil 

and climate) (Everham and Brokaw 1996; Lugo 2008). 

Most of what we know about tropical biomass resilience after catastrophic tree-

mortality events comes almost exclusively from human disturbances. Following stand-

removing disturbances (e.g. clear-cut and burning in ‘shifting agriculture’), regrowth is often 
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rapid and biomass recovery is dominated by trees (i.e. lower contribution of lianas, shrubs 

and herbs) (Saldarriaga et al. 1998; Guariguata and Ostertag 2001; Chazdon et al. 2007). In 

the initial years post-disturbance, tree recruitment is influenced by dispersal limitations (e.g. 

distance to an old-growth forest), life history constraints associated with regenerating species 

and nutrient availability. Unlike in small canopy-gaps, biotic and abiotic conditions in large 

clearings tend to favor a regenerating cohort dominated by light-demanding and fast-growing 

pioneer species (Saldarriaga et al. 1998; Mesquita et al. 2001; Chazdon 2003). The fast 

recruitment and growth of pioneer adapted species often lead to high tree densities and fast 

canopy closure. Systematic increases in tree density, saturation of resources and increase in 

competition promote high mortality of smaller trees (i.e. self-thinning process), which can 

favor the recruitment of long-living species from other more shade-tolerant successional 

groups (i.e. mid- and late-successional).  

Although species enrichment during succession and nutrient availability contribute to 

a progressive biomass accumulation, recovery trajectories can vary strongly (Mesquita et al. 

2001; Norden et al. 2015), with structure and floristic composition remaining different from 

old-growth forests for decades or centuries (Finegan 1996; Saldarriaga et al. 1998). The 

higher the disturbance intensity (e.g. soil impacts and burning), the lower is the potential of 

secondary forests to regenerate from seed- and seedling-bank (Guariguata and Ostertag 

2001), and also to remain resilient (Jakovac et al. 2015). Biomass recovery rates in Amazon 

logged forests were negatively correlated with the amount of logged biomass (average of 75 

yrs to recover from 50% logging intensity) (Rutishauser et al. 2015), corroborating that 

disturbance intensity plays an important role on determining biomass dynamics and recovery. 

In Neotropical secondary forests regenerating from shifting agriculture and pastures, 90% of 

the original biomass stocks recovered in a median time of 66 yrs (Poorter et al. 2016). In 

heavily disturbed forests, apart from tree recruitment and growth, resprouting can also be a 

key biomass gain mechanism, with greater importance in dry tropical forests (Vieira and 

Scariot 2006). 

Biomass resilience to complex and catastrophic natural disturbances such as Amazon 

blowdowns is likely to be different from both resilience to background tree mortality creating 

small canopy-gaps and stand-removing disturbances. We expect this difference because of 

the complex environment/resources gradient created by blowdowns and differential species’ 

vulnerability and response to wind damage (Marra et al. 2014; Ribeiro et al. 2016; Rifai et al. 
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2016). In addition, organic matter is not removed from the disturbed areas and fast 

decomposition may increase nutrient availability. Previous studies indicated short-term 

changes in functional composition driven by fast recruitment of pioneer tree species favored 

in large blowdown gaps (Chambers et al. 2009; Marra et al. 2014). Nonetheless, the 

employment of diversity along the resources gradient for biomass recovery is not entirely 

studied and this may be a significant difference between forest resilience to less intense 

human disturbances (e.g. logging) and windthrows. Unlike in contiguous geometric clear-

cuts, in blowdowns different successional groups and biomass gain and loss mechanisms may 

be relevant for the biomass recovery process. Likely in old-growth forests, in which niche 

complementarity can increase species diversity and enhance biomass stocks (Poorter et al. 

2016), in wind-disturbed Amazon forests, biomass resilience may also be enhanced by a wide 

spectrum of species adapted to different conditions. Furthermore, we do not know whether 

the diverse local species pool typical of Central Amazon forests (e.g. 280 tree species ha-1 in 

Central Amazon) (de Oliveira and Mori 1999) is relevant for biomass recovery from 

catastrophic natural disturbances or whether resilience is exerted by a limited set of gap 

specialists.  

Apart from overall high species diversity (Zappi et al. 2015), recent investigations 

have demonstrated hyperdominance of some species in the Amazon (ter Steege et al. 2013; 

Fauset et al. 2015). Interestingly, species-curve areas are not linear in Amazon forests. For 

instance, while 1 ha of forest can harbor more than 280 tree species, Carneiro (2004) reported 

737 species in 7 ha and Ribeiro et al. (1999) reported ca. 1,500 species for a 10,000 ha 

reserve. In this context, apart from the probably high importance of gap specialists, 

hyperdominant species may also be important for the biomass recovery process following 

windthrows, both due to their relative higher survivorship and resprouting ability/capacity. 

We expected biomass recovery to be a highly heterogeneous process driven by many 

species and regeneration modes depending on the intensity and time after disturbance. To 

study this complex process, we combined remote sensing data on tree mortality (i.e. gap 

fraction) with forest inventory data (trees ≥ 10 cm diameter at breast height [DBH]) on 

remote sites. We monitored forest dynamics (i.e. growth, resprouting, recruitment and 

mortality) between 2002 and 2015 in 596 subplots (total area of 19.6 ha) established in three 

Central Amazon terra firme forests disturbed by single blowdown events and a nearby old-

growth forest, which was used as a control (Fig. 1). Aboveground biomass (hereafter referred 
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as ‘biomass’) was estimated with locally parameterized biomass estimation models 

(Chambers et al. 2001; Magnabosco Marra et al. 2016) and full botanical surveys were 

carried to reveal the contribution of different functional/successional groups, genera and 

species to the biomass recovery process. Therefore, we employed a chronosequence-

approach accounting from four up to 27 yrs of forest recovery. Our chronosequence covers a 

gradient of disturbance intensity from the background tree mortality captured in available 

permanent plots (< 4%) (Phillips et al. 2004) up to 70% of blowdown tree-mortality. This 

unique data set allowed us to show, for the first time, the contribution of species and different 

mechanisms enhancing biomass resilience to large-scale natural disturbances, including tree 

growth in diameter, recruitment, resprouting and mortality. Here, we tested the following 

hypothesis:  

1) The mortality gradient typical of large-scale wind disturbances produces long-term (27 yrs) 

effects on forest structure, biomass dynamics and functional composition;  

2) High tree mortality intensities shift dominant biomass gain mechanisms from growth and 

recruitment of established late-successional species to recruitment and growth of pioneer and 

mid-successional species; Moreover, due to the large numbers of damaged/resprouting trees 

(Marra et al. 2014) and based on evidence from other tropical forests, resprouting of late-

successional species is an important biomass recovery mechanism in these forests; 

3) Under high tree mortality intensities, the importance of biomass gain mechanisms due to 

pioneer and mid-successional species is enhanced by increase in the number of species (i.e. 

richness), whereas the importance of biomass gain mechanisms due to late-successional 

species is weakened by reductions in the number of species. 
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Fig. 1. Study sites (year of blowdown) in Central Amazon, Brazil. 
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Methods 

Study sites 

To study the decadal recovery from past windthrows we used a chronosequence, or a 

series of sites distributed in space but having different times after disturbance. Our 

chronosequence is composed of four sites located in the Central Amazon (Fig. 1), including 

three wind-disturbed forests (Bd1, Bd2 and Bd3) and an old-growth forest (Og) used as 

control. The four sites included in our chronosequence are covered with typical terra firme 

forest. The terra firme forest is the most common forest type in the Amazon basin, originally 

covering ca. 90% of the Brazilian Amazon (Radam 1978; Braga 1979). 

The terrain at the study sites is undulating, with altitude in the measured subplots 

varying from 45 to 121 m a.s.l. (Table S1). Soils in the study region vary in type and texture 

with local topography. These soils are usually well drained, have high clay content, low pH 

and low effective cation exchange. Plateaus and the upper portions of slopes have high clay 

content (Oxisols), whereas soils on slope bottoms and valleys have high sand content 

(Spodosols) (Chauvel et al. 1987; Telles et al. 2003). Annual precipitation and temperature in 

Manaus, a city less than 90 km distant from all our study sites, was 2,240 ± 121 mm yr-1 

(mean ± 95% confidence interval) and 27 ± 0.16°C, respectively (period of 1970-2015, data 

available in: http://www.inmet.gov.br/). This region has a distinct dry season between July 

and September with monthly precipitation < 100 mm (Fig. S1). Site-specific details are 

provided in the SI Method of this article. 

Blowdown detection and estimation of tree mortality intensity 

We identified blowdowns caused by single storm events analyzing a 21 yrs period 

(from 1985 to 2005) of Landsat imagery (30 m x 30 m resolution) 

(http://www.earthexplorer.usgs.gov) (Chambers et al. 2013). After excluding imagery data 

with technical restrictions, blowdowns occurring in other forest types (i.e. white-sandy and 

floodplain forests) or close to other land uses (e.g. roads, settlements and secondary forests), 

we selected sites spanning the maximum amplitude in time after disturbance and blowdown 

tree-mortality intensity. For logistical reasons, accessibility was also considered as a site 

selection criterion. We selected blowdowns from 2005 (Bb1), 1996 (Bb2) and 1987 (Bb3) 

(Fig. 1). 

147



 
 
 
Methods 
	

	

For each disturbed site, we estimated tree mortality caused by the blowdown events 

by employing Spectral Mixture Analysis (SMA) (Adams et al. 1995) on Landsat imagery. 

This technique allows for the quantification of the per pixel fraction of the following three 

selected endmembers (Somers et al. 2011): green vegetation/photosynthetic active (GV), 

dead plant material/non-photosynthetic vegetation (NPV) and shade. We used the shade 

endmember to account for differences in angle, topography, shading, and shadows (Adams et 

al. 1995). Here, we followed a established routine prescribed in previous studies (Negrón-

Juárez et al. 2010; Negrón-Juárez et al. 2011; Chambers et al. 2013) (more details in SI 

Methods). The fractions of GV and NPV were then normalized without shade as 

GV/(GV+NPV) and NPV/(GV+NPV). We calculated the ∆NPV by subtracting the NPV 

image for the year previous to the blowdown (2 yrs for the Bd2 site, see Fig. 1) from the NPV 

image after the blowdown. Changes in ΔNPV provide a quantitative measure of tree 

mortality (Chambers et al. 2007; Negrón-Juárez et al. 2010; Negrón-Juárez et al. 2011). We 

estimated tree mortality (tree ≥ 10 cm DBH) caused by the blowdowns at plot-level by using 

a locally parameterized model, which has Landsat-derived ΔNPV as predictor (Negrón-

Juárez et al. 2010): 

!"## !"#$%&'$( (%) = (103.22 × ∆!"#) − 3.32 [1]. 

Vegetation sampling and biomass estimation 

We monitored forest structure in 594 subplots with an area ranging from 250 m2 to 

400 m2 and distributed along transects ranging in size from 200 m to 3,000 m (Tab. S1). Our 

selected blowdown sites comprise disturbed forest patches spanning a 0–70% tree mortality 

gradient, including from small- to large-sized gaps. Although several undisturbed forest-

patches were encountered along the disturbed forest-matrices included in our blowdown sites, 

we deliberatively sampled undisturbed forest-patches. These were used to test for possible 

structural differences among sites considering pre-blowdown conditions. In all sites, transects 

include the typical local topographic variation (i.e. plateaus, slopes and valleys). In each plot, 

we tagged and measured the DBH of all trees ≥ 10 cm DBH. The blowdown sites were 

surveyed by the same team, between 2009 and 2015, always in the dry season. Re-

measurement of the subplots after several years allowed us to test patterns of biomass 

recovery and partition with and without the need to substitute space for time. The old-growth 

forest used as a control is monitored since 1996, at least every two or three years. In this 
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study we use data collected in the years 2002 and 2004, for which we had species 

identification at high resolution (Carneiro 2004; Teixeira et al. 2007) and imagery data 

confirming that within this time period this forest was not affected by any large blowdown. In 

the blowdown sites, we collected botanical samples (including flowers and fruits when 

available) of all recorded tree species. When possible, identification was carried out to the 

species-level. We assigned the recorded species into three groups relating successional 

strategies and life histories: pioneers, mid- and late-successional. Our successional group 

assignment was based on classic studies (Denslow 1980; Brokaw 1985; Swaine and 

Whitmore 1988; Clark and Clark 1992), studies developed in Amazon terra firme forests 

(Ribeiro et al. 1999; Kammesheidt 2000; Amaral et al. 2009) and those conducted in our 

study region (Silva et al. 2002; Chambers et al. 2009; Marra et al. 2014; Magnabosco Marra 

et al. 2016). 

We estimated tree biomass (aboveground component) with three locally 

parameterized allometric models adequate to capture the large variations in tree-size and 

species composition observed in different successional growth stages (Magnabosco Marra et 

al. 2016). We used another locally parameterized allometric model (Chambers et al. 2001) to 

account for biomass losses from damaged trees, i.e. those having total (snapped) or partial 

loss of crown and/or branches. For these trees, we subtracted the ‘lost biomass’ from the total 

estimated biomass. We estimated biomass at subplot-level by summing up the biomass of 

individual trees from each subplot. We classified biomass gain (i.e. regrowth) and loss (i.e. 

mortality) according to the following mechanisms: growth from recruits (Gr recr), growth 

from non-damaged trees (Growth), mortality of non-damaged trees (Mort), mortality of 

resprouters/damaged trees (Mort resp), recruitment (Recr) and growth from resprouters 

(Resp) with mechanical injuries likely to have been caused by the respective blowdowns (i.e. 

snapping, uprooting and partial crown loss) (Marra et al. 2014; Ribeiro et al. 2016). Growth 

from recruits was only measured for the Bd1 (7-10 yrs after disturbance), for which we had 

three consecutive measures (Tab. S1). Growth from non-damaged trees included growth from 

survivors and those recruited after the blowdown but before we conducted our surveys. 

Statistical analysis 

To test our hypotheses, we first pooled subplots from each successional stage into the 

following disturbance intensity categories: category 1 (undisturbed) tree mortality < 5% 
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(Lugo and Scatena 1996; Phillips et al. 2004), category 2 (low disturbance) 5% ≤ tree 

mortality < 25%, category 3 (mid-disturbed) 25% ≤ tree mortality < 45%, category 4 (highly-

disturbed) tree mortality ≥ 45% (Tab. S1). At second, we used factorial ANOVA to test for 

structural differences between our old-growth control forest and the undisturbed patches from 

our different blowdown sites. The disturbance category 1 from our blowdown sites reflected 

the state of forest that did not suffer the most recent disturbance. In addition, we related 

subplots’ tree mortality intensity (%) to elevation (m) using linear models, and tested for 

differences in tree mortality among topographic classes with analysis of variance (ANOVA). 

Terrain elevation was extracted from a digital elevation model with spatial resolution of 30 m 

x 30 m (Shuttle Radar Topographic Mission -SRTM) (http://glovis.usgs.gov). 

We tested our first hypothesis, related to the persistent effects of the tree mortality 

gradient typical of blowdowns on forest structure, by assessing differences in tree density, 

mean DBH, basal area, WD and AGB among the blowdown sites (i.e. successional stages) 

included in our chronosequence. We used factorial ANOVA to test for differences among 

sites and disturbance categories. To assess possible shifts in forest dynamics following wind-

disturbance and the influence of disturbance intensity (measured as tree mortality) on these 

shifts, we compared the growth and mortality rates of different sites and disturbance 

categories with factorial ANOVA. For that we used data from two consecutive measures 

taken in each site (Tab. S1). As for structural variables, here we also addressed biomass 

partition among our three successional groups. For all successional stages, we calculated the 

relative biomass accumulation/recovery (AGBAcc) as follows: 

AGBAcc = ((!"# !"#$!! − !"# !"##!!)  ÷  !"# !"#$%!) × 100  [2], 

where AGB is aboveground biomass. 

We test our second hypothesis about the relative importance of different gain and loss 

mechanisms for the overall biomass balance using factorial ANOVA to assess possible 

differences among blowdown sites and disturbance categories. Here, we also assessed the 

differential contribution of successional groups through our recorded mechanisms of biomass 

gain and loss, and their overall importance to the biomass resilience. 

As plots vary in total area sampled (Tab. S1), to test our last hypothesis related to the 

role of taxonomic variation on biomass resilience, we randomly sampled subplots from our 

different blowdown sites to yield a statistically assembled community with a total area of 3.6-
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ha (hereafter referred as ‘mixed community’) that equally represent our different sites (4-27 

yrs after disturbance) and disturbance intensities (categories 1-4). Therefore, our mixed 

community had 25% of its total area sampled from each of our blowdowns/successional 

stages (i.e. 4-7 yrs, 7-10 yrs, 14-17 yrs and 24-27 yrs after disturbance). Within each 

successional stage, we sampled 25% of subplots from each disturbance category. For each of 

our successional groups, we further assessed variations in species richness along the available 

disturbance gradient and possible interactions with the recorded biomass gain mechanisms. 

We also ranked the 20 most important genera within our mixed community by their absolute 

contribution to the overall biomass gain. Other genera were pooled together. For each of the 

top-20 genera and the other genera, we assessed species richness attributed to our different 

biomass gain mechanisms. For the top-20 and other genera, we additionally described 

variations in biomass gain along our mortality gradient (here as a continuous variable) 

considering different gain mechanisms. To do so, we related genera weighted biomass gain to 

tree mortality intensity by using polynomial regressions with 3 degrees of freedom. For 

fitting these functions, we only consider the mechanisms for which we had five or more 

observations per genus. Here, we also reported confidence intervals (95%). 

We performed all analyses in the R 3.2.1 software platform (R Core Team 2014). 

Figure 1 was produced using the Environment for Visualizing Images software (ENVI, ITT 

Industries, Inc, Boulder CO, USA). Other figures were produced using functions from the R 

package ‘ggplot2’ (Wickham 2009) or self-written functions. All codes used in this study 

were written by ourselves. 
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Results 

Forest structure, dynamics and functional composition along the disturbance gradient 

While we observed topographic influence on blowdown mortality in Bd1 (Marra et al. 

2014), we did not observe significant effects in other sites (more details in SI Results and 

Figs. S2 and S3). Although we found differences in tree density and mean DBH of trees 

between our old-growth forest and the undisturbed subplots (i.e. disturbance category 1) from 

our blowdown sites, we did not find significant differences in basal area and biomass (more 

details in SI Results and Table S2). More important, biomass partitioning among functional 

groups was also similar (see more details in the next subsection and SI) 

Disturbance categories differed in forest structural attributes (i.e. tree density, mean 

DBH, basal area and biomass) and wood density for all sites in our chronosequence (Table 

S3). Within successional stages, the observed variations in these attributes was related to the 

variation in disturbance intensity, with reductions on tree density, wood density and biomass 

in areas with greatest tree mortality (category 3 and 4) persisting for at least 27 yrs. Tree 

density varied among the sites (e.g. from 573 to 703 trees ha-1) in undisturbed plots (Table 

S3). However, common patterns were observed in subplots from categories 2-4 (most 

damaged), with initially (4 yrs after disturbance) strong reductions in tree density, but rapid 

recovery by 7 yrs. Furthermore, we observed increases in tree density between 14-17 yrs after 

disturbance, but back to considerable reductions marking a self-thinning in the subsequent 

decade (Table S3 and Fig. S4). 

Although basal area (Table S3) and biomass (Fig. 2) recovered 24-27 yrs after 

disturbance (i.e. no significant differences among disturbance categories), spatial variability 

was large as evidenced by the large confidence intervals associated with the mean value of 

these variables. Biomass values ranged from 102.7 ± 46.4 Mg ha-1 (mean ± 95% confidence 

interval) (category 4, 4 yrs after disturbance) to 254.8 ± 65.4 Mg ha-1 (category 2, 10 yrs after 

disturbance) (Table S3). Twenty-seven years after disturbance, we found subplot basal area 

and biomass values as low as 5.8 m2 ha-1 and 70 Mg ha-1, respectively. Apart from reflecting 

differences in initial damage, this high variation in AGB stocks among subplots suggests 

strong small-scale variation in biomass resilience. 
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Fig. 2. Aboveground biomass (AGB) stock along a forest chronosequence including blowdowns at different 

successional stages (4-27 yrs after disturbance) and an old-growth forest in Central Amazon, Brazil. Disturbance 

categories: 1- tree mortality < 5%; 2- 5% ≤ tree mortality < 25%; 3- 25% ≤ tree mortality < 45%; 4- tree 

mortality ≥ 45%. 

  

Along with variations in forest structure controlled by initial damage and time after 

disturbance, we observed a strong variation in the relative importance of our assigned 

successional groups. Community functional composition was more mixed already 7 yrs after 

disturbance, with greater contributions of pioneer and mid-successional species (Fig. 2 and 

Fig. S4). Late-successional species dropped in abundance and in biomass across all the 

successional stages and disturbed categories and did not recover over 27 yrs. In the 

blowdown sites, biomass stocks were mostly in pioneer and mid-successional species, though 

the stocks differed among successional stages, with pioneers accounting for a large fraction 

in early succession. Biomass stocks in pioneer species largely results from growth of new 

recruits (i.e. after disturbance), whereas increases in mid-successional species biomass 

increase represents both recruitment and enhanced growth of trees that were not toppled by 

wind. Interestingly, the rapid increase of pioneer species in tree density between 7-17 yrs 

after disturbance did not result in a proportional contribution to biomass recovery. Pioneer 

species accounted for 36% of tree numbers but only 27% of the total biomass stock between 

14-17 yrs after disturbance (averaged between disturbance categories 3 and 4). Still, the 

contribution of pioneer species in our undisturbed and old-growth control plots was 

inexpressive. Between 24-27 yrs after disturbance, pioneer species contributed only 4% to the 

total biomass stocks (categories 3 and 4), while mid-successional species accounted for 

53.8%. Late-successional species, which in the old-growth control forest accounted for 
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76.7% of the biomass stock (averaged between 2002 and 2004), accounted for only 41.4% of 

the stock in the disturbance categories 3 and 4, between 14-17 yrs after disturbance (Fig. 2).  

The observed increase in importance of gap-specialized and fast-growing species 

along our disturbance gradient and chronosequence was also evidenced by reductions in the 

community mean WD (Table S3). Heavily damaged areas comprising large canopy gaps 

showed a systematic reduction in WD already four years after disturbance. We attribute this 

pattern to the higher abundance of pioneer and later of mid-successional species, which have 

lower WD values when compared to late-successional species. Nonetheless, the data from the 

Bd2 site indicate that WD values become stable 14-17 yrs after disturbance. As presented and 

discussed in the following sections, this pattern was driven by reductions in the recruitment 

of mid-successional and especially pioneer species after 17 yrs of disturbance. 

Blowdown-driven mortality also strongly affected forest dynamics, including changes 

in rates of biomass gain (regrowth) and loss (mortality) (Fig 3). Biomass gain increased 

systematically with disturbance intensity (Fig. 3 and Table S3). Although biomass gain 

started to decline 14 yrs after disturbance possible due to high tree densities and competition, 

these areas still had exhibited higher biomass gain than undisturbed areas all over our 

chronosequence. Biomass gain in category 4 in our Bd1 site (between 4-7 yrs and 7-10 yrs 

after disturbance) was 8.1 ± 2.3 Mg ha-1 yr-1 and 8.1 ± 2.1 Mg ha-1 yr-1, respectively. These 

values were twice as high as those observed in the category 1 of these respective sites and ca. 

60% higher than those from our old-growth forest. Overall, biomass gain in disturbed areas 

was significantly higher than that observed in the respective undisturbed forests (Table S3 

and Fig. 3). In comparison to the 7-10 yrs stage, biomass gain rates and confidence intervals 

decreased by ca. 25% at the 14-17 yrs stage (gain of 6.1 Mg ha-1 yr-1 at the categories 3 and 4, 

respectively). Differences in biomass gain between undisturbed and disturbed forests 

decreased only in the Bd3 (24-27 yrs after disturbance), with values ranging between 3.9 Mg 

ha-1 yr-1 (category 1) and 5.6 Mg ha-1 yr-1 (category 2), with the second still significantly 

higher than the first category. 
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Fig. 3. Aboveground biomass (AGB) balance (gain/regrowth and losses/mortality) (mean ± 95% confidence 

interval) along a forest chronosequence including blowdowns at different successional stages (4-27 yrs after 

disturbance) and an old-growth forest in Central Amazon, Brazil. Disturbance categories: 1- tree mortality < 

5%; 2- 5% ≤ tree mortality < 25%; 3- 25% ≤ tree mortality < 45%; 4- tree mortality ≥ 45%. 

 

In highly damaged plots, biomass loss rates along the chronosequence continued to 

exceed control or low disturbance levels up to 10 yrs following initial disturbance (Fig. 3 and 

Table S3), with the highest value between 7-10 yrs after disturbance (-5.3 ± 4.7 Mg ha-1 yr-1, 

category 2). This value exceeded the loss rates in old-growth  (-2.1 ± 0.9 Mg ha-1 yr-1) and 

undisturbed (category 1) forest patches (1.9 Mg ha-1 yr-1 averaged over sites) by factor two. 

This result indicates that post-disturbance mortality events are an important 

prolonged/delayed effect of blowdowns. Biomass loss decreased between 14-17 yrs after 

disturbance, especially in heavily damaged areas, where biomass loss dropped down to -0.9 ± 

0.5 Mg ha-1 yr-1 (category 4) (Fig. 3). This lower biomass loss but still high biomass gain 

reflected the higher tree density that we observed in this stage (Fig. S3 and Table S2). 

Between 24-27 yrs after disturbance, biomass loss rates increased to -2.0 ± 1.1 Mg ha-1 yr-1 

and -2.5 ± 3.5 Mg ha-1 yr-1 for category 3 and 4, respectively. This pattern agrees with the 

reductions in tree density we observed 14-17 yrs after disturbance (Bd2), probably marking a 
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self-thinning during this successional stage. Biomass gain exceeded loss in all successional 

stages, leading to relative biomass accumulation (AGBAcc) ranging from 1% (old-growth 

control) to nearly 4% in disturbed areas with 10-17 yrs after disturbance (Table S3). 

Although 27 yrs after disturbance the biomass stocks and gain rates were again 

similar to those from the old-growth and undisturbed forests, there were still strong 

differences in the importance and partitioning of biomass gain and loss mechanisms among 

successional groups. Overall, changes in dynamics along succession were driven not only by 

increased biomass gain/accumulation from pioneer and mid-successional but also by 

considerable biomass loss from late-successional species (more details in SI Results and Fig. 

S5). In Bd1 and Bd2 (4-17 yrs after disturbance), most of the gain was attributable to 

pioneers species, whereas at Bd3 (24-27 yrs after disturbance), most of the gain was in mid-

successional species. This result emphasizes the great importance of pioneer and mid-

successional species during the first 27-yr recovery from windthrows. Moreover, the 

observed increase in biomass loss due to the mortality of pioneer and mid-successional 

species at Bd3 (24-27 yrs after disturbance) corroborates the occurrence of a self-thinning 

process between the second and third decade after disturbance. Apart from variations in 

biomass dynamics and its partitioning among successional groups, blowdowns also enhanced 

biomass accumulation in small-sized trees (more details in SI Results and Fig. S6). This result 

indicates that gap opening and consequent changes in environmental conditions following 

blowdowns can also change the typical pattern of old-growth Amazon forests, in which large-

sized trees tend to dominate both biomass stocks and dynamics (Slik et al. 2013). 

Interactions between taxonomical attributes and mechanisms of biomass resilience 

 The importance of different biomass gain and loss mechanisms was strongly 

influenced by variations in disturbance intensity and time after disturbance (Fig. S7). 

Moreover, changes in the importance of different mechanisms along our chronosequence 

were driven by changes in functional composition (Fig. 4). Growth from non-damaged trees 

was the most important biomass gain mechanism in the old-growth (4.3 ± 0.2 Mg ha-1 yr-1) 

and undisturbed forest patches from our blowdown sites (2.8 Mg ha-1 yr-1, averaged among 

sites) (Fig. S7). In these areas, growth was dominated by late-successional species, with small 

contribution from mid-successional and negligible contribution from pioneer species (Fig. 4). 

Overall, the importance of all biomass gain mechanisms performed by late-successional 
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species was reduced beyond background mortality-level (category 1), with the exception of a 

slight increase in growth and recruitment in the Bd1 (7 yrs after disturbance).  

 

Fig. 4. Mechanisms of aboveground biomass (AGB) gain and loss, and their interactions with variations on the 

importance of three successional groups along a forest chronosequence including blowdowns at different 

successional stage (4-27 yrs after disturbance) and an old-growth forest in Central Amazon, Brazil. Disturbance 

categories: 1- tree mortality < 5%; 2- 5% ≤ tree mortality < 25%; 3- 25% ≤ tree mortality < 45%; 4- tree 

mortality ≥ 45%. Mechanisms: Gr recr- growth from recruits; Growth- growth from non-damaged trees 

recorded in the first survey; Mort- mortality; Mort resp- mortality of resprouting trees; Recr- recruitment; Resp- 

resprouting. 

 

In disturbed areas, although growth from non-damaged trees still represented an 

important mechanism of biomass gain (maximum of 5.1 ± 1.5 Mg ha-1 yr-1), recruitment 

(maximum of 4.7 ± 2.3 Mg ha-1 yr-1) and subsequently growth from recruits (maximum of 3.0 

± 1.7 Mg ha-1 yr-1) accounted for an important fraction of the biomass recovery within the 
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first 10 yrs after disturbance (Fig. S7 and Table S3). In disturbed areas, the biomass gain of 

pioneer species through recruitment and growth from recruits overcame the gain through 

growth of survivors. However, biomass gain from pioneer species decreased drastically in 

our Bd3 site (24-27 yrs after disturbance), in which biomass gain was dominated by growth 

of mid-successional species (Fig. 4). Contrary to our expectations, resprouting was not an 

important biomass gain mechanism in these forests (maximum of 0.47 ± 0.35 Mg ha-1 yr-1). 

Although a broad range of species are in fact able to resprout (Marra et al. 2014), our results 

suggest that some may die, enter in ‘steady-state’ or invest resources to recover branches and 

leaves. 

Snapping, uprooting and standing dead comprised the most observed modes of tree 

death and thus biomass loss in all successional stages (maximum of -5.3 ± 4.7 Mg ha-1 yr-1 in 

Bd1). The great biomass losses that we observed in Bd1 (7-10 yrs after disturbance) were 

mainly due to the mortality of late-successional species (Fig. 4). We also observed 

considerable (maximum of -1.5 ± 1.8 Mg ha-1 yr-1) biomass losses via mortality of 

resprouters, which in the Bd1 (7-10 yrs after disturbance) outweighed the biomass gain due to 

resprouters (Fig. S7 and Table S3). Together with the low biomass gain rates, this 

considerable biomass loss attributable to dying shoots from resprouters provides extra 

evidence that blowdowns in fact have a delayed mortality effect that may extend for ca. 10 

yrs. 

In our entire sampled area (19.6 ha and 596 subplots) we recorded ca. 13,000 trees 

distributed in 68 botanic families, 275 genera and at least 1,017 species (APGIII 

classification system) (Stevens 2012). When randomly sampling a mixed community equally 

representing the different sites and disturbance categories of our chronosequence, we found 

evidence that biomass resilience, apart from being linked to variations in mechanisms of 

biomass gain an loss due to changes in functional composition, was also folded/followed by 

changes in species richness (Fig. 5) and differential performance of genera along our 

disturbance gradient (Fig. 6). While the amount of pioneer species performing all the 

different biomass gain mechanisms tended to increase with increasing disturbance intensity 

(i.e. gap fraction), reductions in the biomass gain due to late-successional species was marked 

by a decrease in species richness (Fig. 5). Although with minor importance to the recovery 

process, resprouting was apparently the unique mechanism performed by late-successional 

trees that was enhanced by increase in species richness. Surprisingly, although higher 
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disturbance intensities promoted different mechanisms of biomass gain due to mid-

successional species, heavily disturbed areas with the highest biomass gain rates (category 4) 

had in fact 40% less species than undisturbed areas. In contrast to small-scale canopy 

disturbance, this result indicates that blowdowns may have a negative effect on recruitment 

and growth of late-successional species. Whether this reflects a successional shift or a 

difference between sites will require longer-term observations. 

 

Fig 5. Species richness accounting for different mechanisms of aboveground biomass (AGB) gain performed by 

different successional groups (i.e. pioneer, mid- and late-successional) in an mixed tree community that 

represents the typical tree mortality gradient encompassed by Central Amazon forests periodically disturbed by 

blowdowns. This mixed community includes different blowdown sites (4-27 yrs after disturbance) and an 

extensive tree mortality gradient (0-70%). AGB gain mechanisms: Gr recr- growth from recruits; Growth- 

growth from non-damaged trees recorded in the first survey; Recr- recruitment; Resp- resprouting. Species 

richness within genera for our 3.6-ha sample is given on the top of bars. 

 

Twenty genera (belonging to 16 botanical families and different successional groups) 

were responsible for 73% of the total biomass gain in our 3.6-ha mixed community, also 

indicating strong changes in floristic and functional composition due to increased disturbance 

intensity. The other 27% of the gained biomass was yielded by the remaining 153 genera, 

which accounted for 60% of the total species richness (Fig 6). Although the biomass gain was 

dominated by only ca. 12% of the total genera richness, these accounted for 40% of the total 

species richness of our community. While some genera contributed via all of the mechanisms 

(e.g. Inga, Pourouma and Eschweilera), others were more specialists (e.g. Tapirira, Ocotea, 

Licania and Brosimum) and contributed more via one mechanism. Typical pioneer (e.g. 
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Cecropia and Pourouma) and mid-successional genera (e.g. Inga and Guatteria) had the 

greatest biomass gain and species richness in disturbed patches. As observed at individual 

blowdown sites (Table S4), growth from non-damaged trees and recruitment were the most 

important biomass gain mechanisms also amongst the top-20 genera in our mixed 

community. The strong variation in species richness between different mechanisms 

performed by each of the top-20 genera, indicate strong differences in requirements and 

performance even for species belonging to the same genus. 

 

Fig. 6. Partitioning of the absolute aboveground biomass (AGB) gain mechanisms among the top-20 genera 

(and other genera pooled together) from a 3.6-ha mixed community sampled from our forest chronosequence 

including blowdowns at different successional stage (4-27 yrs after disturbance) in Central Amazon, Brazil. The 

blowdown sites encompass an extensive tree-mortality gradient (0-70%). Mechanisms: Gr recr- growth from 

recruits; Growth- growth from non-damaged trees recorded in the first survey; Recr- recruitment; Resp- 

resprouting. Species richness within genera for our 3.6-ha sample is given on the top of bars. 
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Although initial mortality stimulated recruitment and resprouting of the overall 

community (i.e. other genera pooled together), when considering tree growth solely, biomass 

gain was negatively influenced by initial mortality (Fig. 7 and Fig. S8 for 95% confidence 

interval). Therefore, biomass resilience along the extent disturbance gradient created by 

blowdowns required a ‘joint operation’ of genera with different requirements and abilities, 

and performing different mechanisms along the initial mortality gradient. Overall, all the 20 

genera had ‘unimodal’ curves of biomass gain along our disturbance gradient. Inga 

(Fabaceae), Pourouma and Cecropia  (Urticaceae), Bellucia (Melastomataceae) and Croton 

(Euphorbiaceae) had curves of growth and/or recruitment positively related to disturbance 

intensity. These genera were mostly represented by typical pioneer or mid-successional 

species, which enhanced biomass resilience (e.g. peaks of biomass gain) above 40% of initial 

mortality (Fig. 7).  

Dominant late-successional genera in Amazon old-growth forests such as Protium 

(Burseraceae), Licania (Chrysobalanaceae) and Brosimum (Moraceae) (ter Steege et al. 2013) 

had higher biomass gain in areas with low tree mortality values (category 1, tree mortality < 

5%) (Fig. 7). Protium had increased biomass gain via recruitment at intermediate 

disturbance-intensity. Surprisingly, biomass gain in the old-growth dominant genus Pouteria 

was also correlated with tree mortality intensity, suggesting that non-toppled trees from this 

genus may have increased growth rates in large gaps. Nine of the 20-top genera (belonging to 

all recorded successional groups) had biomass-gain curves peaking at intermediate 

disturbance-levels (20-50%) and with reduced values at the extreme of the disturbance 

gradient. Eschweilera and Swartzia, also dominant genera in old-growth Amazon forests (ter 

Steege et al. 2013), had contrasting patterns, with higher biomass at extremes of the 

disturbance gradient. Apart from Pouteria, the 20-top genera in our mixed community had 

reduced biomass gain via resprouting at intermediate and high disturbance-intensity (category 

3 and 4), supporting the low importance of this biomass resilience mechanism. Biomass gain 

in our mixed community was also dominated by only 20 species, which accounted for 49% of 

the total biomass gain (more details in SI Results and Table S4). 
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Fig. 7. Curves relating the importance of different aboveground biomass (AGB) gain mechanisms within a 3yr-

interval for the top-14 genera (and other genera pooled together) from a tree community sampled from a forest 

chronosequence including blowdowns at different successional stage (4-27 yrs after disturbance) in Central 

Amazon, Brazil. Tree mortality intensity (0-70%) was estimated at plot-level from satellite imagery. 

Mechanisms: Gr recr- growth from recruits; Growth- growth from non-damaged trees recorded in the first 

survey; Recr- recruitment; Resp- resprouting. 
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Discussion 

Our study offers novel insights into the research of tropical biomass dynamics and resilience 

to disturbances. We provided the first assessment of forest dynamics following large 

blowdowns in the Amazon, including interactions between mechanisms of biomass resilience 

and functional and taxonomic compositional attributes of tree communities. Although our 

chronosequence is composed of different sites, comparisons between the control site and 

undisturbed areas indicate no strong site-to-site differences in biomass or community 

structure. Also, resurveys of the earliest stages following disturbance allow us to compare 

patterns of initial response, with and without the need to substitute space for time. Even 

though this is a regional assessment, its results test a hypothesis that has larger implications 

and can be reasonably extrapolated beyond the region of study (Chambers et al. 2013; 

Negrón-Juárez et al. 2016). Here, we focus on important implications for understanding 

landscape patterns of biomass/carbon dynamics and diversity patterns in Amazon forests. 

We found strong evidence that blowdowns change structural attributes, functional 

composition and biomass dynamics of Central Amazon terra firme forests for at least three 

decades following disturbance (Figs. 2 and 3, and SI Results). Indeed, recovery from the 

complex and wide disturbance gradient created by blowdowns involves a diverse cohort of 

species with different life histories, requirements and mechanisms of resilience varying along 

temporal and spatial-scales, and depending on individual- and community-level responses. 

Our findings indicate that this process is markedly different than that from ‘prevalent’ small-

scale canopy disturbances associated with background tree mortality. The admixture of 

genera and species belonging to different successional groups and related changes in 

mechanisms of biomass resilience that we observed along our disturbance gradient (Figs. 4-

7), also support that recovery from blowdowns is different from stand-removing disturbances, 

where pioneer species tend to dominate biomass gain within the first decades (Finegan 1996; 

Mesquita et al. 2001; Chazdon 2003). 

Although with biomass losses of at least up to 62% (compared with category 1 levels, 

Table S3), biomass recovery in our blowdown sites was fast (ca. 30 yrs) and comparable to 

that from Amazon logged forests that had lower biomass losses (from 10 to 25%) and 

predicted recovery time ranging from 10 to 43 yrs (Rutishauser et al. 2015). Biomass 

recovery in our study sites was also faster than that measured for a nearby secondary forest 
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regenerating from clear-cutting and burning (51 yrs) (Lima et al. 2007). In natural fires, clear-

cutting and burning or logging, there is combustion and/or removal (timber) of a great part of 

the nutrients and organic material available from the dead vegetation. In windthrows, part of 

these nutrients can be incorporated into the soil (Vitousek and Denslow 1986; Santos et al. 

2016) and probably re-used by the natural regeneration and surviving trees. Still, in contrast 

to fragments (Mesquita et al. 1999; Nascimento et al. 2006) or logged areas (Mazzei et al. 

2010; Rutishauser et al. 2015), windthrows have a special geometry/shape that leads to a 

more intense and effective contact between disturbed and undisturbed areas containing the 

original structure and species pool. Another important aspect is that in blowdowns, as 

opposed to human disturbances, there is less (or no) soil compaction. In our sites, however, 

the large variation (confidence intervals) in biomass stocks (Fig. 2 and Table S3) and in rates 

of biomass gain and loss within subplots of a given disturbance category (Figs. 3 and S5), 

indicates a large variation in community responses at the landscape-level, with some areas 

being recovered faster than others.  

Biomass loss and gain in our old-growth control and undisturbed forests (Table S2) 

was within the range of values reported for nearby old-growth forests (accumulation values 

ranging from 1.65 Mg ha-1yr-1 to 2.5 Mg ha-1 yr-1) (Higuchi et al. 2004; Vieira et al. 2004; 

Castilho et al. 2010). Nonetheless, tree mortality following the blowdowns was higher than in 

our controls (Figs. 3 and S5) and nearby old-growth forests (Higuchi et al. 2004; Vieira et al. 

2004; Castilho et al. 2010). Delayed mortality of damaged trees, high competition between 

recruiting trees, physiological stress due to e.g. desiccation (lower humidity/water 

availability), increase of temperature, changes in light quality and quantity, and exposure to 

new smaller-scale wind disturbances are probably associated with this high tree mortality we 

observed during the first 10 yrs following blowdowns. Delayed mortality is also common in 

logged forests where logging operations can cause tree damage. In Eastern Amazon, post-

mortality events 1 yr after logging represented a biomass loss of 31.1 ± 16.7 Mg ha-1 yr-1 

(Mazzei et al. 2010), six times higher than the maximum loss we observed in our Bd1 site (10 

yrs after disturbance, 5.3 ± 4.7 Mg ha-1 yr-1). 

High tree mortality intensities and subsequent increase in tree density and basal area 

similar to those we observed along our chronosequence (Table S3) have also been reported 

for tropical forests disturbed by hurricanes and cyclones (Brokaw and Grear 1991; Scatena et 

al. 1996; Burslem et al. 2000). Chambers et al. (2009) reported biomass stock in three small 
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blowdown patches in Central Amazon ca. 6 yrs after disturbance ranging from 89.4 Mg ha-1 

to 159.4 Mg ha-1. These values are similar to those we found in intermediate and heavily 

damaged areas of the Bd1 site, also with four and seven years after disturbance. In the forests 

disturbed by the hurricane Hugo in Puerto Rico, biomass recovered to 195.0 Mg ha-1 (ca. 

86% of the pre-disturbance value) five years after disturbance, resulting in a biomass 

accumulation rate of 16.3 Mg ha-1 yr-1 (Scatena et al. 1996). In our sites (Fig. 1), we detected 

tree mortality intensities due to the blowdowns as great as 70% (Fig. S2). However, biomass 

accumulation was not as high (maximum of 5.9 Mg ha-1 yr-1) (Table S3) as the one reported 

for the disturbed Puerto Rico forests. In contrast to our study, the Puerto Rico forests have 

higher precipitation (up to 4000 mm yr-1) and volcanic soils (ultisols and inceptisols) with 

higher nutrient content. These estimates also include other strata and functional types (e.g. 

saplings and palms). The peak in tree density between 14-17 yrs after disturbance followed 

by a self-thinning (Fig S4) was also reported for a hurricane damaged forest in Nicaragua 

(Vandermeer and Cerda 2004). In our sites, this self-thinning process did not lead to strong 

reductions in basal area or biomass, indicating that possible biomass losses via tree mortality 

were compensated by gain via growth of established trees and recruitment. 

Growth from surviving trees and those recruited after the blowdown - but before our 

first surveys - were the most important mechanisms allowing the fast biomass recovery that 

we observed. In addition, the analysis of our mixed community indicated that mechanisms of 

biomass resilience were influenced by changes in the richness (Fig. 5) and importance of 

species belonging to different genera and successional groups (Fig. 7). In disturbed patches, 

biomass recovery was mainly due to species and mechanisms that had lower importance 

under background tree mortality regimes.  In an Eastern Amazon forest, biomass gain four 

years following logging (mean of 2.6 Mg ha-1 yr-1) was dominated by tree growth (Mazzei et 

al. 2010), similar to the pattern we observed in our old-growth control forest (Table S2). In 

our blowdown sites, tree recruitment was the second most important mechanism contributing 

to biomass resilience. It is worth mentioning that recruitment was mostly exclusive to pioneer 

and mid-successional genera, including various species. The high number of species able to 

contribute via this mechanism under the varied conditions created by blowdowns (Fig. 5) 

suggests that biomass resilience to complex disturbances is enhanced by the diverse species 

pool typical of these forests (de Oliveira and Mori 1999; Marra et al. 2014).  
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The relatively high number of species from pioneer and mid-successional genera that 

contributed to rapid biomass gain via different mechanisms (growth, resprouting and 

recruitment), highlight their special ability to rapidly colonize large gaps (Chambers et al. 

2009; Marra et al. 2014). In Costa Rica secondary forests with 10-41 yrs after clearing for 

pasture, second-growth specialist species (i.e. ‘compatible’ to mid-successional species in our 

approach) dominated biomass stocks and gain (Rozendaal and Chazdon 2015). Just as we 

observed in our chronosequence, the importance of biomass gain and loss mechanisms also 

changed during succession in these Costa Rica forests, but tree growth and recruitment were 

the most important biomass gain mechanisms, respectively. Interestingly, although many 

species were able to resprout (Figs. 4 and 5) and this was an important mechanism of biomass 

resilience in other tropical forests disturbed by wind (Yih et al. 1991; Bellingham et al. 1995; 

Mascaro et al. 2005), it contributed little to the overall biomass accumulation in our study 

sites (Fig. S7). In fact, resprouting might be a more important mechanism of biomass 

resilience in small canopy gaps (Putz and Brokaw 1989) and especially in dry tropical forests 

(Vieira and Scariot 2006).  

Interactions between biomass gain mechanisms and taxonomical attributes along our 

gradient of disturbance suggest a fine partition of the environment, in which the species 

belonging to the 20-top genera in our mixed community had an optimal performance (i.e. 

biomass gain) at a specific disturbance level (Fig. 7 and S8). This pattern has also been 

reported for genera abundance in our Bd1 site (4 yrs after disturbance) (Marra et al. 2014). 

Interestingly, when pooling all the other genera, we found a clear pattern of reduced biomass 

gain with increasing disturbance intensity, contrary to that from typical pioneer (Cecropia 

and Pourouma), mid- (Inga, Tapirira and Guatteria) or even some late-successional genus 

(Eschweilera and Swartzia) (Fig. 7). Although individual-based analysis can provide species-

specific information, here growth changes due to different levels of disturbance were 

evaluated at the subplot level to allow a community-level assessment. We proposed that this 

lower biomass gain due to late-successional species in our blowdowns sites (Figs. 5 and 7), 

apart from being influenced by the lower tree density of this group, was also influenced by 

variation in species responses (Poorter 1999). 

Although many species and different biomass gain mechanisms were observed along 

our disturbance gradient, the fact that 20 genera (from a total of 173) accounted for more than 

half of the biomass gain in our mixed community (Fig. 6), supports dominance of particular 
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genera during forest recovery. Dominance in species abundance (ter Steege et al. 2013) and 

biomass cycling (ca. 1% of the tree species account for 50% of the biomass stock and gain) 

(Fauset et al. 2015) were reported for old-growth Amazon forests and for forests regenerating 

from both natural (Kwit et al. 2000; Hjerpe et al. 2001; Weaver 2002) and secondary 

disturbances (Saldarriaga et al. 1998; Mesquita et al. 2001; Rozendaal and Chazdon 2015). 

Although we also observed dominance in the biomass recovery in our sites, the dominant 

cohort typical of old-growth forests changed after the blowdowns. As previously noted, not 

all genera and species do all the different ‘jobs’. In total, the 20-top genera were represented 

by 193 species, from which 92 (ca. 48%) were recorded contributing to the overall biomass 

gain through a single mechanism. 

Recent studies have demonstrated that even small variations in tree mortality can 

influence forest structure attributes and dynamics (i.e. tree density, basal area and biomass) at 

the local- (Toledo et al. 2013), regional- (Schietti et al. 2016) and basin wide-scale (Johnson 

et al. 2016). Our findings corroborate these studies and provide novel evidence supporting 

that differences in tree mortality driven by large-scale natural disturbances such as 

blowdowns have an important influence not only on the structure but also on the species 

composition and dynamics of Central Amazon terra firme forests. Moreover, observed 

taxonomical variation during succession, suggests that catastrophic natural disturbances may 

have an important influence on the maintenance and distribution patterns of gap-specialized 

species in these forests. These findings contradict those from studies that focused on small-

scale canopy gaps (< 2000 m2) and reported only minor effects of canopy disturbance on 

structural attributes, dynamics and diversity of tropical forests (Hubbell et al. 1999), 

including the Amazon (Uhl et al. 1988; Baker et al. 2015). 

AGB stock in our old-growth control forest was 246.8 Mg ha-1. When 70% of the live 

trees within a 1-ha patch of this forest are killed in a blowdown event (as the maximum tree 

mortality we observed in our study), 172.8 Mg of necromass or 83.8 Mg C (48.5% of the dry 

weight) (Silva 2007) is released and deposited on ground. In disturbed subplots of our Bd1 

site, 13.7 Mg C (ca. 16% of the assumed released value) were incorporated into the soils 

within the first five years of succession (Santos et al. 2016). Subtracting the 13.7 Mg C 

incorporated into the soil (not all of which may stay there) from the available 83.8 Mg C 

released from the dead trees, we can assume that at least ca. 70 Mg C will be emitted to the 

atmosphere. The mean DBH in our old-growth and undisturbed forests was 20.7 ± 0.2 cm; 
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the compiled mean WD was 0.702 ± 0.002 g cm-3. Solving the biomass estimation model 

used for estimating the biomass of our subplots with these values, which has DBH and WD 

as predictors (Magnabosco Marra et al. 2016), the mass of a mean-sized tree in our study 

region is 247 kg. Applying a decomposition rate (kd) model also fit in our study region 

(Chambers et al. 2000), this mean-sized tree decomposes at 0.176 yr-1 and 95% of its mass is 

decomposed after 16 yrs. If 95% of the available 70 Mg C is emitted within the first 16 yrs 

after disturbance (as predicted by the estimated kd), it gives an emission rate of ca. 4.4 Mg C 

ha-1 yr-1. This carbon emission rate is higher than the carbon accumulation that we observed 

in the disturbed subplots from our blowdown sites (which ranged from 0.4 to 2.9 Mg C ha-1 

yr-1). Therefore, we would estimate that the most heavily damaged areas would be net C 

sources for the decades following disturbance, even though they are accumulating biomass/C 

at higher rates than old-growth forests (as shown by our results). As damage declines, areas 

would more quickly return to operate as sink in C balance. This ‘illustration’ emphasizes the 

importance of blowdowns on the long-term biomass balance and carbon cycle in these forests 

(Chambers et al. 2013; Negrón-Juárez et al. 2016; Santos et al. 2016). Although disturbance 

increases tree growth and thus carbon accumulation allowing the interaction of species and 

biomass gain mechanisms in a complex mortality and recovery gradient, once disturbed by 

large blowdowns, these forests can remain as a carbon source with different species 

composition for over three decades. Note that biomass stock was not yet totally recovered in 

heavily damaged subplots from our Bd3 site (27 yrs after disturbance) (Table S3 and Fig. 2). 

Moreover, the decomposition rate for trees with DBH larger than mean value of 20.7 cm used 

in this ‘illustration’ is expected to be lower (Chambers et al. 2000) and thus the 

decomposition/emission time would be even larger. 

Increases on the frequency of natural disturbances due to climate change (Pall et al. 

2011; Duffy et al. 2015) or the ongoing intensification of land use resulting in the expansion 

of fragmented and degraded forests (FAO 2012), can be expected to increase the area of 

forests with a particular structure and floristic composition (Mesquita et al. 2001; Marra et al. 

2014; Norden et al. 2015; Negrón-Juárez et al. 2016). As we have seem, possible shifts 

towards communities dominated by pioneer species can produce strong reductions in both 

size of trees (i.e. mean DBH, DBH:total height ratio) and WD, with potential augment on the 

decomposition rates, reductions in the carbon residence time and consequent quality 

depletion of timber stocks. Although resilient in terms of biomass stocks, a more intense 
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disturbance regime can also be expected to change species and functional composition of 

these forests. Similar pattern were also reported in a modeling-based study covering Central 

and Western Amazon (Negrón-Juárez et al. 2016). A possible higher proportion of pioneer or 

mid-successional species, which are usually smaller, have lower WD, store less biomass in 

average and have shorter life span when compared to late-successional species (Swaine and 

Whitmore 1988; Laurance et al. 2004), can in turn increase forest turnover.  

Our findings confirm that blowdowns produce a mosaic of forest patches at different 

successional stages (Chambers et al. 2013) and with particular functional composition and 

growth rates. A model-based analysis suggested that from 9.1 to 16.9% of tree mortality in 

Central Amazon is not captured by plot-based approaches (Chambers et al. 2013). In this vast 

region, blowdowns opening single gaps from 0.6 to 1.4-ha and felling 82 to 205 trees can 

have an average recurrence rate of ca. 840 to 4400 yrs. As trees in this region generally grow 

slowly and on average can live for centuries (Vieira et al. 2005), even these low recurrence 

rates can potentially influence long-term dynamics, especially since we have shown that there 

are processes operating at the larger scales that imply differences between blowdowns and 

single treefall gaps. Furthermore, if the probability of blowdown events is not constant from 

year to year but changes with decadally varying climate phenomena (e.g. ENSO), or changes 

faster than the time-resolution of available imagery data (mostly Landsat), then perhaps the 

existing remote sensing approaches (that are all to some degree substituting space for time) 

cannot reliably predict frequency of large-scale natural disturbance events. 

We showed that blowdowns amplify environmental gradients, with consequent 

changes in species and functional composition. More surprising than finding that pioneer and 

mid-successional species are actually key for early biomass-recovery following blowdowns, 

which contrasts previous studies that looked at the effects of small canopy-gaps (Uhl et al. 

1988; Hubbell et al. 1999; Baker et al. 2015), was the different effect that this wide 

disturbance gradient can exert in species and genera with presumably opposing growth 

strategies (Figs. 6 and 7). Actually, we provide novel evidence that species responses (i.e. 

growth performance) along this wide gradient of disturbance typical of Central Amazon 

forests do not fundamentally match trivial assumptions such as light demanding species with 

greater dispersal ability and lower wood density being invariably favored by higher 

disturbance intensities.  
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The success of species belonging to late-successional genera (i.e. presumably not 

adapted to large gaps) in our blowdown sites suggests that actually not only classical pioneer 

species can work as pioneers. This was the case for Pouteria, Swartzia and Eschweilera, all 

abundant and important genera for the carbon balance in old-growth Amazon forests (ter 

Steege et al. 2013; Fauset et al. 2015). However, it is important to note that species from 

these genera contributed relatively less to the biomass recovery process, especially in heavily 

damaged areas (Fig. 7). The unexpected positive responses of these genera to higher 

disturbance intensities also suggest that some late-successional species may have a wider 

plasticity that allow cooping with the abrupt environmental/resource changes promoted by 

blowdowns. Although the elucidation of this aspect requires further investigation, it partially 

explains why recovery in small canopy-gaps (Uhl et al. 1988; Hubbell et al. 1999) and even 

following natural disturbances can be dominated by late-successional species (Yih et al. 

1991; You and Petty 1991; Zimmerman et al. 1994).  

As we have seen, shifts in community composition along the disturbance gradient 

included changes in the absolute number of species, especially in heavily damaged areas. 

This pattern was true for the three successional groups assigned in our study. In heavily 

damaged areas, the observed reductions in richness among mid- and late-successional species 

and increase (i.e. recruitment) of pioneer species suggest that more intense disturbance 

regimes can be expected to change both functional and species composition. Moreover, the 

higher growth of small-sized trees in our disturbed forests (Fig. S6) supports that blowdowns 

can favor species that usually are suppressed in close-canopy conditions. Significant effects 

of disturbance on species diversity has been previous reported for Western Amazon forests 

(Phillips et al. 1994). Based on our findings and previous studies (Chambers et al. 2009; 

Marra et al. 2014), we propose that apart from associated with edaphic and climate gradients 

(Quesada et al. 2012; Johnson et al. 2016), this positive effect of disturbance on species 

diversity is likely to reflect the also higher frequency of blowdowns observed in Central and 

Western Amazon (Nelson et al. 1994; Espírito-Santo et al. 2010; Negrón-Juárez et al. 2016). 

Our results also support that the higher abundance of lineages with shorter life spans (Baker 

et al. 2014) and lower wood density (Quesada et al. 2012) is probably associated with the 

higher frequency of storms and blowdowns in these regions. In this context, blowdowns seem 

to play an important role on defining species diversity and distribution by enhancing the 
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importance of niche-based process and weakening random processes such as those mediated 

by seed dispersal. 

Conclusive assumptions regarding successional patterns and legacies of blowdowns in 

Amazon forests still require long-term monitoring. However, we revealed that blowdowns are 

an important driver of forest structure, functional composition and biomass dynamics. 

Importantly, we empirically demonstrated that although higher biomass loss due to more 

intense natural disturbance regimes can be compensated by increase in accumulation rates 

(i.e. more productive forests), blowdowns could be expected to promote strong changes in 

functional and species composition. Assumptions from studies that looked at small-scale 

disturbance events cannot be extrapolate to these larger-scale events.	 	
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Methods 

Study sites 

Forests in the region of study have dense understory, closed canopy (Braga 1979) and 

high tree species diversity (de Oliveira and Mori 1999). Fabaceae, Lecythidaceae, 

Sapotaceae, Chrysobalanaceae and Burseraceae are amongst the botanic families with the 

highest tree density per hectare (Silva et al. 2002; Marra et al. 2014). Tree dominant height, 

defined as the average height of trees in the upper 10% height class, is 30.2 ± 2.9 m (Higuchi 

2015), but some emergent species such as Dinizia excelsa Ducke (Fabaceae), Cariniana 

decandra Ducke (Lecythidaceae) and Caryocar pallidum A.C. Sm. (Caryocaraceae) can 

grow up to more than 40 m height. Trees larger than 100 cm in DBH occur in densities < 1 

tree ha-1 (Vieira et al. 2004) and those with DBH ≤ 50 cm account for more than 90% of the 

total tree density (Higuchi et al. 2012). In our Bd1 site, soils from disturbed areas were 

reported to have higher carbon stocks and organic carbon content than those from 

undisturbed areas, with carbon stocks being positively related to clay content and tree 

mortality intensity (Santos et al. 2016). 

The old-growth forest used as a control area is located at the Estação Experimental de 

Silvicultura Tropical (EEST), a 21,000 ha reserve of the Instituto Nacional de Pesquisas da 

Amazônia (INPA) (Fig. 1). We used permanent plots (two transects of 20 x 2500 m) installed 

as part of the Projeto Jacaranda (Higuchi et al. 1998) in 1996 and monitored for forest 

structure and floristic composition at least every two to three years since 1998 by the 

Laboratório de Manejo Florestal (LMF) (Table S1). This forest has had no large natural or 

human disturbances for at least the last 55 yrs. The Bd1 from 2005 (total area of ca. 250 ha) 

is located at a large forest patch accessible from the Ramal-ZF2 road, and contiguous to the 

EEST (Table S1). The Bd1 site, also described in previous related studies (Negrón-Juárez et 

al. 2010; Marra et al. 2014; Santos et al. 2016), is mainly located in an area owned and 

administered by the Superintendência da Zona Franca de Manaus (SUFRAMA). The Bd2 

from 1996 (ca. 900 ha) is located ca. 35 km north from the Bd1 in a forest accessible from 

the Ramal-ZF5 road, also owned and administrated by the SUFRAMA. The Bd3 from 1987 

(ca. 75 ha) is located at the Reserva de Desenvolvimento Sustentável (RDS) do Rio Negro, a 

102,978.83 ha reserve created in 2008, regulated and protected by the Centro Estadual de 

Unidades de Conservação and the Secretaria de Estado do Meio Ambiente e 
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Desenvolvimento Sustentável do Amazonas (CEUC/SDS), and the Instituto de Proteção 

Ambiental do Amazonas (IPAAM). 

Blowdown detection and estimation of tree mortality intensity 

Before performing Spectral Mixture Analysis (SMA) (Adams et al. 1995) to account 

for the tree-mortality fraction on a per-pixel basis, we first corrected the images for 

atmospheric ‘interferences’ and converted it to reflectance using the Atmospheric 

CORrection Now (ACORN) software (ImSpec LLC, Boulder, CO). For the required scenes, 

we applied the Carlotto technique (Carlotto 1999), which corrects for haze and smoke 

contamination. We then calibrated scenes previous to the selected windthrows by regressing 

each band individually against the encoded radiance from the images containing windthrows 

using temporally invariant targets (Furby and Campbell 2001). In windthrow areas, the large 

amount of dead vegetation, wood and litter (non-photosynthetic vegetation [NPV]) have high 

reflectance in Landsat band five (centered at 1.65 µm). This signal lasts for about a year 

before new leaves obscure high levels of NPV (Negrón-Juárez et al. 2010; Negrón-Juárez et 

al. 2016). We applied SMA to all available scenes. For a detailed explanation on the applied 

methods and routine, see references (Negrón-Juárez et al. 2010; Negrón-Juárez et al. 2011; 

Chambers et al. 2013; Marra et al. 2014). 

Vegetation sampling and biomass estimation 

Botanical exsiccates from the blowdowns sites were added to the herbarium of the 

Instituto Federal de Educação, Ciência e Tecnologia do Amazonas (IFAM). Most exsiccates 

from the old-growth forest containing flowers and/or fruits were added to the herbarium of 

the INPA, while sterile ones were added to the EEST collection (Carneiro 2004; Teixeira et 

al. 2007). 

Aboveground stand biomass (hereafter referred as biomass) in our chronosequence 

was estimated using biomass estimation models parameterized with 727 trees locally 

harvested. These models have diameter at breast height (DBH) (cm) + wood density (WD) (g 

cm-3) (M33), DBH + species’ successional group assignment (M23) and DBH solely (M13) 

as independent variables (Magnabosco Marra et al. 2016). We another locally parameterized 

model to account for biomass losses from damaged trees. This model includes DBH, tree 

total height (H) (estimated from a DBH:H) and height of failure/breaking as independent 
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variables (Chambers et al. 2001). We compiled WD data from studies developed in the 

Amazon (Fearnside 1997; Nogueira et al. 2005; Laurance et al. 2006; Nogueira et al. 2007; 

Chave et al. 2009; Magnabosco Marra et al. 2016). For species where more than one WD 

value was found, we used the mean value. For species where no published WD data was 

available or where the identification was carried out to the genus level (32.5% of the total 

individual observations), we used the mean value for all species from the same genus 

occurring in Central Amazon. For trees identified only to the family level (2.7% of the total), 

we used the mean value of genera belonging to that family and reported for the Central 

Amazon. For 11 unidentified trees we did not assign any successional group or wood density 

value. 

In our surveys, trees with irregular trunks (e.g. Protium spp. and Eschweilera spp.), 

buttresses (e.g. Sloanea spp. and Swartzia spp.), aerial roots (e.g. Cecropia spp. and Xylopia 

spp.), damaged and wound trunks were measured above-mentioned irregularities. To avoid 

error in repeated measurements, we marked the height at which diameter measures were 

taken with paint. 
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Results 

Forest structure, dynamics and functional composition along the disturbance gradient 

We only found a significant positive relationship between tree mortality intensity and 

elevation in the Bd1 (Fig. S2). In this site, subplots at higher elevation had an overall higher 

blowdown tree-mortality intensity than those at lower elevation. In the sites Bd2 and Bd3, 

high tree mortality intensity values were observed both in subplots at low (valleys) and high 

elevation (slopes and plateaus). When comparing blowdown tree-mortality among 

topographic classes, valleys from the Bd1 had tree mortality significantly lower than slopes 

and plateau (Fig. S3). Slopes from the Bd2 site had tree mortality significantly higher than 

plateus and valleys. In the Bd3 site, we found no differences in tree mortality related to 

topography. Despite the higher tree mortality observed in plateaus of the Bd1 site (Fig. S2), 

which was also reported in a previous study (Marra et al. 2014), topography does not seem to 

be a major factor controlling tree mortality across the larger region. There is no inherent 

difference in the force required to pull over trees from plateaus and valleys according to 

mechanical tests conducted in nearby areas (Ribeiro et al. 2016). Instead, landscape 

variations in tree mortality caused by wind disturbance may reflect biotic (e.g. lianas, root 

architecture, etc.) and abiotic (e.g. wind formation and dissipation above and bellow canopy, 

wind speed and/or force required to blow trees, etc.) factors still not investigated in Amazon 

forests. 

Mean tree density, basal area, wood density and biomass in the old-growth and 

undisturbed patches from our blowdown sites ranged from 573 tree ha-1 to 703 tree ha-1, 23.8 

m2 ha-1 to 27.3 m2 ha-1, 0.696 g cm3 to 0.715 g cm3 and 203.9 Mg ha-1 to 249.2 Mg ha-1, 

respectively (Table S2). 

In the portions of the blowdown sites with higher initial damage, we observed large 

effects on the biomass balance partitioning among successional groups (Fig. S5). As 

suggested for tree density and biomass stocks, the importance of pioneer species increased 

substantially from 4 to 17 years after disturbance, with an abrupt reduction 24 years after 

disturbance. Between 4 and 10 years after disturbance, pioneer species accumulated more 

than half of the total accumulated biomass. Mid-successional species also increased biomass 

accumulation already 4 years after disturbance and had a peak of biomass accumulation 
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between 27 and 24 years after disturbance. At this stage, mid-successional species 

contributed more than half of the total accumulated biomass in the disturbance categories 2-4. 

Apart from strong differences in biomass dynamics and functional composition along 

our chronossequence, we also observed differences in how biomass gain partitioned among 

different-sized trees, as defined using DBH classes (Fig. S6). Again, this effect was 

controlled by disturbance intensity. While in the old-growth and undisturbed forest patches 

from our blowdown sites (category 1) biomass gain was smaller and mostly associated with 

large-sized trees (DBH ≥ 40), in disturbed forest patches (i.e. category 2-4) smaller trees 

(DBH < 40 cm) increased their contribution to the total biomass gain. Although large-sized 

trees were more abundant in less damaged areas, large-sized trees from heavily damaged 

areas also showed an increasing in gain rates. This result suggests that some late-successional 

and tall canopy trees that survived were also favored in large gaps. 

Interactions between taxonomical attributes and mechanisms of biomass resilience 

Biomass gain due to the 20-top species in our mixed community varied from 45.4 kg 

ha-1 yr-1 to 315.5 kg ha-1 yr-1.	Each of the 20 species was responsible for between 1 and 6% of 

the biomass accumulated (Table S4). These species belong to different successional groups 

and genera, and had mean DBH and WD varying from 12.3 cm to 28.2 cm and from 0.379 g 

cm-3 to 0.878 g cm-3, respectively. Mid-successional species made up the majority of species 

(8 species), followed by pioneers (7) and late-successional species (5). Tree density also 

varied strongly among species (from 2 to 26 trees ha-1). The majority of these species were 

recorded in all of our different sites, successional stages and disturbance intensities. 

Moreover, they contributed to biomass gain via all mechanisms we assessed. The 5-top 

species, Guatteria olivacea R.E. Fr., Inga pezizifera Benth., Pourouma tomentosa Mart. ex 

Miq., Cecropia sciadophylla Mart. and Tapirira guianensis Aubl., accounted for 23.8% of 

the total AGB gain of our mixed community (see Methods sections for details). Interestingly, 

none of the 5-top species are typical late-successional species or occurred in high abundances 

in our old-growth control forest. 
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Figures 

 
Fig. S1. (a) Annual precipitation (mm yr-1) and (b) mean temperature (°C) in Manaus (less than 90 km distant 

from our study sites) for the period of 1970-2015. Points and bars represent the monthly mean ± 95% 

confidence interval, respectively. Data available in: http://www.inmet.gov.br (accessed in 03/02/2016). 

	

 
Fig. S2. Relationship between tree mortality intensity (%) and elevation (m) in three blowdown sites located in 

Central Amazon, Brazil. Elevation data at the plot-level was extracted from SRTM imagery with 30 x 30 m 

resolution (http://earthexplorer.usgs.gov/). Summary of linear regressions: Bd1 (r2
adj = 0.02, F = 4.13 and p = 

0.044); Bd2 (r2
adj = -0.01, F = 6.29-5 and p = 0.993); and Bd3 (r2

adj < -0.009, F < 0.063 and p = 0.802). 

 

 
Fig. S3. Tree mortality intensity for different topographic classes in three blowdown sites located in Central 

Amazon, Brazil. Factorial ANOVA among topographic classes within sites: Bd1 (F = 7.3; p < 0.001); Bd2 (F = 
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Figures 

	

8.8; p < 0.001); Bd3 (F = 1.5; p < 0.239). Significant difference from post hoc tests (Tukey HSD) (p < 0.05) 

among topographic classes within sites is identified with a ‘*’ on the top of the bars. 

 

 
Fig. S4. Partitioning of the tree density among successional groups along a forest chronosequence including 

blowdowns at different successional stages (4-27 yrs after disturbance) and an old-growth forest in Central 

Amazon, Brazil. Disturbance categories: 1- tree mortality < 5%; 2- 5% ≤ tree mortality < 25%; 3- 25% ≤ tree 

mortality < 45%; 4- tree mortality ≥ 45. 

 

 
Fig. S5. Partitioning of the aboveground biomass (AGB) balance (gain/regrowth and loss/mortality) among 

successional groups along a forest chronosequence including blowdowns at different successional stages (4-27 

yrs after disturbance) and an old-growth forest in Central Amazon, Brazil. Disturbance categories: 1- tree 

mortality < 5%; 2- 5% ≤ tree mortality < 25%; 3- 25% ≤ tree mortality < 45%; 4- tree mortality ≥ 45%. 
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Fig. S6. Aboveground biomass (AGB) gain along different diameter at breast height (DBH) classes (cm) along a 

forest chronosequence including blowdowns at different successional stages (4-27 yrs after disturbance) and an 

old-growth forest in Central Amazon, Brazil. Disturbance categories: 1- tree mortality < 5%; 2- 5% ≤ tree 

mortality < 25%; 3- 25% ≤ tree mortality < 45%; 4- tree mortality ≥ 45%. 

 

 
Fig. S7. Partitioning of the aboveground biomass (AGB) gain and loss mechanisms along a forest 

chronosequence including blowdowns at different successional stage (4-27 yrs after disturbance) and an old-

growth forest in Central Amazon, Brazil. Disturbance categories: 1- tree mortality < 5%; 2- 5% ≤ tree mortality 

< 25%; 3- 25% ≤ tree mortality < 45%; 4- tree mortality ≥ 45%. Mechanisms: Gr recr- growth from recruits; 

Growth- growth from non-damaged trees recorded in the first survey; Mort- mortality; Mort resp- mortality of 

resprouting trees; Recr- recruitment; Resp- resprouting. 
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Fig. S8. Relative aboveground biomass (AGB) gain (mean ± 95% confidence interval) for the top-20 genera 

(and other genera pooled together), and AGB gain partition among mechanisms within a 3yr-interval. Data is 

from a mixed tree community sampled from a forest chronosequence including blowdowns at different 

successional stage (4-27 yrs after disturbance) in Central Amazon, Brazil. Tree mortality intensity (0-70%) was 

estimated at plot-level from satellite imagery. Mechanisms: Gr recr- growth from recruits; Growth- growth from 

non-damaged trees recorded in the first survey; Recr- recruitment; Resp- resprouting. Disturbance categories: 1- 

196



 
 
 
Figures 

	

tree mortality < 5%; 2- 5% ≤ tree mortality < 25%; 3- 25% ≤ tree mortality < 45%; 4- tree mortality ≥ 45%. For 

this analysis we only consider the mechanisms for which we had five or more observations per genus. 
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4. GENERAL DISCUSSION 

This dissertation addresses whether large-scale natural disturbances contribute to patterns of 

different forest attributes in the Amazon. Specifically, I assessed the effects of windthrows on 

the interaction between tree species composition, forest dynamics and important components 

of the carbon balance in Central Amazon forests. The four papers presented here provide new 

evidence indicating that the wide disturbance gradient, uniquely associated with windthrows, 

affects important forest attributes for decades. This was supported by observed variations in 

forest structure, species composition and diversity, all controlled by blowdown tree-mortality 

(Marra et al. 2014a; Magnabosco Marra et al. 2016b). In disturbed areas, tree-mortality 

intensity and clay content had positive and independent effects on soil carbon stocks and soil 

organic carbon, indicating that disturbance-driven vegetation dynamics can influence soil 

attributes (Santos et al. 2016), at least in the decade following disturbance. In the study on 

tree allometry, I was able to show that variations in floristic composition and tree size-

distribution, typical of these wind disturbed forests, can lead to significant landscape 

differences in tree architecture and consequently in allometry, compromising reliable biomass 

estimates (Magnabosco Marra et al. 2016a). The unique forest chronosequence of sites 

recovering from single blowdown events allowed me to reveal unknown landscape-

interactions between disturbance intensity, biomass dynamics and partitioning among 

species, genera and functional groups (Magnabosco Marra et al. 2016b). Although these 

forests seem to be resilient and are able to recover biomass in ca. 30 yrs, shifts in species and 

functional composition persist much longer. I showed that biomass resilience to windthrows 

is a process supported by a high number of species, each performing the task of restoring 

biomass in different niches by different biomass gain mechanisms along the disturbance 

intensity gradient. This is in contrast to the widely held view that a limited number of pioneer 

species generally dominates early successional biomass dynamics. These results have 

important implications for different aspects and processes regulating the functioning of 

Central Amazon forests and other tropical forests affected by large-scale natural disturbances. 

Here, I discuss the major implications with high relevance for future research on tropical 

forestry and ecology. Study-specific aspects are discussed in the respective papers. 
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4.1. Variation of windthrow tree-mortality across the landscape 

The results that I found regarding tree damage and mortality patterns associated with 

windthrows add new knowledge to previous studies developed in the same region (Chambers 

et al. 2009b; Negrón-Juárez et al. 2010b; Negrón-Juárez et al. 2011). In the Central Amazon 

forests I studied, blowdowns caused higher tree mortality (up to 70% in a given area) (Marra 

et al. 2014a; Magnabosco Marra et al. 2016b) than that reported for forests known to be more 

frequently damaged by hurricanes (Zimmerman et al. 1994; Bellingham et al. 1995; 

Vandermeer et al. 1995; Scatena et al. 1996). Recent studies have also shown that blowdowns 

are a major disturbance regime in Western Amazon forests, causing similar (up to 80% in 

given area) tree mortality intensities (Negrón-Juárez et al. 2016; Rifai et al. 2016). As 

discussed in the next subsections, the magnitude and intensity of damage and tree mortality 

associated with blowdowns can ‘reset’ these forests by opening space and changing biotic 

and abiotic conditions. 

I detected a significant effect of topography on blowdown tree-mortality intensity 

only in one of my study sites (Bd1), in which higher tree mortality rates were observed in 

areas at high elevation (i.e. plateaus and top of slopes). This same pattern has been reported 

for other wind-damaged tropical and subtropical forests (Brokaw and Grear 1991; Walker 

1991; Boose et al. 2004; Negrón-Juárez et al. 2014), and for Western Amazon forests also 

affected by blowdowns (Rifai et al. 2016). By contrast, I did not observe such pattern in two 

other study sites (Bd2 and Bd3), in which valley areas also experienced high blowdown tree-

mortality values. While at the landscape-scale plateaus may account for a larger affected area 

due to their larger proportional area in relation to slopes and valleys (Radam 1978; Rizzini 

1997), I would not expect the relatively lower elevation range typical of Central Amazon 

forests (from 45 to 121 m a.s.l.) (Magnabosco Marra et al. 2016b) to strongly influence 

landscape patterns of tree mortality due to windthrows. Supporting this idea, we recently 

revealed that tree mechanical resistance to failure (i.e. snapping or uprooting) is similar in 

plateaus and valleys of a Central Amazon terra firme forest (Ribeiro et al. 2016), which are 

known to have strong differences in clay and sand content (Ranzani 1980; Telles et al. 2003). 

Although susceptibility to damage and mortality was not directly addressed here, 

these contrasting results suggest that apart from elevation (i.e. as a proxy for wind exposure) 

and topographic aspects, other abiotic and biotic aspects may be relevant for defining tree 
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mortality patterns. The importance of different factors is also likely to change between 

sites/regions and to be event specific, inducing a high degree of idiosyncrasy. As shown by 

Ribeiro et al. (2016), biotic aspects defining tree resistance to failure/mortality are tree size, 

shape (i.e. slenderness) and wood density. Possible important variables that remain to be 

investigated are crown architecture and mechanical stability, wood anatomy, root 

morphology, liana abundance and diversity - the last three relating to anchoring capacity. 

Wind characteristics such as speed, duration, dissipation area and canopy-wind interactions 

are relevant abiotic aspects (Fujita 1990; Garstang et al. 1998) also poorly studied in Amazon 

forests. 

The complex environmental gradient to which tropical forests are exposed poses extra 

challenges for understanding processes and mechanisms defining patterns of vegetation 

structure, species composition, diversity and biomass/carbon dynamics. As supported by the 

studies comprising this dissertation (Marra et al. 2014a; Santos et al. 2016; Magnabosco 

Marra et al. 2016b), remote sensing allows us to investigate complex environmental gradients 

and vegetation responses otherwise unavailable to researchers. This in turn, can help to 

generate new perspectives on relevant processes such as vulnerability and resilience of forests 

to disturbances (Adams and Gillespie 2006; Chambers et al. 2007; Chambers et al. 2013; 

Asner 2013; Clark et al. 2015; Negrón-Juárez et al. 2016). Without remote sensing data, 

identifying and dating blowdown sites would not have been possible. More importantly, the 

measures of tree mortality intensity applied here (∆NPV) were also based on remote sensing 

data. 

The vegetation patterns that I observed, and their relationship with measures of tree 

mortality intensity, confirm the appropriateness of research methodologies proposed in 

previous studies developed by our research team (Chambers et al. 2009b; Negrón-Juárez et 

al. 2010b; Negrón-Juárez et al. 2011). In vast and heterogeneous tropical forests such as the 

Amazon, the combination of remote sensing and detailed forest inventories can improve the 

knowledge acquired in small permanent plots. As we showed in a recent study, small plots 

allocated randomly can fail to capture important processes and mechanisms defining forest 

attributes and functioning such as tree mortality associated with large-scale disturbances 

(Chambers et al. 2013). Thus, reliable landscape-level assessments of forest dynamics require 

multidisciplinary approaches such as the one employed in this dissertation. 
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4.2. Interactions between windthrows, species composition and diversity 

Evaluating floristic composition and forest dynamics following natural disturbances is 

per se a complex task. Doing so in diverse tropical forests such as the Amazon is even more 

challenging. Critical aspects include the need for species identification at a high taxonomical 

level (i.e. time-consuming activity), logistic limitations, technical restrictions and even 

impossibility of naively/unrestrictedly using a generic pantropical allometric model for 

estimating biomass and studying recovery dynamics (see more details in paper 3) 

(Magnabosco Marra et al. 2016a). Consequently, large-scale natural disturbances are 

underrepresented in tropical forestry and ecology research. This aspect is likely to have 

largely contributed to the diffusion of the ‘paradigm’ that canopy disturbance has only a 

minor role defining forest attributes. 

I showed that blowdowns produce a wide and complex disturbance gradient ranging 

from single treefall gaps to heavily damaged areas extending over hundreds of hectares 

(Marra et al. 2014a; Magnabosco Marra et al. 2016b). Hence, blowdowns decrease the 

fraction of old-growth forest and thereby increase the landscape heterogeneity of Amazon 

forests, which is not promoted by treefall gaps associated with background tree mortality 

‘typical’ of old-growth forests (Hubbell et al. 1999; Baker et al. 2015). In wind-disturbed 

areas, survivors and new trees coexist along a wide environment gradient, markedly different 

from that encountered under old-growth/single tree gap conditions (Magnabosco Marra et al. 

2016b). These findings have different and important implications for the understanding of 

processes and mechanisms regulating species composition and forest dynamics in Central 

Amazon forests. 

More heterogeneous forests are likely to enable different species to coexist 

(Vandermeer et al. 2000; Molino and Sabatier 2001; Wright 2002). I observed this pattern in   

Bd1 (4 yrs after disturbance), where mid-disturbed areas had a higher number of rare species 

(i.e. mixture of survivors and new recruits) than areas at the extremes of the tree mortality 

gradient (Marra et al. 2014a). My analyses of this early-successional stage also indicated a 

short-term negative effect of disturbance intensity on both species richness and Shannon 

diversity (Marra et al. 2014a). As I argued in paper 1, in early stages, a decrease in species 

richness and diversity in heavily damaged areas was caused by strong reductions in tree 

density due to initial blowdown tree-mortality. Further investigation including the entire 
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forest chronosequence of wind-disturbed forests indicated that these observed shifts in 

species and functional composition persist in the longer-term succession and result in strong 

changes in forest dynamics (Magnabosco Marra et al. 2016b). Together with the related 

changes in soil carbon stocks due to the large deposition of organic matter from dead trees 

(see next subsection) (Santos et al. 2016), these findings support the idea that blowdowns 

have a unique trajectory of recovery. As previously noted, these results show that high 

mortality rates (i.e. above 25%) due to windthrows can ‘reset’ tree communities towards 

early-successional stages and promote ‘secondary’ succession. 

Conflicting hypotheses (e.g. niche and neutral) have been tested to describe patterns 

of species composition, diversity and coexistence in tropical forests (Grubb 1977; Denslow 

1980a; Hubbell et al. 1999; Brokaw and Busing 2000). While the niche hypothesis predicts 

that species establishment and distribution are mainly driven by plant-environmental/habitat 

interactions (i.e. species having specific requirements) (Vandermeer 1972; Grubb 1977), the 

neutral hypothesis predicts that stochastic events (e.g. seed dispersion and arrival) drive 

patterns of species turnover (Hubbell 2005). In gaps associated with background tree 

mortality, species richness can be more strongly influenced by stochastic events (Hubbell et 

al. 1999; Baker et al. 2015). This pattern can weaken the competitive strength (i.e. chance 

survival) of trees adapted to higher light levels (Brokaw and Busing 2000), which can 

minimize or constrain shifts in species composition and diversity during small gap-phase 

recovery (i.e. neutral based processes) (Hubbell et al. 1999; Baker et al. 2015). By contrast, 

species composition and diversity in the forest chronosequence that I studied were strongly 

affected by the disturbance gradient produced by windthrows (Marra et al. 2014a; 

Magnabosco Marra et al. 2016b). This result supports the importance of niche-based 

processes defining composition and diversity of Central Amazon tree communities. 

Although stochastic processes such as competition and soil nutrients may have 

influenced Amazon tree species diversification and evolutionary adaptations, the idea of old-

growth communities at equilibrium (i.e. low effects of niche-based processes driven by 

disturbance) does not fully explain the great diversity of these forests (Wright 2002; Gravel et 

al. 2006). In addition to being tremendously numerous (Zappi et al. 2015), Amazon tree 

species also have a great diversity of architectures, morphologies, anatomies, dispersal 

syndromes, establishment and growth strategies (Hallé et al. 1978; Braga 1979; Ribeiro et al. 
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1999; Camargo et al. 2008). Such diversity is likely to require periodic large-scale 

disturbances (Longman and Jeník 1974; Everham and Brokaw 1996; Foster et al. 1998; Cole 

et al. 2014) creating wide environmental gradients to be ‘expressed’ and maintained for 

generations. As I have observed, blowdowns can ‘reset’ these forests by opening space and 

changing resources. More than creating new space for natural regeneration, blowdowns allow 

connectivity between disturbed and undisturbed patches. This gives a chance to those species 

usually suppressed under old-growth conditions to disperse, establish and gain importance 

(e.g. increase in abundance and biomass). The extant gradient of disturbance associated with 

blowdowns, and the observed diverse cohort of species during recovery, highlight the 

importance of windthrows in Amazon forests. In this region, periodic forest blowdowns are 

likely to be one important disturbance regime allowing the full expression of tropical tree 

species’ architecture (i.e. the ‘Sylvigenesis’ concept) (Hallé et al. 1978). 

I believe that blowdowns provide a unique scenario for assessing relevant and still 

unknown aspects of tropical tree communities such as species’ responses to different 

disturbance intensities or their ecological role with respect to different functional groups. 

Note that even species with contrasting functional characteristics (e.g. pioneers and late-

successional) appeared to be adapted to a wider gradient of environmental conditions. This 

was indicated by the many species that successfully colonized areas that experienced mid-

level disturbance intensities (Marra et al. 2014a; Magnabosco Marra et al. 2016b). However, 

it is important to note the differences between mid-disturbance specialists and mid-

successional species. While the first is probably related to plant-features conveying ‘niche-

adaptability’, the later is probably more related to random-based processes influencing 

species substitution along time (i.e. forest succession) (Denslow 1980a; Shugart and West 

1980; Swaine and Whitmore 1988). Overall, this pattern suggests that Amazon tree species 

can have a wider plasticity and adaptability than previously assumed. 

4.3. Functional diversity and biomass dynamics following windthrows 

Different studies have found that shade-tolerant and long-living (i.e. late-successional) 

species are dominant (i.e. higher biomass stocks and accumulation rates) in old-growth 

forests subjected to background tree mortality (Vieira et al. 2004; Fauset et al. 2015; 

Rozendaal and Chazdon 2015). Low disturbance conditions encountered in old-growth 
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forests reduce biomass stocks and accumulation due to mid-successional and pioneer species, 

which was also clear from my results (Magnabosco Marra et al. 2016b).  

I revealed a large and differential effect of tree mortality intensity (i.e. gap size 

fraction) on floristic composition and structure of Central Amazon forests. I found that 

blowdowns can change recruitment and consequently species demography and biomass 

dynamics (Marra et al. 2014a; Magnabosco Marra et al. 2016b). This finding contradicts 

previous studies that focused on small canopy-gaps and reported only a minor or no effects of 

disturbances on tree community dynamics (Uhl et al. 1988; Hubbell et al. 1999; Baker et al. 

2015). As previously noted (Sousa 1984; Denslow et al. 1998), the effects of canopy 

disturbance on tree communities is clearly related to the size of the gap (i.e. tree-mortality 

intensity) (Marra et al. 2014b; Magnabosco Marra et al. 2016b). Interestingly, I showed that 

biomass recovery following large-scale wind disturbance involves many species and 

functional types rather than typical pioneer or classical gap-specialists that follow human 

disturbances (Mesquita et al. 2001; Chazdon et al. 2007). 

Biomass dynamics in the wind-disturbed sites that I studied were dominated not only 

by species from classical pioneer genera (e.g. Cecropia, Pourouma and Vismia) but many 

species and genera with different requirements and that usually do not reach this same 

importance both following treefall (i.e. old-growth conditions) and human disturbances 

involving stand-removing. These include: Guatteria olivacea R.E. Fr., Inga pezizifera Benth., 

I. paraensis Ducke, Miconia manauara R. Goldenb., Caddah & Michelang., Ocotea 

guianensis Aubl. and Tapirira guianensis Aubl. (see ‘Supplement information’ in paper 4) 

(Magnabosco Marra et al. 2016b). Simultaneously, not only light- and ‘disturbance-

demanding’ species increased biomass stocks and accumulation following blowdowns. Some 

late-successional species (mostly survivors), which also have high abundance and biomass 

stocks in old-growth Amazon forests (ter Steege et al. 2013; Fauset et al. 2015) such as 

Eschweilera coriacea (DC.) S.A. Mori, Protium hebetatum Daly and Licania oblongifolia 

Standl, were also important in the blowdown sites that I studied (Magnabosco Marra et al. 

2016b). 

The greater biomass in light-demanding and short-lived species that I found up to 27 

yrs after disturbance, provides evidence that periodic blowdowns have a significant effect on 

important landscape processes and mechanisms regulating biomass partitioning and 
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distribution between species (Magnabosco Marra et al. 2016b). If these forests evolved under 

the current or even higher frequency and intensity of blowdowns, it is likely that their 

occurrence within old-growth forest matrices is a major mechanism allowing high species 

diversity levels and promoting the functionality of light-demanding species (Salo et al. 1986; 

Everham and Brokaw 1996; Vandermeer et al. 2000).  

It is worth mentioning, that at least 15 of the 100 most important tree genera in old-

growth Amazon forests have species with pioneer or mid-successional syndromes (e.g. 

Cecropia, Inga and Pourouma) (ter Steege et al. 2013), as defined in the papers 1 and 2 

(Marra et al. 2014a; Magnabosco Marra et al. 2016b). In addition, the cohort of species 

colonizing the blowdowns that I studied contains many more species than just typical 

pioneers. Obviously, the wide light gradient typical of blowdowns supports a large number of 

species exploiting particular light conditions. The great importance of species with some 

level of light requirement and associated recruitment strategies also corroborates the 

importance of large-scale disturbance dynamics in Amazon forests. In large and contiguous 

old-growth forests, blowdowns can work as ‘refuge’ or ‘islands’ for a wide range of species 

requiring different levels of light conditions above the range realized in the old-growth matrix 

for establishment, growth and reproduction. 

4.4. Windthrows and soil carbon stocks 

Together with colleagues, I revealed an interesting interaction between tree biomass 

dynamics and soil carbon stocks (Santos et al. 2016). I showed that not only tree community 

attributes (such as structure and dynamics) are influenced by soils in these forests (Castilho et 

al. 2006; Toledo et al. 2011; Quesada et al. 2012), but that tree community dynamics (i.e. tree 

mortality) can also affect soil attributes such as soil carbon stocks and soil organic carbon. 

The incorporation of a considerable fraction of the organic matter released from dead 

trees, with consequent increase of soil carbon stocks, suggests a lower potential carbon 

emission following blowdowns. Although our data supports the hypothesis that clay-rich soils 

incorporate greater amounts of carbon, clay-poor soils also showed significant increases in 

carbon stocks. This result indicates that despite typical soil texture differences between 

plateau and valley forests from this region (Ranzani 1980; Telles et al. 2003) and even a 

possible lower frequency of damaging winds in valley forests, a possible increase in tree 
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mortality due to a higher frequency of blowdowns will produce shifts in soil carbon stocks 

independently of topography (i.e. at the landscape level).  

Interestingly, we do not know how much of the incorporated carbon is actually from 

the above or the belowground plant material. While tree uprooting may allow the 

incorporation of organic matter into lower soil horizons, this mode of tree death is also 

related to the exposure of mineral soil from deeper horizons to the surface (Putz 1983; 

Ribeiro et al. 2014; Marra et al. 2014a), which could decrease topsoil carbon stocks. I argued 

that a considerable amount of the incorporated soil carbon in disturbed areas is potentially 

from belowground plant material (i.e. roots), which is already incorporated into the soil. An 

interesting question to be addressed in future research is how much of the incorporated soil 

carbon following wind disturbance it actually stabilized or again released in the mid-term. 

More precise estimates of soil carbon stocks and balance in Central and Western Amazon 

forests typically disturbed by blowdowns need to account for landscape variations in tree 

mortality (Santos et al. 2016). 

Great losses of carbon and nutrients due to less frequent natural disturbances can be 

gradually recovered before the next disturbance event (Bellingham et al. 1996; Everham and 

Brokaw 1996; Cole et al. 2014). As I have seen, blowdowns can increase soil carbon stocks 

in Central Amazon forests to similar values as those reported for other forest types developed 

in different soils and climate (Santos et al. 2016). This result suggests that macro and 

micronutrients released during plant decomposition can also be incorporated into the soil and 

re-used by the natural regeneration. In contrast, frequently disturbed forests may not regain 

any nutrients (e.g. defoliation, leaching and combustion), which can lead to decrease in tree 

growth and forest resilience (Lin et al. 2003).  

In this context, a future climate scenario leading to more intense and frequent storms, 

is also likely to promote shifts in Central Amazon forests via feedbacks on the 

carbon/nutrient cycling between vegetation and soil. Moreover, decomposition in these 

forests is partially controlled by the size and density of the woody material (i.e. trees) 

(Chambers et al. 2000; Hérault et al. 2010). Interestingly, although heavily damaged areas 

had higher increases in soil carbon stocks, partially attributable to the higher amount of dead 

plant material (Santos et al. 2016), they were also colonized by species that have smaller 

sizes (i.e. mean DBH) and lower wood density (Magnabosco Marra et al. 2016b). Under 
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increased frequency of blowdowns, these forests may not reach old-growth stage before the 

next disturbance event. Consequently, tree communities may be dominated by pioneer and/or 

mid-successional species (Magnabosco Marra et al. 2016b), which can directly affect tree 

mortality rates, wood decomposition, nutrient leaching and emission rates. In the long-term, 

such changes may also contribute to an increase in vulnerability and a decrease in forest 

resilience to windthrows. 

4.5. Monitoring biomass and carbon in Amazon forests 

I showed that blowdowns shift important determinants of forest biomass, such as size 

distribution of trees, wood density and tree architecture (Magnabosco Marra et al. 2016a). 

More importantly, I showed that estimating biomass of forests subjected to strong variations 

in floristic composition and size of trees requires allometric models parameterized with local 

data and including predictors that capture the intrinsic variations in tree architecture 

(Magnabosco Marra et al. 2016a). When these precautions are not met, landscape biomass 

estimates can have large associated biases. This is critical when (1) using biomass estimation 

models in a different forest/successional stage than that where the model was parameterized 

or (2) when floristic composition and size distribution of trees from the target forests is 

different from that in the forest where the model was parameterized.  

Research on biomass/carbon stocks and dynamics in tropical forests still relies on 

pantropical or global biomass estimation models (Brown et al. 1989; Chave et al. 2005; 

Chave et al. 2014). A common assumption is that these models capture site and landscape 

differences in important aspects defining stand biomass, such as size distribution and 

architecture of trees (Magnabosco Marra et al. 2016a). Nonetheless, I showed that an 

available pantropical model (Chave et al. 2014) systematically overestimated stand biomass 

of Central Amazon forests varying in structure and species composition (Magnabosco Marra 

et al. 2016a). In addition, I confirmed that old-growth forests in Central Amazon are a mosaic 

of successional stages recovering from past disturbance (Chambers et al. 2013; Cole et al. 

2014; Magnabosco Marra et al. 2016b). 

Future research on biomass and carbon dynamics in the Amazon, including 

integration of field data on remote-sensing-based models for biomass estimation, needs to 

address the revealed landscape variation in structure and floristic composition typical of 

wind-disturbed forests (Magnabosco Marra et al. 2016b). Since these forests comprise of a 
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mosaic of different successional stages, with trees of various architectures sorted into 

different forest layers, site-specific models are needed for reliable stand biomass predictions. 

Alternatively, existing biomass estimation models can be ‘re-adjusted’. For instance, by using 

measures of tree dominant height (Lima 2010; Lima et al. 2012; Higuchi 2015). The 

parameterization approach that I used in the paper 3 was adequate to treat the typical 

heteroscedascity of allometric data sets, which is often neglected (Sileshi 2014), and can be 

reapplied in future studies dealing with other data sets (Magnabosco Marra et al. 2016a). A 

similar approach has been previous suggested and also yielded better model fits (Mascaro et 

al. 2011).  

Apart from employing an adequate modeling approach, the availability of a large 

allometric data set (i.e. 727 trees from 135 species) allowed me to use a ‘virtual forest’ 

approach to test the yielded models against forest scenarios (see ‘Material and methods’ of 

paper 3) (Magnabosco Marra et al. 2016a). This was extremely helpful when selecting the 

most parsimonious biomass estimation model. I could also have used one half of the data set 

for the model parameterization and tested the yielded models with the second half for which I 

had the observed weight. Instead of the model ‘evaluation’ procedure that I developed in 

paper 3 (Magnabosco Marra et al. 2016a), this approach would have allowed for a model 

‘validation’ (i.e. testing the model with an ‘independent’ data set). 

The wide disturbance gradient promoted by Amazon blowdowns seems to be 

underrepresented in available permanent plots (Negrón-Juárez et al. 2011; Magnabosco 

Marra et al. 2016a). Moreover, available allometric data on trees may not represent the entire 

gradient of disturbance available in tropical forests, e.g. variations in size distribution and 

species composition following disturbance. The extant gradient could be accounted for by 

deliberately sampling trees on naturally and human disturbed areas (Nelson et al. 1999; Silva 

2007; Ribeiro et al. 2014). As also discussed in the paper 3 (Magnabosco Marra et al. 2016a), 

our model’s suitability could be improved by the inclusion of useful parameters such as tree 

height or by employing local measures of wood density. However, using predicted height 

measures or compiled wood density values is likely to produce uncertainties of unknown 

magnitude. Promising technologies such as Lidar and multispectral sensors are progressively 

increasing our capacity of monitoring forest structure and dynamics. These allow the 

acquisition of important variables such as tree height, canopy density, chemistry composition, 
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phenology and species composition (Kellner and Asner 2009; Levick et al. 2012; Goodman et 

al. 2014; Sawada et al. 2015). 

4.6. Amazon forest resilience to different disturbances 

To contextualize my results and better understand how variations in disturbance 

intensity affect aboveground biomass/carbon dynamics during recovery, I compiled data on 

forest structure and biomass/carbon dynamics from 22 studies conducted in Amazon forests 

(Table 1). I focused on similar forest types (mainly terra firme forests), with relatively similar 

soil types but varying in land use. Thus, each site included in this analysis is related to a 

different type and intensity of disturbance and recovery time (i.e. time after disturbance). 

Further, I compared these data with those from the paper 4 (Magnabosco Marra et al. 2016b) 

to assess how biomass/carbon dynamics following windthrows differs from that in old-

growth and disturbed forests. For all the forest sites, I calculated the relative biomass 

accumulation (AGBAcc) as following:  

AGBAcc = ((!"#$%&'(!! − !"#$%&'(!)  ÷ !"#$%&'(!) × 100 [2], 

where AGB is aboveground biomass (modified from Magnabosco Marra et al. 2016b). 

On average, old-growth forests store more biomass (301.7 Mg ha-1, ranging from 221 

Mg ha-1 to 399.7 Mg ha-1) than forests recovering from different types of disturbance (157.4 

Mg ha-1, ranging from 49 Mg ha-1 to 365.8 Mg ha-1). However, old-growth forests have lower 

AGBAcc (0.8%, ranging from 0.3% to 1.7%) than that of wind-disturbed and secondary 

forests recovering from different types or intensities of human disturbances (2.9%, ranging 

from -9.9% to 14.3%). In comparison with secondary forests, wind-disturbed forests have 

lower mean values of biomass stocks (123.1 Mg ha-1 and 168.6 Mg ha-1, respectively). 

Nonetheless, AGBAcc in wind-disturbed forests was higher than that in secondary forests 

(3.6% and 2.5%, respectively). Again, it is important to note that the oldest wind-disturbed 

forest included in this analysis only has a 27yr-recovery period (Magnabosco Marra et al. 

2016b), whereas recovery periods for forests subjected to other types of disturbance have 

longer recovery periods (see references in Table 1). 
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When compared with sites subjected to selective logging, which had a mean AGBAcc 

of -0.2% (ranging between -9.9% and 2.0%) and can be viewed as having an intermediate 

level of disturbance (i.e. between clear-cut and natural background tree mortality), our 

blowdown sites had higher AGBAcc (mean of 3.6%, ranging between 1.5% and 4.9) (Table 

1). Interestingly, while logging intensity appears to be negatively related with biomass 

recovery (Rutishauser et al. 2015; Vidal et al. 2016), tree mortality intensity from wind seems 

to positively affect AGBAcc (Magnabosco Marra et al. 2016b). This apparently higher 

resilience to wind damage may be related to the lower impacts caused by winds in 

comparison to logging. It is also important to note that logging has biomass/carbon recovery 

dynamics more similar to windthrow than with other human disturbances. This result 

confirms that from the biomass/carbon recovery perspective, logging produces less impact on 

these forests than other conventional land-uses (Higuchi et al. 1997; Teixeira et al. 2007; 

Rutishauser et al. 2015; Vidal et al. 2016). Also similar to windthrow disturbance, logging 

produces a ‘delayed’ mortality effect, which accounts for important losses of biomass/carbon 

following logging operations (Rutishauser et al. 2015). This highlights the importance of 

employing reduced-impact logging techniques (Figueiredo et al. 2007). 

As discussed in the different papers comprising this dissertation (Marra et al. 2014a; 

Magnabosco Marra et al. 2016a; Santos et al. 2016; Magnabosco Marra et al. 2016b), 

blowdowns produce low soil impacts (e.g. compaction), release large amounts of organic 

matter and probably nutrients via decomposition of dead plant-material, and allow mid- and 

late-successional species (survivors) to participate in the initial successional cohort. 

Interestingly, AGBAcc in a secondary forest recovering from clear cutting was more than 

twice as high (between 10% and 14.3%) as the maximum AGBAcc observed in wind-

disturbed forests (4.9%) (Table 1). The typical low growth rates of late-successional trees 

potentially surviving wind-disturbance (e.g. growth rates ranging from -0.48 to 11.41 mm yr-1 

in an old growth forest) (Silva et al. 2002) and the initial high stem density in forests 

recovering from wind-disturbance (from 380 to 1550 trees ha-1) may partially explain the 

higher biomass accumulation following clear cutting. In the last, pioneers with low wood 

density and high growth rates are likely to dominate early succession (Finegan 1996; 

Mesquita et al. 2001; Chazdon 2003). 

217



 
 
4. GENERAL DISCUSSION 
 

 219 

Observed differences in biomass accumulation, and thus in AGBAcc between 

different old-growth forests (Table 1), are likely to be caused by site-specific characteristics 

such as forest structure and species composition, soil and precipitation (Vieira et al. 2004; 

Saatchi et al. 2007; Quesada et al. 2012). However, biomass/carbon differences between sites 

with similar forest structure, soils and precipitation are probably related to the use of different 

biomass estimation models, which can yield different results (Clark and Kellner 2012; Sileshi 

2014). While some studies relied on site-specific models, others relied on generic global or 

pantropical models. As I have shown in paper 3 (Magnabosco Marra et al. 2016a), these 

models can produce estimates with large associated uncertainties, especially when employed 

to estimate biomass of tropical forests under specific disturbance regimes or successional 

stages. 

The three studies in which mechanisms of biomass/carbon resilience were reported 

(Table 1), corroborate some of my results from paper 4 (Magnabosco Marra et al. 2016b). 

Apart from storing higher biomass/carbon stocks, old-growth forest dynamics is mainly 

dominated by biomass gain and loss from established trees, with a lesser contribution from 

recruitment. In old-growth forests, biomass losses via tree mortality are compensated for by 

higher gains from the growth of surviving trees, which often results in positive biomass 

accumulation. Apart from drastically changing biomass/carbon stocks, disturbances promote 

strong shifts in mechanisms of biomass gain and loss. Overall, the greater AGBAcc observed 

in wind- and human-disturbed forests is due to strong changes in biomass gain and loss 

mechanisms. Although wind and logging promote ‘delayed’ mortality with important 

biomass losses, recruitment during early-succession is fast and consist of an efficient 

mechanism of biomass recovery. As time proceeds, growth of pioneer and mid-successional 

trees recruited after disturbance dominates biomass gain. At late-succession, recruitment 

becomes less important and dominated by shade-tolerant species, such as in old-growth 

forests (Finegan 1996; Chazdon et al. 2007; Magnabosco Marra et al. 2016b). 

Accumulation of biomass in old-growth forests over the last decades has been 

observed in different regions in the Amazon (Lewis et al. 2004; Phillips et al. 2004; Pan et al. 

2011). In contrast, more recent studies reported that although these forests may have worked 

as a carbon sink over the last decades, they actually show a long-term decreasing trend of 

biomass/carbon accumulation (Brienen et al. 2015) and shifts in species and trait composition 
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(van der Sande et al. 2016). In Amazon forests, reductions in biomass/carbon accumulation 

were related to an increase in mortality associated with recent greater climate variability and 

reductions in the residence time of the biomass/carbon due to short tree longevity (Brienen et 

al. 2015).  

Although for this vast and complex region drought has been assigned as one of the 

main causes of the observed increase in mortality rates (Phillips et al. 2009; Lewis et al. 

2011), there is no empirical study that shows a direct causal relationship between specific 

drought events associated with decadally varying climate phenomena (e.g. ENSO) and tree 

mortality captured in plot-based studies. By contrast, biomass fluctuations in the forest 

chronosequence that I studied were significantly influenced by disturbance-related tree 

mortality intensity (Magnabosco Marra et al. 2016b). These findings agree with previous 

studies, which showed that heavy rainfall and large-scale wind disturbances have also 

contributed to observed increase in tree mortality in Central Amazon forests (Negrón-Juárez 

et al. 2010b; Higuchi et al. 2011; Chambers et al. 2013). In addition, my findings suggest that 

blowdowns have a potentially significant influence on regional gradients and temporal 

fluctuations of biomass dynamics typically reported for the Amazon basin (Baker et al. 

2004b; Lewis et al. 2004; Phillips et al. 2004). 

In the Amazon forest, which has previously been assumed to be at equilibrium and 

dominated by small-scale disturbance dynamics, a current issue is the degree to which the 

fraction of tree mortality associated with blowdowns is captured by small-scale permanent 

plots used for inferring long-term changes in biomass/carbon dynamics (Fisher et al. 2008; 

Lloyd et al. 2009; Chambers et al. 2009a; Chambers et al. 2013). As already noted, tree 

mortality can influence forest structure (i.e. size distribution of trees, tree density, basal area 

and biomass) from local- to basin-wide scales (Toledo et al. 2013; Johnson et al. 2016; 

Schietti et al. 2016). As with historical and recent human disturbance (Prance 1972; FAO 

2012; IPCC 2014; Clement et al. 2015), gradual climate change has been associated with 

patterns of tree species composition and diversity (Wright 2005; Bonan 2008; Nepstad et al. 

2008). Although I did not assess the frequency and spatial distribution of blowdowns across 

regions and whether vegetation responses are captured in available permanent plots, the 

results from my various studies confirm that large-scale wind disturbances are likely to exert 

a strong influence on these observed patterns. Indeed, Central Amazon forests are likely to be 
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in a continuous recovery process from different types and levels of disturbance and may carry 

the legacy of past disturbances for a long time (Chambers et al. 2013; Cole et al. 2014; 

Clement et al. 2015). 

The changes in different forest attributes that I observed following windthrows partly 

corroborate the results from modeling studies that have suggested significant changes in 

species composition and biomass stocks once these forests are subjected to higher disturbance 

regimes (Holm et al. 2014; Negrón-Juárez et al. 2016). As supported by the chronosequence 

of blowdown sites (4-27 yrs after disturbance) that I studied, windthrows can be expected to 

initially reduce tree density and biomass stocks due to the high immediate tree mortality. In 

the subsequent years, recruitment of pioneer and mid-successional species adapted to ‘larger’ 

gap conditions will produce important effects in the regenerating forests. These may include 

reduction in the size of trees, shifts in the DBH-height relationship, reduction in community 

mean wood density, biomass stocks and biomass/carbon resilience due to the overall shorter 

life span of pioneer and/or mid-successional species (Ribeiro et al. 2014; Marra et al. 2014a; 

Magnabosco Marra et al. 2016b). 

In case climate change and predicted oscillations in the current precipitation regime 

result in an augmentation of the frequency and intensity of windthrows in the Amazon region 

(Allan et al. 2010; Min et al. 2011; Davidson et al. 2012; IPCC 2014), significant and long-

lasting changes in different forest attributes can be expected. Forests that already experience 

higher background tree mortality rates are likely to be more adapted to novel disturbance 

regimes and will probably suffer less severe changes in e.g. floristic composition (Holm et al. 

2014; Negrón-Juárez et al. 2016). The results from paper 4 included in this dissertation 

(Magnabosco Marra et al. 2016b) suggest that more frequent blowdowns can be expected to 

produce severe changes in floristic composition and biomass dynamics. A shorter interval 

between windthrows may prevent these forests to return to old-growth stages. As observed in 

similar forests subjected to intense land use, consecutive disturbances in a shorter time 

interval are likely to reduce vegetation resilience and carbon storage capacity (Jakovac et al. 

2015; Rutishauser et al. 2015; Chazdon et al. 2016). Although there is no study on Amazon 

secondary-forest responses to windthrows, the results from this dissertation and previous 

studies conducted in other tropical forests suggest that these forests may be more vulnerable 

due to their possible lower resistance (i.e. smaller trees with lower wood density) 
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(Zimmerman et al. 1995; Canham et al. 2010; Ribeiro et al. 2016; Rifai et al. 2016) and 

resilience (Everham and Brokaw 1996; Norden et al. 2009; Cole et al. 2014). 

Although our knowledge regarding the longer-term legacy of blowdowns in these 

forests is still limited by the availability of satellite imagery and forest monitoring data, I 

have shown that forests respond rapidly in the first decades following disturbance in terms of 

tree growth and biomass recovery. Biomass recovery is mediated by a partitioning of the 

environment by species from different functional groups. Some of the shifts that I found in 

mechanisms of biomass resilience following blowdowns were also reported for less severe 

human disturbances, including logging. By contrast, remaining trees in logged forests can 

show no growth (i.e. increase in DBH) during the first years following logging operations 

(Chambers et al. 2001). Nonetheless, similar to logged forests (Higuchi et al. 1997; Mazzei et 

al. 2010; Vidal et al. 2016), blowdowns can promote a ‘delayed’ tree mortality that represents 

considerable biomass losses during the first years after disturbance. Importantly, areas 

experiencing tree mortality rates ≥ 45% can remain with different structure, composition and 

dynamics for at least 27 yrs. My study sites with similar conditions had lower tree density, 

basal area and biomass (12%, 25% and 30%, respectively) than that from my old-growth 

control forest. Apart from that, biomass dynamics in wind-disturbed areas still had a greater 

contribution of biomass gain mechanisms less important in old-growth forests, such as 

recruitment and growth of pioneer and mid-successional species (Magnabosco Marra et al. 

2016b).  

4.7. Final considerations 

Studying a new topic in the Amazon has provided me extra challenges and singular 

experiences. Experiencing and working in remote and old-growth parts of this impressive 

forest was definitely a remarkable opportunity in my academic and professional training. The 

results of the different studies comprising this dissertation are my contribution to the 

understanding of processes and mechanisms regulating diversity and dynamics of tree 

communities in tropical forests. These results provide novel and complementary information 

on the vulnerability and resilience of the forests to large-scale disturbances. As primary 

information on tree species distribution and diversity at the landscape level is essential to 

conservation strategies, but still scarce in these forests and typically restricted to single multi-

hectare forest plots, the data set that I acquired has itself a great value and can be used in a 
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wide range of contexts and for multiple research questions unrelated to the topic of my 

dissertation. This dissertation also provides a baseline with which to study the long-term 

resilience and recovery of these blowdown-affected sites. 
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5. OUTLOOK 

Rapid land-use change and degradation of old-growth tropical forests contribute to 

increasing atmospheric concentration of CO2 and other greenhouse gases (IPCC 2007; Malhi 

et al. 2008; IPCC 2014), which have a direct influence on climate regulation (Bonan 2008; 

Min et al. 2011). Under current climate change predictions, the frequency of extreme weather 

events, i.e. droughts, flooding and storms are expected to increase in the Amazon region 

(Davidson et al. 2012; Duffy et al. 2015). Although there is still associated uncertainties in 

future weather-scenarios, a possible increase in the frequency and intensity of tree mortality 

associated with blowdowns may cause strong effects on different attributes of Central and 

Western Amazon forests, as predicted by different studies combining empirical data and 

modeling-approaches (Chambers et al. 2013; Holm et al. 2014; Negrón-Juárez et al. 2016). 

In face of the magnitude and complexity of Amazon forests, this dissertation provides 

important knowledge on the effects of large-scale natural disturbances on different attributes 

of tree communities. To the previous literature, I have added novel information on landscape-

scale patterns of tree mortality and damage, soil alterations and community responses along 

the disturbance gradient, including biomass dynamics and resilience along ca. 30 yrs of 

succession. In part, the results from the single studies comprising my dissertation corroborate 

previous studies, which show that in the Central Amazon increased tree mortality rates due to 

higher frequency of blowdowns may result in significant changes in composition, structure 

and dynamics (turnover). Moreover, high disturbance intensities may have different effects 

on species with different ecology and life histories, which in turn can drive long-term 

changes in species demography and thus patterns of distribution and diversity. Under rapid 

land-use change and uncertain future weather scenarios, the sustainability of carbon stocks 

and biodiversity of tropical forests such as the Amazon requires management and 

conservationist actions. These rely on advanced knowledge about the vulnerability, resilience 

and successional trajectories following disturbance events (Cole et al. 2014; Lewis et al. 

2015; Trumbore et al. 2015; Poorter et al. 2016).  

The environmental and disturbance gradients created by blowdowns provide a unique 

opportunity to assess mechanisms of vegetation resilience, ecological and evolutionary 

processes regulating biodiversity patterns in complex and hyperdiverse Amazon forests. A 
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current demand in this research field is to maintain and expand comparable forest monitoring 

projects that allow us to better understand forest dynamics and responses to different types 

and intensities of disturbances. An urgent and challenging task is to synthesize and apply 

current and future knowledge in order to develop efficient conservation and management 

strategies that can minimize human impacts on these unique and vital forests. 
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6. CONCLUSION 

This dissertation has shown that wide and complex tree mortality gradients associated 

with windthrows produce decadal landscape-level shifts in different attributes of Central 

Amazon terra firme forests. While long-term research is needed to assess the legacy of these 

extreme events in Amazon forests, my results indicate that blowdowns have a significant 

impact on patterns of tree species composition, diversity and distribution, and thus biomass 

dynamics and carbon cycle. I showed how fundamental processes of ecosystem resilience are 

supported by the striking diversity of these forests where hundreds of species contribute in 

numerous ways and under contrasting conditions to restore biomass losses. As blowdowns 

can ‘reset’ Amazonian old-growth forests to earlier successional stages, I propose that they 

have also relevant interactions with other organisms and taxa. 
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