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Abstract 

Human and natural disturbance affect the Amazon basin at several spatial and 

temporal scales. In this thesis, I used satellite-detected hot pixels to examine patterns of 

human-caused disturbance and protected areas in the Brazilian Amazon from 1996-2006. 

Deforestation fires, as measured by hot pixels, declined exponentially with increasing 

distance from roads. Fewer deforestation fires occurred within protected areas than 

outside and this difference was greatest near roads. However, even within reserves, 

more deforestation fires occurred in regions with high human impact than in those with 

lower impact. El Niño–related droughts affected deforestation fires most outside of 

reserves and near roads. There was no significant difference in fire occurrence among 

inhabited and uninhabited reserve types.  

Within this context of disturbance in the Brazilian Amazon basin, I examined 

relatively undisturbed savanna-like ‘campina’ ecosystems. I reviewed the literature on 

campinas and discussed their variation and their significance for beta diversity. As one 

of two case studies, I assessed spatio-temporal patterns of disturbance (fire and 

blowdowns), and vegetation change from 1987 to 2007 in campinas in the central 

Brazilian Amazon using Landsat imagery. In 2001 images, an increase in open areas 

corresponded with significantly more visible signs of disturbance, likely precipitated by 
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the 1997-98 El Niño. Bird community data indicated a trend of more generalist/savanna 

species in more frequently disturbed campinas.  

As the second case study, I used daily 500 m resolution MODIS reflectance data 

to assess seasonal and inter-annual flooding in ~33,000 km2 of campinas in the Negro 

river basin. Flooding cycles of these wetland campinas critically influence regional 

ecosystem processes. Flooded areas ranged from 15,000 km2 at the end of the rainy 

season (August-Oct) to little, if any, open water in the driest times (Jan-Mar). Predictable 

seasonal flood pulses occurred, but also displayed high inter-annual variability. This 

variability was weakly correlated with the Multivariate El Niño Southern Oscillation 

Index (MEI).  

 Campina ecosystems are an important, but largely overlooked, 

component of the biodiversity of the Amazon basin. My research shows that climate, 

particularly ENSO-associated droughts, strongly affects campinas even in remote areas, 

just as it increases fire frequencies in more populated regions of the Amazon.  
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Introduction 

The Amazon basin is the largest tropical forest region on earth. Twenty million 

people live within its vast area, along with tens of thousands of species, many unknown 

to science. This is an increasingly dynamic landscape, wracked with natural and human-

induced change as well as synergistic interactions between them. In this dissertation, I 

examined disturbances across several temporal and spatial scales, in some of the most 

and least disturbed regions and ecosystems within the Amazon basin. The overarching 

theme of this thesis is an exploration of disturbance and variation within the Brazilian 

Amazon generally and specifically, in open savanna-like ‘campina’ ecosystems.  

The thesis is divided into two major components. In chapter one, I examined fire 

in the Amazon over large temporal and spatial scales. Human-induced fire is one of the 

greatest threats to tropical forests, and the fire patterns shown in chapter 1 can be 

considered maps of human disturbance in the Amazon (sometimes coupled with natural 

effects, such as drought). Overlaid on fire maps are protected areas and indigenous 

reserves, which represent the most prominent approaches for shielding ecosystems from 

such disturbance. In chapter 1, I tested whether reserve status protects lands from fires. 

In particular, I asked how well reserves inhibit fire when roads — the conduits for 

people, their deforestation, and their ignition sources — intersect them. Reserves of all 

types reduced fire incidence, including along roads. However, this protection is limited 

by regional factors (e.g., rates of deforestation and road density) and climate. Even with 
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these caveats, this is an important result, as reserves are the main approach for 

mitigating the effects of development on forest ecosystems. 

Within this context of the disturbed Brazilian Amazon basin, I examined 

relatively undisturbed ecosystems in the second component (chapters 2-4). White sand 

ecosystems, or ‘campinas’ are part of a larger continuum of open savanna-like 

ecosystems, many on sandy soil, found dispersed throughout the Amazon basin. 

Campinas contain distinctive species and assemblages and thus contribute to the 

heterogeneity of Amazonian ecosystems that generates the Amazon’s alpha, beta and 

gamma diversity. In chapter 2, I reviewed the relatively sparse literature on campinas, 

most of which focuses on a few specific local sites, with few overarching syntheses. I 

asked how campinas vary regionally or in distinct clusters of hyper-dispersed sites 

throughout the Amazon basin, what forces may create and or maintain this variation, 

and why it is important to conserve them. 

In chapters 3 and 4, I assessed two specific campina areas, focusing on the two 

main disturbance regimes — fires and flooding — that alter the structure and 

composition of campina vegetation. In chapter 3, I classified Landsat satellite imagery of 

a complex of campina patches in the central Amazon to document fire occurrence, and 

change in vegetation structure from 1987- 2006. I also tested whether variation in bird 

communities correlated with disturbance frequency.  
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Open areas increased in extent between 1996 and 2001, corresponding with an 

increase in signs of disturbance, such as fire scars. Unexpectedly, few of these fires 

registered in satellite fire data. The result coincides with reports of large scale burning in 

this area during the El Niño event of 1997-98. Given that most of these campinas are 

quite inaccessible, the results indicate that  ‘natural ‘ disturbances, such as lightening 

fires, affected remote areas during the 1997-98 El Niño-associated drought.  

In chapter 4, I mapped large-scale seasonal and inter-annual patterns of flooding 

over six years in open wetland campinas across the Negro river basin area. These results 

are distinctive, as heavy cloud cover and temporal limitations of radar data have 

obstructed efforts to map seasonal flooding patterns over time in the Amazon basin. 

There are significant inter-annual variations in flooding, especially during the dry 

season. There was a weak correlation between dry season flood extent and the El Niño 

Southern Oscillation (ENSO) from 2000 to 2006. These data could be applied to 

characterizing floodplain dynamics in the Negro river basin. 

Because of its huge extent, the Amazon’s global role as a carbon source/sink, a 

recycler of water, a modulator of climate, and a reservoir of biodiversity, is uncontested. 
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All of the empirical chapters incorporate the effects of climate on disturbance in the 

Amazon basin. Fires clearly increase during ENSO events (chapter 1). The remote and 

inaccessible sites examined in chapters 3 and 4 are among the most undisturbed within 

the Amazon basin. However, these data displayed significant changes correlated with El 

Niño. Although remote, these ecosystems also show the effects of climate variability. 

ENSO is a natural cycle and the effects climate change may have on it are uncertain. 

However, a future warmer and drier Amazon would likely have similar effects to those 

shown here. Here, I present results that can be used as a baseline to measure change and 

plan for conservation of these Amazonian campina ecosystems.  
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1. Reserves protect against deforestation fires in the 
Amazon 

1.1 Introduction 

Tropical moist forests hold the majority of species and are shrinking by more 

than 1 million km2/decade (Pimm 2001). Reserves —broadly defined — are the principal 

means to conserve these forests and the biodiversity within them (Pimm et al. 2001). Do 

reserves actually protect natural ecosystems and their biodiversity? This may not have a 

simple answer, for there are many confounding factors. Even if reserves do work, are 

they simply protected de facto by their isolation or terrain, or de jure, because protected 

status does indeed provide added benefit?  

We accept that reserves may be in suboptimal places to protect biodiversity 

(Rodrigues et al. 2004), may not prevent hunting (Peres & Zimmerman 2001), and may 

be too small to maintain viable populations of many species (Pimm 2001). That said, 

reserves that protect forest cover are a necessary, if not sufficient, criterion for protecting 

biodiversity. Credible, global assessments of reserve effectiveness are few (Vanclay et al. 

2001). Recently, we showed that for the Amazon and Congo basins, (which retain large 

areas of forests) and West Africa and the coastal forests of Brazil (which do not), reserves 

retain substantial natural forest cover (Joppa et al. 2008). For the Amazon and the 

Congo, so do most areas outside of the reserves. 

More detailed regional studies suggest that reserves range in effectiveness — 

from those that do not work at all (Curran et al. 2004; Roman-Cuesta & Martinez-Vilalta 
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2006) to those that work well (Oliveira et al. 2007). In the Brazilian Amazon (a legally 

defined area), reserves have less deforestation (Ferreira et al. 2005) and fire (Arima et al. 

2007) than do unprotected areas. For this region, the answer, then, is apparently that 

reserves do work. We will argue that these questions need a more detailed analysis than 

is presently available. 

Whether reserves work is a question of considerable importance, regionally and 

internationally. A history of massive deforestation linked to large-scale infrastructure 

projects (notably roads) in the Brazilian Amazon, and government plans for more such 

projects, has spawned debate about ways to avoid repeating past trends (Soares-Filho et 

al. 2004; Nepstad et al. 2006b; Fearnside 2007). Global concern about climate change and 

substantial carbon released from forest cutting and burning has added international 

impetus, including new funding mechanisms. Recently, Brazilian president Luiz Inácio 

Lula da Silva, created an international Amazon fund, which is hoped will raise up to 21 

billion dollars, to allow countries, companies and non-governmental organizations to 

help pay for conservation, sustainable development, and scientific research in the 

Amazon (Teixeira 2008). The plan to repave Brazil’s highway BR-319 from Manaus to 

Porto Velho, which would link the relatively intact central Amazon with centers of 

deforestation in the south, is another pressing issue with important implications for 

forest preservation. Reserve creation around BR-319 is part of the ongoing discussion 
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about how to avoid massive land grabbing and deforestation that has accompanied 

other roads (Fearnside & Graça 2006; Mesquita et al. 2007).  
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Figure 1: Fire and deforestation in the Brazilian Amazon. A) The Legal 
Brazilian Amazon showing reserves and World Fire Atlas hot pixels from 1996-2006. 

The high-impact forest is to the southeast and low-impact forest is to the northwest of 
the yellow boundary line. Roads mentioned in the text are labeled. B) PRODES 

deforestation polygons through 2005 against the background of annual rainfall from 
the WorldClim dataset. High-impact areas include the states of Rondônia [RO], Mato 
Grosso [MT], Tocantins [TO], Maranhão [MA] and the portion of Pará [PA] east of the 

Xingu River. Low-impact areas include the states of Acre [AC], Amazonas [AM], 
Roraima [RR], Amapá [AP] and the portion of Pará north and west of the Xingu river. 
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1.1.1 The Amazon, deforestation, and fires 

In the Amazon, deforestation and fire are inextricably linked (Figure. 1). Satellite-

detected  ‘hot pixels ‘ are a good proxy for deforestation fires, and can thus effectively 

tell us whether reserves are protecting forest cover. In addition to biodiversity concerns, 

deforestation fires indicate that biomass has rapidly been released as carbon to the 

atmosphere, another important measure of reserve effectiveness. Our analyses 

concentrate on fires as a measure of human impact and on the ability of reserves to 

mitigate it.  

Studies that have looked at fire in the Amazon (Schroeder et al. 2005; Alencar et 

al. 2006; Nepstad et al. 2006a; Aragão et al. 2007; Arima et al. 2007) are an important 

start. Nepstad et al. (2006a) did assert that reserves inhibit deforestation and fires at their 

borders. However, they did not examine the number or spatial arrangement of fires 

throughout reserves. They used the ratio of fire density in 20 km wide buffers inside and 

outside reserve borders to gauge protection inside a reserve against disturbance just 

outside. Although these methods indicate that fire stops at reserve borders, they tell us 

nothing about what is going on inside of a reserve (if, for example, a reserve has a road 

through it). They used a limited sample of reserves, as they did not include state 

protected areas, and they examined 4 km2 resolution GOES (Geostationary Operational 

Environmental Satellites) hot pixels for 1998 only. Finally, because Nepstad et al. (2006a) 

used only hot pixels detected at mid-day, they included pasture/agricultural fires that 
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take place on deforested land. Nepstad et al. also did not explicitly consider distance 

from road, region, any climatic factors, or year to year variation. This and other studies 

(mentioned above) are generally geographically or temporally restricted and none has 

explicitly looked at fire patterns inside reserves.  

We start by considering the factors that affect fire incidence. Because there is 

large year-to-year variation in climate and in fires (Alencar et al. 2006), we examined 

fires over a decade, using remote-sensing products that mainly register deforestation 

fires. To account for the substantial gradient of rainfall and human impact (Sombroek 

2001) that influences pressures on reserves across the Amazon, we designated two 

distinct regions, which we examined separately. Because roads are so important 

(Nepstad et al. 2001; Schroeder et al. 2005; Kirby et al. 2006; Arima et al. 2007; Pfaff et al. 

2007), we modeled deforestation fires with increasing distance to roads across the entire 

area of reserves, not just at their borders.  

In short, we ask three key questions: (1) Do reserves actually protect Amazonian 

forests from deforestation and consequently fires? (2) Is protection de facto, a 

consequence of reserve location (in remote places, for example), or de jure, because legal 

protections are respected? (3) Are some reserve types more effective than others in 

preventing deforestation fires? We recognize that there will be confounding factors: (a) 

Given that severe droughts remove moisture limitations and thus promote the spread of 

fires, do different kinds of reserves offer varying levels of protection in El Niño Southern 
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Oscillation (ENSO) years? (b) Do reserves prevent deforestation fires even when human 

access is possible through road networks? (c) Finally, given these other factors, do the 

answers vary from place to place across the Amazon? 

1.1.2 The effects of roads and reserves 

In the Amazon, roads are the major conduits for deforestation and 

accompanying fires (Nepstad et al. 2001; Carvalho et al. 2002; Kirby et al. 2006; Fearnside 

2007). Because of the access they provide, roads may cause deforestation to increase 

even in neighboring roadless areas (Fearnside 2007; Pfaff et al. 2007). Disturbed or 

fragmented forests near roads are vulnerable to both  ‘leaked fires ‘ used in land 

management and to accidental fires resulting from increased ignition sources (Alencar et 

al. 2006). Whatever the cause, the higher fuel loads and an open canopy in a forest 

already subject to understory fire greatly increase the chances for a hot deforestation fire 

(Cochrane et al. 1999), such as those visible in satellite imagery.  

Theoretically, reserves may halt fire because of restrictions on land use (forests 

are less disturbed and fire is not used for management) or because of restricted access 

(fewer roads and fewer ignition sources). Different types of reserves in Brazil allow 

different land uses (Ministério do Meio Ambiente 2000). Strictly protected parks allow 

no habitation or clearing. Limited-use areas may allow selective logging, extraction of 

forest products, agriculture, and even private property within reserve boundaries. 

Indigenous people of many languages, cultures, and values control indigenous lands 
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and sometimes protect them from logging, mining and illegal hunting (Schwartzman & 

Zimmerman 2005).  

Whatever the mechanism, reserves clearly limit road building, deforestation and 

fire in many highly affected areas (Fearnside 2003; Nepstad et al. 2006a). However, 

reserves may have fewer deforestation fires because they have fewer roads bisecting 

them then do adjacent unprotected areas. Whether reserves that do have roads also 

prevent deforestation and fire along those roads, and whether some reserve types do 

this better than others, have not been examined. In addition to reserve type, political and 

economic factors, including road paving, infrastructure projects, and beef and soy prices 

influence the likelihood of deforestation fires differently in different regions (Nepstad et 

al. 2006b; Arima et al. 2007). Finally, drought may drive fire patterns (Nepstad et al. 

2004b) regardless of a reserve’s status.  

1.1.3 Regional and year-to-year differences in climate 

Climate patterns produce different spatial and temporal patterns of drought in 

different regions of the Amazon (Sombroek 2001; Aragão et al. 2007). ENSO commonly 

causes drought in the tropics (Curtis et al. 2007). ENSO-related droughts (Sombroek 

2001) and temperature changes (Malhi & Wright 2004) are strongest in the northern 

Amazon; however, these areas are also protected from fire by high background rainfall 

(up to 4000 mm annually) (Hijmans et al. 2005) and remoteness (fewer roads and people 

result in fewer ignitions) (Aragão et al. 2007).  
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The leading edge of development in the Brazilian Amazon forms an arc from the 

southwestern to the southeastern Amazon. Here, seasonally dry forests (1500-2000 mm 

of rain annually) (Hijmans et al. 2005) become vulnerable to fires when drought further 

lengthens the dry season (Sombroek 2001). Both ENSO and the Atlantic Multidecadal 

Oscillation (Kerr 2000) can increase dry-season length in the southwest Amazon, as 

occurred in both the 1997-1998 ENSO-related drought (Bell et al. 1999) and the 2005 

Amazon drought (which resulted in many fires) (Marengo et al. 2008). This area is more 

accessible from the populated south and is conducive to farming and cattle ranching, 

increasing incentives to clear land (Sombroek 2001; Chomitz & Thomas 2003). Fire used 

in agriculture results in more potential ignitions (Cochrane 2003). Dry-season severity 

also increases fire frequency (Nepstad et al. 2004b), as  ‘leaked ‘ understory fires escape 

into drought-stressed forests with higher fuel loads (from disturbed canopies or dead 

organic matter) (Aragão et al. 2007). Deforestation fires, while probably exacerbated by 

drought, are driven by policy and economic factors (Geist & Lambin 2002). Finally, 

drought exacerbates positive feedbacks in which fires reduce rainfall and increase the 

chance of future fires (Nepstad et al. 2004b). Some climate models predict increased 

warming and decreasing soil water in the eastern Amazon over the next century (IPCC 

2007). Such changes could greatly increase fire risk across huge areas of the Amazon 

(Nepstad et al. 2004b; Aragão et al. 2007).  
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Because processes affecting fire differ between these regions, we divided the 

Amazon using relevant political and geographical boundaries and analyzed forest areas 

in the two regions separately. 

1.2 Materials and methods 

1.2.1 Data sources 

We used 3 remotely-sensed data sources to track fires. The first provided the 

most years of data. The others ran for fewer years, detected more fires, and allowed us to 

test whether data source affected our results.  

We tracked fire patterns with monthly composites of nighttime 1-km2 resolution 

hot pixels from the European Space Agency’s Ionia World Fire Atlas (WFA) (Ionia 2004). 

The WFA provides the longest running data set of global, active fire observations (Mota 

et al. 2006). For 1996-2002, hot pixels are from the Along Track Scanning Radiometer 

(ATSR; ERS-2 satellite), and for 2003-2006, they are from the Advanced Along Track 

Scanning Radiometer (AATSR; Envisat satellite). The WFA sensors use 2 distinct 

temperature-threshold-based algorithms to detect hot pixels. We used hot pixels 

detected with the more sensitive Algorithm 2. It purports to detect a fire of 0.1 ha if it is 

hotter than 327o C. Because understory fires are rarely detected by satellites, and 

savanna and agricultural fires generally reach their hottest temperatures during the 

afternoon, we can safely assume that these nighttime detections represent hot 
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deforestation fires. The overpass interval at the equator is 3 days and geo-location errors 

generally average 2-3 km (Mota et al. 2006).  

Detecting fire from space remains challenging and each sensor has advantages 

and disadvantages. Detection algorithm, overpass time and frequency, spatial 

resolution, land cover, and type of fire all affect which fires are detected (Schroeder et al. 

2005). Stolle et al. (2004) compared 8 different hot pixel data sets over the same area and 

time period. The datasets largely detected different fires and they were not 

complementary. Given these difficulties, we chose a long-running dataset, which 

provides one systematic look at patterns of deforestation fires over large spatial and 

temporal scales. To register the greatest number of fires possible, while avoiding 

commission errors, we used screened data from Mota et al. (2006). They removed errors 

caused by hot surfaces, gas flares, volcanoes, and sensor irregularities from Algorithm 2 

of the WFA data. Omission errors are still a cause for concern. The satellite passes at 

night, so short-duration afternoon fires, such as burning pastures are not registered. The 

WFA data pick up the nighttime remains of hot deforestation fires, but miss fires 

burning beneath a forest canopy. Even if the sensor registered all fires, the overpass 

interval of 3 days ensures that many are missed. Because we use yearly composites, 

seasonal variation in cloud cover (which may also prevent fire detection) is not a major 

concern. The resulting data provide a systematic sample, albeit an underestimate, of 

Amazon fires.  
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To confirm the general pattern of our results, we also analyzed 3-year data sets 

released by the Large-Scale Biosphere-Atmosphere Experiment (LBA) in Amazônia 

(Schroeder et al. 2007). The data are 2001-2003 hot pixels from 2 sensors: the Advanced 

Very High Resolution Radiometer (AVHRR) on NOAA-12 (Setzer & Malingreau 1996) 

and the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra satellite. 

Like the WFA, these data have a resolution of 1 km2, but these satellites have daytime 

and more frequent overpass times. They detect more fires than the WFA. In addition to 

analyzing the full ten years of WFA data, we also separated 2001-2003 WFA data 

(denoted ATSR hereafter, although 2003 is from the AATSR sensor) and directly 

compared those years with the AVHRR and MODIS data.  

Because of rapid change in land cover over the large spatial and temporal scale 

of our study, we did not include detailed land cover data. Instead, we assigned 

designations of forest or savanna vegetation derived from ecoregions (Olson et al. 2001). 

Our forest designation included humid tropical forest, flooded forest (varzea and igapó), 

seasonal dry forest, and white-sand areas (campinas and campinaranas). We excluded 

the cerrado of the southwestern Amazon, lavrado of Roraima, savannas of Pará and 

Amapá, and a small area of Pantanal in Mato Grosso. Reserves with portions of these 

ecoregions within their borders were clipped to exclude them. 

Social and economic drivers of fire and deforestation, as well as environmental 

variables, vary across the Amazon (Carvalho et al. 2002; Malhi & Wright 2004). State 
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lines broadly reflect these differences. We used states and a geographic feature (the 

Xingu river) to divide the Legal Amazon into 2 regions, high-human-impact and low-

human-impact (hereafter referred to as high-impact –HI– and low-impact –LI–, 

respectively), which we analyzed separately. The forests of Acre, Amazonas, Roraima, 

and Amapá are among the least disturbed in Brazil, with approximately 12%, 2%, 5%, 

and 2% deforestation, respectively, as of 2006. We designated these states as low-impact 

areas. Rondônia, Mato Grosso, Tocantins, and Maranhão had approximately 38%, 38%, 

74% and 45% deforestation, respectively, in 2006. We designated these states as high-

impact areas (area deforested and remaining forest in 2006 from 

http://www.dpi.inpe.br/prodesdigital/prodesmunicipal.php, accessed January 31, 2008). 

Pará had approximately 19% deforestation in 2006, but the majority of that deforestation 

occurred east of the Xingu River. Therefore, areas in Pará east of the Xingu River we 

classified as high-impact and the areas north and west of the Xingu River we considered 

low-impact.  

We grouped reserves into fully protected parks (e.g., biological or ecological 

reserves, state and national parks), limited-use areas (e.g., national forests, extractive 

reserves, sustainable development reserves, state forests, and state environmental 

protection areas), and indigenous lands, on the basis of activities that they allow.  

World Wide Fund for Nature-Brazil compiled the shape files of reserves. The 

original sources were FUNAI (Fundação Nacional do Índio; Indigenous reserves), 

http://www.dpi.inpe.br/prodesdigital/prodesmunicipal.php
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IBAMA (Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renováveis; 

federally protected areas), and the state secretaries of the environment (state protected 

areas). We excluded marine and mangrove reserves. To avoid co-registration errors, we 

excluded reserves of <100 km2 unless they were adjacent to another reserve of the same 

type. To avoid double-counting areas that had two different designations, we excluded 

limited-use areas and protected parks that overlapped by more than half of their area 

with indigenous lands. Altogether, we included the forest ecoregion portions of 53 

parks, 109 limited-use reserves, and 238 indigenous reserves, totaling 180,125 km2, 

409,984 km2, and 936,819 km2, respectively. The combined area was 1,526,928 km2 or 

approximately 37% of the forest ecoregion area of the Brazilian Amazon. We used road 

data and the Legal Amazon boundary from IBAMA (http://siscom.ibama.gov.br/shapes/; 

modified February 6, 2007, accessed April 30, 2007). Road data include state and federal 

roads, and some private roads, but omit many unofficial roads that are visible in 

Landsat Images. As the vast majority of hot pixels detected (~ 90%) were ≤10 km of 

roads in our dataset, this omission should not significantly affect our results.  

1.2.2 Data analyses 

For each 1-km2 pixel in forest ecoregions, we recorded the distance to the nearest 

road and whether the pixel had burned in a given year. We used analysis of covariance 

to assess patterns of hot pixel frequency in different reserve types, land designations 

(inside and outside reserves, high- and low-impact areas) and distance to roads (binned 

http://siscom.ibama.gov.br/shapes/
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to 10 km wide classes). We measured ENSO severity with the Multivariate ENSO Index 

(MEI) (Wolter 2007) and compared numbers of hot pixels in a given year with that year’s 

average MEI value.  

The statistical analyses raise the issue of the independence of individual fires. 

Treating fires as independent observations would result in huge sample sizes. The 

sensors detect distinct fires — or clusters of fires — to the resolution of a 1-km2 pixel. 

However, hot pixels are typically clustered at a scale of a few square kilometers 

(possibly the scale at which individual ranches set fires). In any case, individual hot 

pixels were not independent observations. Consequently, we used regression analysis 

on the average number of hot pixels/100 km2, in each road distance class, and for each 

category (e.g., high-impact or low-impact, inside or outside of reserves). Here, the 

sample sizes were far smaller, but only the residuals about the model needed to be 

independent. At this scale, there is no reason to think that the residuals would be 

correlated. We restricted analyses to distance classes for which the total combined 

number of hot pixels in the 2 classes being compared (e.g., inside and outside reserves) 

was >50. Classes with <50 hot pixels were generally either very far from roads (very few 

hot pixels in huge remote areas) or had very little land area (high impact classes that 

covered almost no area and thus registered few pixels).  
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1.3 Results 

As expected based on state deforestation statistics, the majority (88%) of hot 

pixels detected in forest ecoregions with a decade of WFA data were in high-impact 

forest (Figure.1) Only 12% of these deforestation fires were in low-impact forest. Almost 

90% were ≤10 km from roads. (A few roads had no hot pixels, such as the unpaved and 

frequently impassable BR-319.) In both low- and high-impact forests (LI and HI), inside 

and outside reserves (Res and Out), there were compelling exponential declines in hot 

pixel frequency with increasing distance from roads (Figure. 2, 3). (That is, log fire 

incidences decreased linearly with distance and the linear relationships were good fits.) 

Although AVHRR and MODIS detect many more hot pixels than the WFA sensors, the 

exponential patterns of decline with distance from roads for AVHRR and MODIS were 

similar to the WFA data for the same years (Figure. 3; WFA 2001-2003 data denoted as 

ASTR). The relationships were significant at p<.05 for all sensors, inside and outside 

reserves, and in high- and low-impact areas (Tables 1, 2, row 1). Prior hypotheses 

expected declines, so the appropriate tests were one-tailed. 
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Figure 2: Relationship between 1996-2006 hot pixels/100 km2 and their distance 
to roads. A) low-impact and B) high-impact forests (low- and high- impact areas as 

shown in Figure. 1). Data are separated by whether fires are inside (grey) or outside 
(black) reserves. Fire rates were calculated on the basis of distance classes, but data 
points are offset from the class number for clarity (e.g., x values of 9 and 10 for class 

10).  
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Figure 3: Relationship between 2001-2003 hot pixels/100 km2 and their distance 
to roads for 3 different sensors, ATSR/AATSR, AVHRR, and MODIS. A-C) low-

impact and D-F) high-impact forests (low- and high- impact areas as shown in Figure. 
1). Data are separated by whether fires are inside (grey) or outside (black) reserves. 
Fire rates were calculated on the basis of distance classes, but data points are offset 
from the class number for clarity (e.g., x values of 9 and 10 for class 10). All sensors 
detect at a 1-km2 resolution, but differ in detection algorithms and overpass times. 
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There were far fewer fires inside reserves than outside for both low- and high-

impact forests (significant at p≤.05 for all sensors and areas except MODIS 2001-2003 

high-impact; Table 1, row 2). Prior hypotheses also expected these differences, so the 

appropriate test was one-tailed. 

Table 1: Significance values for analysis of covariance tests of the patterns of 
decline in hot pixels with road distance inside and outside of reserves in Figure. 2 

(WFA) and Figure. 3 (sensor comparison). 

Data setb 
Testa  

WFA LI  
 

WFA HI 
 

ATSR LI 
 

ATSR HI 
 

AVHRR LI 
 

AVHRR HI  
 

MODIS LI  
 

MODIS HI 
 
Distance 

 
<0.0001* 

 
<0.002* 

 
<0.0001* 

 
<0.02* 

 
<0.0001* 

 
<0.001* 

 
<0.0001* 

 
<0.0001* 

 
Difference Res/Out 

 
<0.01* 

 
<0.004* 

 
0.05* 

 
<0.01* 

 
0.0002* 

 
<0.02* 

 
<0.003* 

 
0.17 

 
Interaction Dist/Diff 

 
0.17 

 
<0.06 

 
<0.1 

 
0.33 

 
<0.02* 

 
<0.07 

 
0.42 

 
<0.01* 

 

a Tests are: the decline of hot pixels with distance from roads (Distance), the difference 
between the numbers of hot pixels inside and outside reserves (Difference Res/Out) and 

the interaction between these 2 factors (Interaction Dist/Diff). 
b Hot pixels are grouped into high-impact forest (HI) and low-impact forest (LI) and are 

from the following data sets: World Fire Atlas (ATSR/AATSR sensors) 1996-2006 
(WFA), the World Fire Atlas (ATSR/AATSR sensors) for 2001-2003 (ATSR), and the 
Vegetation Fire Dynamics data set, including NOAA12 AVHRR 2001-2003 (AVHRR) 
and MODIS Terra 2001-2003 (MODIS). Values of one-tailed tests are marked with an 

asterisk (*) at a significance level of p<.05.  

The differences between reserves and outside reserves were generally greatest 

closest to roads. We tested this by examining whether a model with two regression 

slopes (inside versus outside) improved the statistical fit over a model with a common 

slope. We expected that at large distances from roads, it should matter less whether or 

not forest was inside a reserve; so again, the test was one-tailed. These results were 
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mixed: two results were significant at p<.05, two more were close, but all differences 

were in the expected direction (Table 1; row 3).  

Converging regression lines imply that there is some distance from roads beyond 

which there is no difference in fire frequencies between areas inside and outside of 

reserves. Treating each distance class as a separate variable in an ANOVA allowed us to 

ask at what distance from roads were fire frequencies statistically different inside versus 

outside reserves. For the eight sets of results in Table 1, those distances were 10 km 

(once), 20 km (5 times), and 30 km (twice). These are somewhat smaller distances than 

those where the regression lines intersect, but estimates of that intersection have very 

large confidence intervals.  

In addition, there were more fires (inside and outside of reserves) in high-impact 

than in low-impact forests (Figures. 2, 3) and these differences were significant for all 

but 2 sensors and areas (Table 2, row 2). The differences between high- and low-impact 

areas with increasing road distance were significant in only 2 cases (Table 2, row 3). This 

may reflect small sample sizes, especially in high-impact forest, where there is little land 

>30 km from roads. 
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Table 2: Significance values for analysis of covariance tests of the differences 
between high-impact and low-impact forests (e.g., reserves in high-impact vs. reserves 

in low-impact) shown in Figure. 2 (WFA) and Figure. 3 (sensor comparison). 

Data setb 
Testsa  

WFA Res  
 

WFA Out  
 

ATSR Res 
 

ATSR Out 
 

AVHRR Res 
 

AVHRR Out 
 

MODIS Res  
 

MODIS Out 

tance 
 

0.0007* 
 

<0.0001* 
 

0.004* 
 

0.0008* 
 

<0.0001* 
 

<0.0001* 
 

<0.0001* 
 

<0.0001* 

ference LI /HI 
 

<0.003* 
 

<0.0001* 
 

0.11 
 

<0.003* 
 

0.0004* 
 

0.0003* 
 

0.0003* 
 

0.44 

eraction Dist/Diff 
 

0.17 
 

0.15 
 

0.26 
 

0.30 
 

0.22 
 

0.04* 
 

0.21 
 

<0.002* 

a Tests are: the decline of hot pixels with distance from roads (Distance), the difference 
between the numbers of hot pixels in low- and high-impact areas (Difference HI /LI) and 

the interaction between these two factors (Interaction Dist/Diff). 
b Hot pixels are grouped into those inside (Res) and outside (Out) of reserves and are 
from the following data sets: World Fire Atlas (ATSR/AATSR sensors) 1996-2006 
(WFA), the World Fire Atlas (ATSR/AATSR sensors) 2001-2003 (ATSR), and the 

Vegetation Fire Dynamics data set, including NOAA12 AVHRR 2001-2003 (AVHRR) 
and MODIS Terra 2001-2003 (MODIS). Values of one-tailed tests are marked with an 

asterisk (*) at a significance level of p<.05.  

There were generally more hot pixels in years with high ENSO indices than in 

years with lower ones. This was true both close (<10 km) and far (>10 km) from roads 

and inside and outside reserves (inside and close: p<0.004, inside and far: p<0.004, 

outside and close: p<0.02, only outside and far is not significant: p=0.17; Figure. 4). As 

expected, there were more hot pixels near roads than far from them and more outside 

reserves than inside. These data were for both low- and high-impact forests analyzed 

together. There were too few data in each group to present low-impact forests 

separately. There was a numerically small, but statistically significant, increase in hot 

pixels inside reserves at >10 km from roads in high ENSO index years. This suggests that 

drought-stress may increase the likelihood of (probably already disturbed) forests being 
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ignited, even far from roads. Close to roads and outside reserves, hot pixels increased 

dramatically with the drier conditions of a high ENSO index. 

 

Figure 4: Relationship of the Multivariate ENSO Index (MEI) and the 
incidence of hot pixels/100 km2. Panels show (WFA, 1996-2005) hot pixels per year and 
the average yearly MEI A) within 10 km of roads (close) and B) more than 10 km from 

roads (far). Data are separated by whether fires are inside (grey) or outside (black) 
reserves. Significance values for analysis of covariance tests are as follows: inside 
reserves, close to roads: p < 0.004; inside reserves, far from roads: p < 0.004; outside 

reserves, close to roads: p < 0.02; outside reserves, far from roads: p =0.17. 
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Reserve type had no significant effect. Most reserves (70-90%) had no hot pixels 

in any given year. In reserves with hot pixels, the average number/100 km2 generally 

varied together in all three types, with more hot pixels in ENSO years (Figure. 5). A 

slightly larger fraction of limited-use areas had fires (Figure. 5, bottom data series). 

Paradoxically, for reserves that did have fires, limited-use areas had slightly fewer 

fires/100 km2 (Figure. 5, top data series). There was a slight increasing trend in average 

hot pixels/100 km2 in all reserves over the ten-year period. The extent to which reserves 

of different types prevented fire depended largely on regional factors (Figure. 6) as we 

will discuss later.  
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Figure 5: Differences in fire frequencies between fully protected parks, 
indigenous lands, and limited-use areas in the Brazilian Amazon. Solid lines (right 
axis) show the percentage of each reserve type (each year) with at least 1 hot pixel. 
Dashed lines (left axis) show the average number of hot pixels/100 km2 in those 

reserves that do have at least 1 hot pixel. Grey stripes indicate ENSO years. 
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1.4 Discussion 

1.4.1 Reserves prevent fires, but it depends on where they are 

Our first question was whether reserves actually protect Amazonian forests from 

deforestation fires. Our analysis clearly shows that they do. There are caveats, however, 

that relate to the second question of whether that protection is de facto or de jure.  

Reserves had many fewer fires than areas outside, but protection differed 

between high- and low-impact areas. Overall, there are roughly 3 times more 

deforestation fires in high- than in low-impact areas. These regional differences have 

been obvious since at least the early-1970s (Goodland & Irwin 1975; Skole & Tucker 

1993). Inside reserves, fires were 4 times more frequent in high- than in low-impact 

areas. In addition to regional factors mentioned earlier (e.g., dry season length, 

agricultural practices, forest fragmentation, human density), this was likely due to the 

amount of reserve area close to roads. In low-impact forest, only about 5% of reserve 

area was ≤10 km from roads, compared with 20% of the area outside of reserves. In high-

impact forests, 30% of reserve area was ≤10 km from roads, compared with 85% of the 

area outside reserves.  

These differences illustrate the differences in pressure on reserves in high-impact 

areas. Even correcting for greater area outside reserves, there were always consistently 

more hot pixels close to roads outside reserves than inside, in both low- and high-impact 

areas. This difference diminished with increasing road distance. Because hot pixels are a 
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proxy for deforestation, fewer fires close to roads inside reserves may relate to a lack of 

available infrastructure or to protected status that discourages land uses conducive to 

deforestation and fire along roads. This suggests that reserves provide the greatest 

protection from fires where the likelihood of burning would otherwise be greatest, that 

is, close to roads. On the other hand, the difference between fire occurrence in high- and 

low-impact reserves also indicates that reserves may not always provide sufficient 

protection when the pressure on them becomes very great. In addition, reserves that do 

not suffer deforestation fires may be subject to less detectable disturbance such as illegal 

logging or understory fire (Asner et al. 2005). For example, some reserves in Acre that 

are known to have up to 6% of their area deforested (Souza et al. 2006) did not appear to 

have fires based on our data.  

1.4.2 Reserve type appears not to matter 

There is no simple answer to our third question of whether some types of 

reserves are universally more effective. At the scale of the Brazilian Amazon, reserve 

type did not significantly affect fire frequency for a given distance to roads and region.  

Statistical issues made it difficult to deny any effect of reserve type, however. 

First, only ~20% of reserves had any hot pixels in most years (Figure. 5). In high fire 

years, this rose to 30%, still a small sample, once other variables were considered. The 

overall incidence of deforestation fires per area did not differ consistently among reserve 

types in different years. Second, local factors and the geographical arrangement of 
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reserves made comparison of reserve types difficult. For example, most limited-use 

reserves are in remote regions with few fires (Figure. 6a). This explains why the average 

fire per area in limited-uses reserves appears low in Figure. 5. In high-impact areas, 

limited-use reserves tend to be small, with many fires.  
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Figure 6: Regional differences in reserve protection against fire. A) Spatial 
distribution of reserves in the Brazilian Amazon. Close ups of areas in black squares 

where all reserve types are in close proximity, left to right: B) Rondônia, C) the BR-174 
north of Manaus, and D) eastern Amazon (Maranhão and Pará). The WFA hot pixels 

for 1996-2006 are shown as red dots. Line colors denote reserve types: orange, 
indigenous lands; purple, limited use areas; green, fully protected parks. The 

background images are Landsat MrSID images (https://zulu.ssc.nasa.gov/mrsid/), and 
MODIS Blue Marble images, from the year 2000.  

 

https://zulu.ssc.nasa.gov/mrsid/
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1.4.3 Regional factors are important 

To illustrate regional differences, we examined 3 places (Rondônia, along the BR-

174 highway in Amazonas, and an area in the eastern Amazon – Maranhão and Pará) 

where all the factors discussed were roughly equal, but where all 3 kinds of reserves 

were adjacent to each other (Figure. 6). This would seem to offer the best chance of 

detecting effects of reserve type.  

In Rondônia, a massively deforested area, the contrast between fires inside and 

outside reserves was striking (Figure. 6b). In the centrally located indigenous reserve, 

the few hot pixels occurred in naturally dry ecosystems (nonforest, visible as light spots 

on the image). Protected parks here also suffered few fires, but this was likely because 

indigenous reserves surrounded them. In the north, there were many fires within a 

limited-use area. This suggests that limited-use reserves are less effective than those  

‘policed ‘ by indigenous peoples. This finding was confirmed by Ribeiro et al. (Ribeiro et 

al. 2005) who found that deforestation in indigenous lands in Rondônia remained close 

to zero between 1997 and 2004, but raised concern about state sustainable use areas 

subject to high deforestation rates. Of the ten most deforested reserves (>20% 

deforested), seven are no longer considered as protected areas by the state governments 

(and thus are not included in our dataset). According to Ribeiro et al., there has been no 

specific law, changing the status of these areas, illustrating the vulnerability of state 

protected areas to the vagrancies of local governments. Using similar methods as 
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Nepstad (2006a), we also analyzed hot pixel rates in 10-km wide inner and outer buffers 

at reserve borders in Rondônia. All reserve types protected against fires at their borders. 

Fire incidence outside reserves was 4-9 hot pixels/100 km2. Inside it was generally <2 hot 

pixels/km2.  

Along the BR-174 in Amazonas, large areas (likely trees killed by the flooding of 

Balbina reservoir) burned in 1997 (Figure. 6c). These fires affected all adjacent reserves. 

One, the Waimiri-Atroari Indigenous Land, was mostly fire free, except for this 

spillover. Increased deforestation since repaving of the BR-174 highway in 1997 has not 

affected fire frequencies along this stretch because the inhabitants have strict rules about 

outsider use of the road.  

In the eastern Amazon, in an area with many fires, no reserve has successfully 

kept fires at bay (Figure. 6d). For example, the Gurupi Biological reserve, a protected 

park, has not stopped logging, agriculture, and accompanying fires from spilling over 

from surrounding areas (dos Santos et al. 2006). Adjacent indigenous lands and limited-

use areas also burn frequently.  

These examples illustrate the importance of local factors to the success of any 

reserve in protecting forest (Campos & Nepstad 2006; Nepstad et al. 2006a). As Nepstad 

et al. (2006a) also noted, the lack of obvious differences among reserve types is 

important, and demonstrates the usefulness of any reserve as protection against fire and 

deforestation. Lack of law enforcement and land thievery of  ‘empty ‘ government lands 
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in the Amazon is a huge challenge (Carvalho et al. 2002; Fearnside 2007). A reserve 

provides one important protection – especially if there is local enforcement, such as 

indigenous peoples with legal tenure (Schwartzman & Zimmerman 2005). Smallholders 

may also benefit from the enforcement and protection provided by a reserve, as seen 

recently in Pará (Campos & Nepstad 2006).  

Our results imply that the prevalently-held view that uninhabited reserves are 

the best kind for conservation may not be so clear cut, especially in the context of rapid 

infrastructure development and deforestation in the Brazilian Amazon. The fact that 

there is not a significant difference in deforestation fires in inhabited versus uninhabited 

reserves provides an immediate policy implication. Indigenous lands contain 5 times the 

land area of fully protected parks and form the majority of protected land in highly 

contested areas (Fearnside 2003). Some limited-use areas, such as Acre's extractive 

reserves, are managed to preserve forest cover and provide local jobs (Ruiz-Pérez et al. 

2005). Both these types of reserves have, in many cases, been designated because of 

fierce grassroots pressure from local people, a process still underway in some areas. In 

the state of Roraima, the still fiercely contested indigenous reserve Raposa Serra do Sol 

is a current example of indigenous inhabitants advocating reserve creation to safeguard 

their land and resources from powerful economic interests, with benefits for biodiversity 

conservation (Vale et al. 2007). Inhabited reserves thus might provide effective and (in 
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some cases) politically feasible alternatives to more destructive land uses along new and 

existing roads, especially in contested areas.  

1.4.4 Conclusions: Roads, fire, and policy 

Debate about the Amazon’s future has rightly focused on roads as one of the 

most important drivers of deforestation (Kirby et al. 2006; Fearnside 2007). Roads 

provide access and raise land values (Pfaff et al. 2007), but specific economic and 

political circumstances are also tightly coupled with deforestation (Geist & Lambin 

2002). In the last decade, rising global demand for pasture-fed beef and soy and changes 

in the value of the Brazilian Real have, respectively, raised and lowered deforestation 

rates in the Amazon (Nepstad et al. 2006b) and have also been correlated with fire 

(Arima et al. 2007). 

Although previous work has found correlations between ENSO and understory 

fires (Alencar et al. 2006), an important result of our work is the strong correlation 

between ENSO and deforestation fires at these spatial and temporal scales. Deforestation 

fires, such as those we are detecting, are all human-ignited. The implication is that either 

people are burning more in dry ENSO years, or that fires are more likely to escape in 

these years (or a combination of these factors). Reports of landowners sustaining large 

losses from escaped fires during periods of drought (de Mendonça et al. 2004), suggests 

that people might not knowingly choose to burn during severely dry years. Indeed, the 

work of Moran et al. (2006) suggests that many landowners in the Amazon have very 
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little access to reliable weather information, and rely mainly on memory and experience 

to determine whether conditions are safe for burning. If this is the case, improved access 

to information, fire safety training for rural land owners, and strictly enforced burn-bans 

during dry periods might make a significant difference in the number of deforestation 

fires occurring (Moran et al. 2006). Many Brazilian institutions, both governmental and 

nongovernmental, have taken steps in this direction (Bowman et al. 2008). Efforts to 

monitor and disseminate information about drought and fire conditions in Acre in 2005 

(Brown et al. 2006) provide an example. Predictable inter-annual and geographic 

variation in climate clearly influences fire occurrence and provides a basis for year-to-

year fire protection planning in different locations.  

Most deforestation and fires have occurred in drier parts of the Amazon, but 

these processes already accompany roads built into more humid forests (notably BR-

163). Even along roads within their borders, and even during ENSO-related drought, 

reserves of all types reduced fires that closely accompany roads throughout the 

Amazon. New and existing reserves should thus be an integral part of the planning 

process to mitigate the environmental impacts of roads (Arima et al. 2007; Fearnside 

2007). Plans to build or pave roads should also consider novel reserve forms, such as the  

‘road park ‘ (estrada parque) used in the Pantanal (Serra et al. 2004). When reserves are 

designed in conjunction with local people and their needs, they may provide both 
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environmental and resource protection, while lending the political force necessary to 

back reserves when powerful interests target them for exploitation. 
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2. What is a campina? Variation in savanna-like 
ecosystems in Amazonia 

2.1 Introduction 

Areas of open ‘savanna-like’ vegetation, or ‘Amazonian campos’, are an 

important but largely overlooked component of the celebrated biodiversity of the 

Amazon. Amazonian campos occur in patches across the basin, support high rates of 

endemism, and contribute to large-scale diversity patterns. Amazonian campos range 

from open grasslands to low stature forests that vary along gradients, including nutrient 

status, soil properties, flood regimes and fire. The literature on Amazonian campos 

consists mainly of studies that focus on a few specific areas, with little synthesis or 

comparison of campos across the Amazon basin. Here I review ecological, biophysical 

and biogeographical characteristics of Amazonian campos and white sand campinas in 

particular. I ask how Amazonian campos vary across the basin and compare dominant 

woody species from sites listed in the literature. Sites tend to be grouped geographically, 

rather than by open or woody ecosystems. I then discuss factors that potentially may 

drive variation in Amazonian campos. Finally, I address the need for conservation of 

Amazonian campos. 

2.1.1 Definition and distribution of campinas 

In this chapter, I follow Eiten (1978) and use ‘Amazonian campo’ as a general 

term for any naturally occurring, open, low-stature ecosystem in the Amazon basin. I 
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also include areas of low stature forests or woodlands that are geographically and 

floristically associated with the campos. Specifically, I use the terms ‘campina’ and 

‘campinarana’, respectively (Ducke & Black 1953), to refer to such open ecosystems and 

low stature, thin-trunked forests found in conjunction with them on white quartz sand 

substrates in Brazil.  

Throughout the Amazon basin, other are used terms for similar vegetation. For 

example, ‘Amazonian caatinga’ is the name used for vast areas of short stature forest on 

white sand in northern Brazil and Venezuela (Richards 1941). Table 3 lists the most 

common schemes, as well as some similar ecosystems in other tropical regions. The 

terms used reflect regional and cultural differences within the vast Amazon basin. They 

also reflect real differences in the vegetation, species composition, soils, fire and 

hydrological regimes and possible origins of these areas.  

Table 3: Names of Amazonian campos in different regions and related 
vegetation in other areas of the tropics. Names tend to be based on regional types, 

languages and cultures.  

Sources: 1 Ducke & Black (1953); 2 Spruce (1908a); 3 Klinge & Medina (1978); 4 
Richards (1941); 5 Bleackley & Khan (1963); 6 Alonso & Whitney (2001); 7 Schwarz (1988). 

 
Name and relative position on gradient   

Open Scrub Forest Region 
Campina aberta Campina fechada (shaded) Campinarana Central Amazon1 

Campina  Caatinga baixa (short) Caatinga alta (tall) NW Brazilian Amazon1,2 

Bana (low) Bana (tall), Caatinga baixa Caatinga alta Venezuela3 
- Muri bush Wallaba forest Guianas4,5 
 Chamizal Varillal  Peru6 

Padang - Kerangas Borneo4 
Loussekes - - Central Africa7 
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These ecosystems vary along a variety of continua and formations grade into one 

another, from open grasslands to scrub forests to taller formations. Many authors 

consider vegetation that occurs only on quartz sand substrates (campina, caatinga, etc.) 

as a distinct phenomenon (Pires & Prance 1985), distinguishing it from vegetation on 

soils with even a small clay component (Anderson 1981).  

Amazonian campos occur throughout the Amazon basin, notably in Brazil, 

Venezuela, Peru, Columbia, French Guiana, Guyana and Suriname (Figure 7). Ter Steege 

et al. (2000) reports that white sand soils, on which many Amazonian campos are found, 

cover 7.9% of the Guyanan, 2.8% of the Brazilian and 4.1% of the Columbian Amazon, 

for a total of 146,380 km2. Another estimate is that there are 152,000 km2 of 

hydromorphic podzols, such as those that often support campinas, in the Amazon basin 

(RADAMBRASIL 1972). However, these may be underestimates, as soil in Amazonian 

campos can vary. Amazonian campos range in area from a few hectares to thousands of 

square kilometers in the Negro river basin. Because small sites, (<1 km2) are difficult to 

detect in satellite imagery, local area estimates are likely low. No comprehensive 

estimates or distributional maps of the total area and extent of Amazonian campos are 

available; however, Figure 7 shows the most important areas of Amazonian campos, 

which I compiled from various sources.  
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Figure 7: Map of savanna-like and related vegetation in Amazonia generated 
from composite sources and overlaid on annual precipitation. Most Amazonian 

campos are in areas receiving ≥2000mm of annual rainfall (light grey). Areas receiving 
<1700mm of annual rainfall are shown in cross-hatched. These areas contain large 

distinct savannas and are excluded from consideration as Amazonian campos. Data 
sources: precipitation, WorldClim; Amazon boundary and first five vegetation types 

Olson et al. (2001); Central Amazon campinas, A. Carneiro, INPA GIS Lab; Other 
Brazilian campos, IBAMA (http://siscom.ibama.gov.br/shapes/; modified Feb 6, 2007, 
accessed Dec 15, 2008); Peru varialles, Josse et al. (2007); Guyana wallaba, Huber et al. 

(1995). 

In discussing a continuum of related ecosystem types, it is sometimes difficult to 

delineate a sharp or distinctive ecotone. Some extensive and distinct savannas on the 

driest edges of Amazonia occur in areas with <1700 mm of annual precipitation (hatched 

http://siscom.ibama.gov.br/shapes/
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areas in Figure 7). Most Amazonian campos occur in areas with ≥2000 mm of rainfall per 

annum (dark grey in Figure 7). These savannas are also subject to more frequent fire and 

have different plant communities (families and species, as I will discuss below); 

however, precipitation serves as a straightforward criteria for distinguishing types. 

These savanna regions include the Rupununi-Roraima of northern Brazil and Guyana, 

the Gran Sabana of Guyana and Venezuela and the Beni savanna of Bolivia (Sarmiento 

1984). Cerrado, the vast savannas of central Brazil, are also related, but exist in a drier 

climate, have characteristic endemic plant communities and are considered to be distinct 

from Amazonian campos (Eiten 1978).  

Because most of the Amazon basin is uniformly low, and many factors covary 

with elevation, I also removed highlands – that is, shrublands and sclerophyllic forests 

1000 m. These include the Venezuelan tepuis, with their endemic flora (Huber 2006), and 

lower montane schlerophyllic forests of Guyana (ter Steege 1998). Another related 

higher-altitude ecosystem is campo rupestre (rock campo), a distinctive vegetation type 

that occurs on rock outcroppings between 800 and 2000 m a.s.l., especially concentrated 

in the southeast of Brazil (Eiten 1978). Campo rupestre is associated with dry conditions 

and excessive drainage and also contains an endemic flora (Pires & Prance 1985; Alves et 

al. 2008). The area included in these analyses spans ~ 170,619 km2 (Figure 8, Table 4).  
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Table 4: Estimate of the area of Amazonian campos by country. 

Country Vegetation name/ type Area km2 Source  
Peru Varillales (white sand forest) 512 Josse et al. 2007 

Guyana Wallaba (white sand forest) 12,390 Huber et al. 1995 
Guyana Muri (shrublands)/ herbaceous swamps 3,279 Huber et al. 1995 
Brazil  Guiana shield savanna 24,700 Olson et al. 2001 

Brazil/ Venezuela Rio Negro campinarana 95,986 Olson et al. 2001 
Brazil  Central Amazon campina 4,717 INPA GIS Lab 
Brazil  Other Brazilian campos 29,033 IBAMA 

TOTAL  170,619  

  

Most studies on Amazonian campos are geographically restricted, coming 

predominantly from four biogeographical areas, including white sand forests around 

Iquitos Peru, San Carlos del Rio Negro in Venezuela, detailed work from Guyana and 

many studies from a small white sand campina near Manaus, Brazil. To illustrate this 

localization, I searched the literature for ‘white sand’ ecosystems. I searched the ISI Web 

of Science database for each of the key words ‘white sand’, ‘campina’, ‘podzol’, 

‘caatinga’, and ‘Amazonian savanna’. I also searched the database at the library of the 

Instituto Nacional de Pesquisas da Amazonia (INPA) in Manaus and located references 

mentioned in papers. In this way, I was able to include theses and some reports 

available only as ‘grey literature’.  

The areas where there are data were collected are shown in Figure 8. Huge 

geographic areas are missed entirely, including areas that I visited or included in this 

study. For example, both the distinctive complex of small campinas in the lower 

Madeira-Purus interfluve (chapter 3), and the large Negro-Branco white sand campinas 

in northern Brazil (chapter 4) are rarely mentioned (but see historical accounts such as 
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Spruce 1908b; as well as: Clark & Uhl 1987; Carneiro Filho et al. 2002; Frappart et al. 

2005; Naka et al. 2006). Most of the literature consists of localized studies of species and 

community descriptions, adaptations of specific taxa, or soil/water and nutrient 

dynamics. What is lacking is a comprehensive assessment of these areas across the 

Amazon basin. Here, I synthesize this published information and apply these studies to 

assess variation in campos across the basin. 

 

Figure 8: Map of the Amazon showing Amazonian campos and localization of 
existing studies. The black symbols show campos visited by the author. Places 
discussed in the text are labeled: 1) Manaus area; 2) San Carlos de Rio Negro; 3) 

Iquitos area; 4) Igapó-açu/Matupiri campinas; 5) Negro-Branco campinas and Viruá 
National Park, 6) Guyana campos. 
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2.2 The general phenomenon 

Amazonian campos encompass a gradient of characteristic schlerophylic 

vegetation, from open herbaceous areas to woodlands (Bongers et al. 1985; Vicentini 

2004). In a given ‘patch’, open areas dominated by lichens, grasses, sedges and small 

bushes, often with a woody cover of <10% (Figure 9a) are surrounded by vegetation 

with progressively more small shrubs and trees ≤7 m in height, sometimes still inter-

mixed with open areas (Figure 9b). This zone transitions to low woodland ≤12 m in 

height characterized by more continuous woody cover and eventually grades into closed 

canopy ‘campinarana’ forest. This forest reaches as much as 20 m in height and is 

relatively contiguous, with greater light penetration than terra firme forest (non-flooded 

tropical lowland rainforest) (Figure 9c; Anderson 1981). Surrounding this patch mosaic 

is mature terra firme lowland forest. This gradient is clearly visible in aerial photography 

and satellite imagery (Figure 9d). It is typical of small patches of a few hectares, but can 

also be seen in large patches of hundreds of square kilometers in the Negro river basin. 

A combination of factors may maintain this gradient, including periodic fire (Prance & 

Schubart 1978; Clark & Uhl 1987; Hammond & ter Steege 1998; Sombroek 2001; Vicentini 

2004), seasonal inundation (Franco & Dezzeo 1994; Jirka et al. 2007), and soil 

characteristics such as nutrients or acidity (Tiessen et al. 1994; Coomes & Grubb 1996; 

Luizão et al. 2007). Variations on this theme are white sand ‘savanna forests’ that may 
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not have associated open areas in Guyana, Surinam, Venezuela, northern Brazil and 

Peru.  

 

Figure 9: Vegetation gradient in Amazonian campos: a) open area in the 
Madeira-Purus interfluve in central Brazil; b) bushy area in front of closed forest in 

Viruá National Park, Brazil; c) closed canopy thin-trunked forest in Catunama, 
Amazonas, Brazil; d) aerial view of vegetation gradient (arrow shows open to closed) 

in Lábrea, Amazonas, Brazil. Photos: a, b, JMA; c, d, M. Cohn-Haft. 

2.2.1 Plant species diversity and dominance 

In contrast to terra firme forest, known for high diversity and heterogeneity of 

species in any given area (Pitman et al. 2001), Amazonian campos are species poor. 

There are reports of about 100 tree species per hectare (>1cm dbh) in white sand forests 

(Klinge & Herrera 1983) compared with as many as 300 tree species in species-rich areas 
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of terra firme (Valencia et al. 2004). White sand forests are frequently dominated by only 

a few woody species (Anderson 1981). For example, in white sand forests in the Guiana 

shield region, a few species of the family Caesalpinoideae may contribute as much as 

60% of the biomass. The genus Eperua is dominant, and the species change with 

geographic location. Eperua falcata and E. grandiflora are dominant in Guyana (Bleackley 

& Khan 1963; ter Steege & Zondervan 2000), E. leucantha (with Micrandra sprucei; 

Euphorbiaceae) in Venezuela (Klinge & Herrera 1983) and northern Brazil (Boubli 2002), 

and E. obtusata in Peru (Isler et al. 2001). In the central and northern Brazilian Amazon, 

dominant species in white sand forests differ, with Humiria Balsamifera (Humiriaceae) 

and Aldina heterophylla (Caesalpinoideae) commonly reported as dominant (Anderson 

1981; Barbosa & Ferreira 2004; Luizão et al. 2007). In scrub or ‘campina’ areas, fewer 

species have been documented and individuals are often stunted when contrasted with 

dominants of the same species in the nearby white sand forest. These patterns reflect 

general regional patterns of species distribution in the Amazon. Caesalpinoideae is the 

dominant plant family across forests of the Guiana shield region (ter Steege & 

Zondervan 2000).  

These general patterns are known (Anderson 1981), but there are few overall 

comparisons. To assess differences between Amazonian campos in different parts of the 

Amazon, I compared species lists of dominant woody plants from published papers and 

theses. I grouped sites by habitat type, calling open and scrubby areas on white sand 
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‘campinas’ (e.g., Figure 9a, 9b), taller forest formations on white sand ‘white sand forest’ 

(e.g., Figure 9c). Many papers deal with specific species or processes and list just two or 

three dominant woody species. I included only papers that listed at least 5 species for 

open and scrub formations (campina) and at least 7 species for white sand forest sites. I 

truncated longer lists to a maximum of 15. For comparison, I also included some 

savanna sites (Rupununi-Roraima savanna) and some open or scrubby vegetation, not 

on sandy soil and commonly considered Amazonian savanna (‘savannas’). Finally, I 

included two data points from a much larger meta-analysis of cerrado and savanna 

ecosystems in Brazil (Ratter et al. 2003). These represent the 15 species most commonly 

found in 58 Amazonian savanna sites and 315 cerrado sites, respectively. Using these 

criteria, I found lists for 37 sites, including 298 species. 

I grouped sites and species using nonmetric multi-dimensional scaling (NMS; 

Kruskal 1964). This ordination technique makes no assumptions about underlying 

species distributions or environmental variables (McCune & Grace 2002a). NMS linearly 

relates ecological distance between sites to distance in ordination space, using a distance 

matrix of samples. It then arranges sites in ordination space, such that ecological 

distance and distance in ordination space are linearly related. The number of axes in the 

ordination space is arbitrary, but an optimal number can be computed based the amount 

of ‘stress’ present in a solution. For this analysis, I chose a four-axis solution based on 

stress computed from the sum of squared deviations of the residual differences between 
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the ecological and ordination distances. I used a Bray-Curtis distance matrix and scored 

most species as 1 (present) or 0 (absent). However, I scored species as a 2 if the species 

comprised more than 30% of stems or biomass or a 3 if the species comprised more than 

60% of stems or biomass. I computed the ordinations in PC Ord 5 (McCune & Mefford 

1999).  

Table 5: Stress and R2 values for NMS results. 

Axis Minimum Mean Maximum Increment Cumulative
1 50.252 55.401 56.332 0.102 0.102
2 30.733 32.996 82.086 0.098 0.200
3 21.464 28.122 87.998 0.173 0.373
4 16.346 16.710 23.344

Stress R Squared

 

The results of the NMS suggest that, based on dominant woody species, white 

sand forest and campina sites cluster together geographically, more than by habitat 

designations. Table 5 shows stress and R2 values and Figure 10 shows axes 2 and 3, the 

clearest result, and a map for comparison. The R2 values are low, probably reflecting the 

overall lack of similarity between sites. Generally, campina and white sand forest sites 

were closer to other sites from the same region than to geographically distant sites of the 

same type. An exception were the Venezuela campina sites, which are somewhat closer 

to the Negro basin campina sites then to the Venezuela white sand forest sites. (As these 

are still in the same general region, this does not seem unusual.) In context of general 

patterns of plant species composition in the Amazon, these results make sense. Sites 

tend to be more closely related to sites in closer geographic proximity than to more 
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similar forest ‘types’ further away (Terborgh & Andresen 1998). This has been 

documented using large datasets with hundreds of sites and species across the Amazon 

(ter Steege & Zondervan 2000).  

Savanna sites clustered tightly together on all of the axes, regardless of 

geographic location and were largely separated from the white sand forest and campina 

sites. The compiled Amazonian savanna site from Ratter et al. (2003) was clustered 

tightly with the other savanna sites, and the cerrado site was separate, but closer to 

savanna than to white sand forest or campina sites. 

 

Figure 10: NMS showing sites grouped by dominant woody plants in 
Amazonian campos. Color denotes ecosystem type. 
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These data, although interesting, also show how little information is available in 

the literature for these ecosystems basin wide. Most species were listed for only 1 site 

(Table 6). Because singleton species are often deleted in NMS analysis, I also analyzed 

the data without these species. While the R2 values were slightly higher (cumulative 

R2=0.105, 0.283, and 0.427 for axes 1, 2 and 3, respectively), the spatial arrangement of 

sites along the axes was very similar.  

White sand forests had the most sites and species overall, with 175 total species 

for the 20 sites. Only 20 of these species were found at 3 or more sites. The most common 

was Pradosia schomburgkiana (Sapotaceae), which was found at 5 sites (and also at 2 

campina sites). The campina sites had only 3 species found at 3 or more sites and most 

species were found at only 1 site. The most common campina species was Humiria 

balsamifera (Humiriaceae), listed at 5 sites. This campina species occurs all over the 

Amazon and gives its common name (muri) to  ‘muri scrub ‘, the Guyanan equivalent of  

‘campina ‘. Table 7 shows species listed at 3 or more sites for white sand forest, and 2 or 

more sites for savanna and campina. It is difficult to say whether the many species 

found at only one site reflect patterns of endemism in campinas or insufficient data. On 

the other hand, a much greater proportion of savanna species were reported at multiple 

sites, even though there are fewer sites listed. Including more sites would improve these 

results, but few studies provide this information for white sand ecosystems.  
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I included the savanna sites for comparison, and they show very different species 

composition. They include studies from the Rupunui-Roraima, Guianan, and central 

Amazonian (Alter do Chão) savannas. By far the most common were Byrsonima 

crassifolia (Malpighiaceae) and Curatella americana (Dilleniaceae), which were listed for all 

sites. These two species are considered indicator species for savannas (Sarmiento 1984). 

With some exceptions (notably Malpighiaceae and Rubiaceae) the common families 

largely differ from those in campina and white sand forest. 

Table 6: Numbers of common woody species at Amazonian campo sites. 

 
Habitat Sites >2 sites 2 sites 1 site Total

White sand forest 20 20 27 127 174
Campina 10 3 14 74 91

Amazonian savanna 6 8 7 36

Species found at:

51  

The results also reflect more informal reports of campina species in areas with 

poor documentation. For example, Aldina heterophylla (macucu) is prevalent in 

campinarana ‘islands’ around Manaus (including the well-studied INPA reserve; 

Mardegan et al. 2007) and in many campinas along the lower Negro river. However, it is 

reportedly not common, and may not be present south of the Amazon River (M. Cohn-

Haft, pers comm.). Pagamea coreacia is prevalent in campinas south of the Amazon river, 

while Pagamea ducke is common in campinas around Manaus (M. Cohn-Haft, pers 

comm.). In the studies examined here, Pagamea coreacia was reported from the Manaus 

campina and from northern Brazil and Columbia, while Pagamea ducke was only 
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reported from the Manaus campina. Aldina heterophylla was reported from Manaus and 

the Negro basin.  

Plants structure an ecosystem and determine its overall physiognomy, affecting 

all the other species that may utilize it. Plant species composition may vary with 

geographic location (clearly important from these results), topography, substrate, and 

the biogeographic history of a given area. On local scales, plant species composition may 

vary along gradients including soil, hydrology, or topography. Such gradients can result 

in patchy distributions, with areas of ‘campina’ species mixed in with patches of species 

more characteristic of savanna. This occurs in Roraima, Brazil as well as some of the 

southern campos (M Cohn-Haft, pers comm.) I will discuss some of these gradients and 

processes in the following sections.  
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Table 7: Common woody species from 36 sites reported in the literature 
(cerrado site not included). The table shows species reported as among the 15 most 

common woody plants at 3 or more sites for white sand forest, and at 2 or more sites 
for campina and savanna. Numbers in parentheses show the number of sites. 

 Family White sand forest (20) Campina (10) Savanna (6)
Anacardiaceae Anacardium occidentale (2)
Annonaceae Xylopia aromatica (4)
Apocynaceae Aspidosperma album (2)

Himatanthus articulatus (3)
Aquifoliaceae Ilex divaricata  (4)

Arecaceae Mauritia caraná (4)
Oenocarpus bataua (3)

Bombacaceae Bombacopis amazonica (3)
Catostemma sp (2)

Burseraceae Protium heptaphyllum (4)
Caesalpinaceae Aldina heterophylla (3) Aldina heterophylla (2)

Dicymbe altsonii (3)
Eperua falcata (4)

Eperua grandiflora (3)
Eperua obtusata (3)

Chrysobalanaceae Hirtella ciliata (2)
Clusiaceae Cariapa longipedicellata (3)

Cariapa punctulata (3)
Clusia chiribiquetensis (2)

Clusia sp. (2)
Dilleniaceae Curatella americana (6)

Erythroxylaceae Erythroxylum suberosum (2)
Euphorbiaceae Hevea pauciflora (3)

Micrandra siphonioides (3)
Senefelderopsis chiribiquetensis (2)

Fabaceae Bowdichia virgilioides (3)
Calliandra vaupesiana (2)

Chamaecrista adiantifolia (3)
Ormosia coutinhoi (3)

Flacourtiaceae Casearia sylvestris (3)
Humiriaceae Humiria balsamifera  (5)
Lauraceae Ocotea esmeraldana (3)

Loganiaceae Antonia ovata (2)
Malpighiaceae Byrsonima amoena (3)

Byrsonima coccolobifolia (3)
Byrsonima crassifolia (2) Byrsonima crassifolia (6)

Byrsonima verbascifolia (2)
Myristicaceae Iryanthera elliptica (4)

Ochnaceae Ouratea spruceana (2)
Proteaceae Roupala montana (2)
Rubiaceae Genipa americana (2)

Pagamea coriacea (2)
Pagamea duckei (2)

Pagamea guianensis (2)
Palicourea rigida (4)

Psychotria sp (3)
Retiniphyllum concolor (2)

Sapindaceae Talisia squarrosa (4)
Sapotaceae Pradosia schomburgkiana (5) Pradosia schomburgkiana (2)  
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2.3 Factors influencing variation among Amazonian campos 

2.3.1 Environment: soils, hydrology 

2.3.1.1 Soil 

Soil is probably the most often cited key factor used to differentiate campinas 

from other open vegetation types in the Amazon (for example, Richards 1941; Ducke & 

Black 1953; Herrera et al. 1978; Anderson 1981; Pires & Prance 1985; Prance 1996). 

Anderson (1981) notes that campinas occur on pure quartz sand, stating that even 5% 

clay in the sand results in a different vegetation type. White sand soils throughout the 

Amazon generally support a characteristic flora that is distinct from flora on other soils, 

even in the immediate vicinity (Richards 1941). Many of the white sandy soils 

characteristic of ‘campinas’ are hydromorphic podzols (Richards 1941; Sauer et al. 2007). 

Podzolization occurs when repeated rising and falling of the water table causes organic 

matter and clays (sesquioxides) to be leached from the top layers of soil, leaving behind 

only sand (Franco & Dezzeo 1994; Do Nascimento et al. 2004; Sauer et al. 2007). Often 

this leached material is deposited as a hard pan (B horizon) under the soil that may 

maintain the water table at high levels (Franco and Dezzeo 1994, Horbe et al. 2004). In 

other cases, white sand soils of campinas may be fluvial deposits or simply areas where 

locally impoverished parent materials have weathered into leached white sands (not 

true spodosols) (Heyligers 1963; Anderson 1981). 

As a rule, white sand soil is extremely nutrient poor (particularly in nitrogen and 

phosphorous) and highly acidic and aluminum toxic (Herrera et al. 1978). However, 
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authors disagree as to the specific role these chemical characteristics may play in 

physiognomy and plant species composition of Amazonian campos. Sollins (1998) 

reviewed soil properties for forests all over the tropics and found little correlation of 

plant species occurrence with soil chemical properties; other factors such as drainage 

appeared to be more important. At specific sites, nutrient availability varies to different 

degrees across an open to closed gradient of campina vegetation. For example, in the 

central Brazilian Amazon, Mardegan et al (2007) found no difference in soil N, C:N or N 

isotope ratios across such a gradient, although differences in foliar isotopic 15N ratios 

suggested differences in N use. In Venezuela, Tiessen et al (1994) found soil P levels 

were correlated with slope position, which varied with the vegetation gradient. Luizão 

et al (2007) suggested that pH values, which generally vary between 3.5 and 5 

(Anderson 1981; Coomes 1997), may be more important than nutrient scarcity for 

limiting non-adapted plants. 

Lack of nutrients or low pH may be the reason why even the most developed 

forests on white sand soils have a much lower basal area and above ground biomass 

than terra firme forest (Klinge 1978). Sclerophylly in leaves is typical of podzols (Sauer et 

al. 2007). While in other circumstances sclerophylly may be an adaptation to drought, in 

Amazonian campos it is likely a response to nutrient scarcity (Medina et al. 1990) 

resulting in the need for extra defense against herbivory (Fine et al. 2006). Another 

possible adaption for nutrient retention may be the layer of dark humus, accompanied 
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by a thick root mat that often found above a layer of pure sand in white sand forests 

(Herrera et al. 1978; Coomes & Grubb 1996). This root mat and accompanying humas 

may contain the majority of nutrients available to plants (Tiessen et al. 1994). Other areas 

lack the root mat and have pure white sand showing at the soil surface (Anderson 1981).  

White sand soils are the common characteristic used to differentiate campinas 

from other types of Amazonian campos. However, white sand also supports vegetation 

that is not considered ‘campinas’, and ‘campinas’ are found on soils with a variety of 

characteristics. For example, scrubby igapó (blackwater flooded forest) vegetation grows 

on pure white sand beaches of many Amazonian rivers (Pires & Prance 1985) and differs 

from ‘caatinga-gapo’ (e.g. campina-like igapó) which also occurs on white sandy soils 

along rivers. Prance (1996) also distinguishes ‘savannas on white sand with rapid 

drainage’ from the white sand campinas and caatingas of the Negro river basin.  

There are also examples of classic ‘campina’ vegetation occurring on soils that 

are not pure sand. Many areas in the Rio Negro basin in Brazil have ‘campina’ 

vegetation on a silty or fine clay soil mixed with varying amounts of organic matter 

(Cohn-Haft, pers comm.). Campinas along the Madeira river also have clay and organic 

matter mixed with some sand, at least in the first 10 cm. To my knowledge, there are no 

soil studies of these areas. While such mixed soils likely have more pure sand 

underneath, they illustrate the variation found in the field (Figure 11). North of Manaus 

(around Presidente Figuereido) campinas occur on bedrock, reminiscent of campo 
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rupestre, with pockets of sand instead of the sandy podzols with underlying hardpan 

typical of this area (Horbe et al. 2004). These examples show variation in the substrates 

of Amazonian campos, although most do have some sand content. Possibly, the sand 

itself is a result of the same sort of processes that lead to the formation of the ‘campina’ 

vegetation – namely impeded drainage caused by topology or an underlying hard 

surface (in this case rock), resulting in lighter materials being leached away, leaving 

sand.  
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Figure 11: Soils in Amazonian campos throughout the Amazon: a) sand with 
humus in Viruá National Park, Brazil; b) pure white sand in Bararati, SE Amazonas, 
Brazil; c), d) fine saturated clay with some sand in the Igapó-açu/Matupiri campinas; 

and e) campina with white sand on rock substrate in Sucunduri, SE Amazonas. 
Photos: a, c, d, JMA; b, e, MCH. 

2.3.1.2 Hydrology 

Prolonged soil saturation and flooding is likely a crucial driving factor for many 

Amazonian campos. Flooding regimes vary from high water tables (Bleackley & Khan 

1963; Franco & Dezzeo 1994) to prolonged flooding of a meter or more (Figure 12a and 

see Chapter 4 ). The vegetation gradient is commonly attributed to a saturation gradient, 

with the lowest stature vegetation in areas of longest saturation (Bongers et al. 1985). 
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This correlation is widely noted, including in Peru (Alonso & Whitney 2001), Venezuela 

(Bongers et al. 1985; Coomes & Grubb 1996), Suriname (Heyligers 1963) and the central 

(Vicentini 2004) and southern (Jirka et al. 2007) Brazilian Amazon. Eiten (1978) also 

compares the ‘wet campos’ on podzolized soils in the cerrado region to the ‘moist 

campos’ of the central Amazon. These ‘wet campos’ often divide cerrado from forest, 

and have high water tables for parts of the year.  

Because of the close relationship with soil water, topographic position also 

influences vegetation structure in Amazonian campos (Heyligers 1963; Franco & Dezzeo 

1994). Contrary to intuition, the most open areas on saturated soils are often elevated 

above the surrounding forest (Bleackley & Khan 1963; Franco & Dezzeo 1994). This 

difference is subtle; Bongers et al. (1985) describe mounds that rise two meters over 200 

meters distance. In this case, the hardpan layer beneath the soil (characteristic of 

podzols) (Sauer et al. 2007) may impede drainage. Rainfall may ‘fill’ an area, drastically 

raising the water table and causing long periods of saturation even when the campo 

appears dry (Franco & Dezzeo 1994) (Figure 12c, 12d). Another example of this can be 

seen during the low water season along the Rio Negro and its tributaries, where water 

may drip out of the banks below campina-like vegetation ‘perched’ several meters above 

the river (Cohn-Haft, pers comm.; Figure 12b).  

Drainage conditions do vary in sandy soils across the basin and the relationship 

between the vegetation and saturation gradients may not be universal. In Venezuela, 
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Franco & Dezzeo (1994) found consistently higher groundwater in caatinga (white sand 

forest) than in bana (open campos), although some caatinga forests died during 

artificially long periods of flooding. Caatinga forest species display various adaptations 

to waterlogged conditions, including prop-roots, knee-roots, swollen lenticels, and 

pneumatophores (Coomes & Grubb 1998). The root mat may also obtain oxygen when 

the soil is saturated (Franco & Dezzeo 1994). Also, in addition to soil saturation, plant 

communities in some Amazonian campos must survive periodic water deficiencies 

(Heyligers 1963, Suriname; Anderson 1981, central Brazilian Amazon; Duivenvoorden 

1994, Columbia; Franco & Dezzeo 1994, Venezuela; Jirka et al. 2007, southern Brazilian 

Amazon). The timing and extent of water deficit may vary, both with rainfall patterns 

(the number of consecutive dry days) in different regions (Coomes & Grubb 1996) and 

with local topography (Heyligers 1963). This may be more important for campos on in 

the north and south, where there is a more prolonged dry season than in the central 

Amazon (Sombroek 2001). In Guyana, some white sand forests occur on excessively 

drained soils (not podzols; Huber 2006). 

One of the most detailed studies of white sand vegetation and soils in Surinam 

(Heyligers 1963) illustrates how some of these factors interact. Heyligers distinguished 

four types of white sand soils (slightly humic, humic, strongly humic and peaty) based 

on the amount of organic matter in the top layers. Drainage patterns and accompanying 

vegetation differed in the four types. Strongly humic and humic soils were consistently 
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poorly drained, while less humic soils had more variable drainage patterns. Presumably 

the drainage influenced the amount of organic matter in the soil and also influenced the 

vegetation (which in turn changes organic matter composition). Fire was also an 

important factor. Similar processes might result in the patterns I discuss above; however, 

detailed studies to confirm this (especially over broad geographic regions) are missing. 

 

Figure 12: Examples of flooding and soil saturation during the dry season: a) 
flooded area in Viruá National park in the Negro-Branco campinas; b) water dripping 
out of river banks with campina vegetation during low water in Viruá National Park; 
c), d) raised water table after one night’s rain (bucket was level with the ground the 

day before) in July in an Igapó-açu/Matupiri campina. Photos: a) JMA, b) – d) M. 
Cohn-Haft. 
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One more important phenomenon to note is that vegetation on white sands drain 

blackwater streams throughout the tropics (Richards 1941; Bleackley & Khan 1963; 

Heyligers 1963; Klinge 1967; Janzen 1974). Humic compounds leached from the tanin-

rich leaves of the schlerophylic vegetation of these poor soils colors the characteristic 

tea-colored water (Janzen 1974). The Negro river is named for the black water that 

drains out of enormous areas of white sands (Klinge 1967; and see chapter 4). 

Superimposing a map of streams on the campina patches along the Madeira river in the 

central Amazon shows the many black and clear water streams that drain out of campos 

(Figure 13). The long periods of saturation or flooding and the importance of hydrology 

to both the formation and ecological communities of Amazonian campos suggest that 

they should be considered wetlands.  
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Figure 13: Small watersheds in the interfluvial area between the Madeira and 
the Purus rivers in central Brazil show the Igapó-açu/Matupiri campinas at the 

headwaters of blackwater streams. The inset shows three campos with lines drawn 
roughly along the divisions of the watersheds; campos are generally located squarely 
in these divisions. The background image is Landsat 2001. Adapted from a figure by 

M. Cohn-Haft. 

2.3.2 Disturbance: natural and anthropogenic fire 

Fire is an important driver of many savanna ecosystems (Sarmiento 1984). In 

Amazonian campos (including white sand areas), soil charcoal also indicates that fire 

has occurred for millennia (Prance & Schubart 1978; Saldarriaga & West 1986; 

Hammond & ter Steege 1998). However, the role of natural and anthropogenic fire in 

their creation and maintenance is not clear. Some authors assert that true campinas do 

not burn (Ducke & Black 1953; Eiten 1978) or distinguish between campos on clay soil 

that burn and campinas on pure white sand that do not burn (Anderson 1981; Prance 
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1996). However, the existence of low stature (campinarana) forest without associated 

open areas suggests that some campinas will revert to closed canopy forest without 

periodic fire. 

Lightning can start fires even in remote areas (Ramos-Neto & Pivello 2000; Pinto 

et al. 2007) and dry climatic conditions may exacerbate them (Hammond & ter Steege 

1998; Sombroek 2001; and see chapter 3). However, return times of naturally occurring 

fires in Amazonian campos are likely very long. Amazonian campos that do not burn 

frequently are characterized by a long slow spatial transition between vegetation 

formations, where the density and height of bushes increases slowly from the open 

center towards the edges and eventually blends with the surrounding forest (Figure 14a) 

(Heyligers 1963; Vicentini 2004). This gradual transition may indicate a slow process of 

succession. Alternatively, fire tolerant species may colonize this area, instead of less fire-

tolerant campinarana species (Vicentini 2004). The transition area is important habitat 

for many species. For example, a newly discovered species of jay (Cyanocorax sp.), that is 

endemic to Amazonian campos in the interfluvial area between the Madeira and Purus 

rivers, occupies this small strip of transitional habitat exclusively (Cohn-Haft 2008).  

Some Amazonian campos burn regularly. Frequent fires are generally 

anthropogenic in origin and long histories of fire use affect vegetation patterns. Prance 

and Schubert (1978) found evidence to suggest that white sand areas in the lower Rio 

Negro region resulted from fires set by indigenous people approximately 1,000 years 
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ago. Historically higher human population at San Carlos de Rio Negro, a well-studied 

Venezuelan site, may have resulted in the more open aspect of its vegetation compared 

with nearby La Esmeralda (Coomes & Grubb 1996). Indigenous burning practices may 

be practical and predictable. In Suriname, patches of white sand vegetation that burn are 

associated with old or current indigenous settlements. Indigenous people burned red 

sand soils frequently for cultivated areas, Dimorphandra stands for firewood, and wet 

(white sand) savannas for turtle hunting and to remove grass (Heyligers 1963). Even 

minimal human access can be enough for an isolated campina to burn frequently. An 

(impassable) road crosses one of my remote study sites in the central Amazon. It has 

wide open fields and fewer bushy areas than other nearby campinas (see chapter 3 of 

this thesis). It lacks the slow transition from open to busy areas and is characterized 

instead by a much sharper boundary, a sign of frequent fire.  

Most authors who discuss fire address its profound affects on plant species 

composition. Amazonian fire-maintained savannas, such as the Rupununi in northern 

Brazil and Guyana or the Gran Sabana in Venezuela, are dominated by the fire resistant 

shrub, Curtella americana, which is not generally found in white sand campinas. Fire 

resistant shrubs of campinas include Humiria balsamifera, dominant in burned campinas 

in northern Brazil (Barbosa & Ferreira 2004) and the palm Bactris campestris (Heyligers 

1963). Burned white sand areas in Guyana and Surinam often regenerate with almost 

pure stands of Dimorphandra conjugata (Heyligers 1963). However, if sufficiently 
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infrequent, fire may have the opposite effect, and actually raise plants species diversity 

(Hammond & ter Steege 1998).  

Possibly, small patches of Amazonian campos are vestiges of a time when the 

Amazon was more open, and are maintained by edaphic factors and periodic natural 

(lightening) fire (A. Carneiro, pers comm.). However, Amazonian campos are vulnerable 

to high frequency anthropogenic fires. Human disturbance, in combination with climatic 

effects (Timmermann et al. 1999), is likely to increase fire frequency in these ecosystems, 

particularly those that are not protected by their isolation. 

 

Figure 14: Effects of differences in fire frequency on Amazonian campos. 
These two campos are both in the Igapó-açu/Matupiri campina complex; a) shows the 
gradual increase in bushiness leading up to closed canopy forest in an isolated campo 

that burns rarely; b) shows the much more open area and abrupt edge in a campo 
known to burn regularly. Photos: JMA. 

2.3.3 Origins 

Origins of Amazonian campos likely vary, depending on geographic area and 

geological and climatic history. One of the most common may be podzolization, as 



 

69 

discussed in the soil section. Podzoliation results when repeated rising and falling of the 

water table leaches minerals from the top layers of soil, leaving only sand (Sauer et al. 

2007). In the central Amazon, sandy soils tend to be localized in small patches. Many of 

these are likely derived from aggressive podzolization, with some areas less than 3000 

years old (Klinge 1965; Horbe et al. 2004). The white sand areas covered in ‘muri bush’ 

in the Berbice formation in Guyana probably also resulted from podzolization (Richards 

1941; Bleackley & Khan 1963). In other cases, sandy soils may not be true podzols, but 

simply deeply weathered sand, in which most other materials have been leached away 

(Heyligers 1963).  

The largest areas of white sandy soil, those in the Negro basin (Pires & Prance 

1985) may be fluvial deposits from the Guianan shield and the Roraima Sandstone 

Formation (Coomes and Grubb 1996). Another explanation is that the large sand 

deposits in these areas are paleodunes, deposited by wind and originating during 

periods of drier climate during the Late Pleistocene (Carneiro Filho et al. 2002). 

Podzolization may also be important in some areas. In Peru, white sand forests 

substrates were likely formed by fluvial deposits that were laid down approximately 6 

to 8 million years ago during processes connected to the formation of the Iquitos Arch 

(Roddaz et al. 2005). Similarly the ‘river shaped’ campos south of the Madeira river, 

sandy soils may be fluvial deposits left by ancient rivers.  
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Finally, some campinas, including some of those in the Lower Rio Negro (Prance 

& Schubart 1978) and in Suriname (Heyligers 1963) may have been deliberately cleared 

by fire and have not recovered, either because of recurring fire or a successional process 

slowed by nutrient poor and very dry soils. In Roraima, Brazil, there are mosaics of 

vegetation with patches that appear to be natural scrublands (possibly on sand) that 

likely resulted from impeded drainage, mixed with other patches with more 

characteristic dry savanna species, such as Curtella americana. These patches may have 

resulted from high frequency anthropogenic fires over hundreds of years (M. Cohn-

Haft, pers comm).  

As I have already mentioned, Amazonian campos, including those with the 

classic ‘campina’ physiognomy occur on several substrates in addition to white sand. A 

process common to many of the suggested origins is prolonged soil saturation and 

accompanying mineral leaching. Amazonian campos may originate with these common 

processes, which occur for different reasons in different places and may result in both 

the creation of sandy soils and a common vegetation physiognomy.  

2.4 Endemism and diversity 

Perhaps in part because they occur as ‘islands’ in a sea of terra firme forest 

(Prance 1996), Amazonian campos, although species poor, are known for their high 

levels of endemism (Anderson 1981). Many plant families and genera have white sand 

specialists with counterparts in terra firme forest. In some cases, specialist species within 
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a genera may have originated on clay soil and evolved new species multiple times in 

different localities with different soil conditions (Fine et al. 2005).  

Evolutionary pressures to specialize in Amazonian campos may include nutrient 

scarcity (Medina et al. 1990), soil (Tuomisto & Ruokolainen 1997), hydrological 

dynamics (saturation and/or drought; Jirka et al. 2007) or a combination of factors. To 

test the theory that nutrient scarcity and the resulting cost of herbivory in white sand 

forests in Peru was enough to trigger speciation, Fine et al (2004) used reciprocal 

transplant experiments. They found that terra firme species did better in both 

environments when protected from herbivory, but white sand specialists did better in 

white sand forests when left unprotected. Phylogenetic analysis of 35 species in 3 genera 

suggests that edaphic factors are an important driver of speciation in the Amazon (Fine 

et al. 2006). 

Faunal communities in Amazonian campos are also distinct. Amazonian birds 

are distributed in patterns of endemism divided by large rivers (Haffer 1969). Some 

birds may then specialize to fill local environmental niches, resulting in comparable 

species within each interfluve. Although Amazonian campos hold fewer bird species 

than nearby terra firme forest (up to 150 species in central Amazonian campos, 

compared to about 300 in nearby terra firme forest; Borges 2004), they form a distinct 

community with high levels of endemism (Cohn-Haft et al. 1997). 
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Most of the few published studies that address birds in Amazonian campos are 

species descriptions (Alonso & Whitney 2001; Isler et al. 2001; Alonso & Whitney 2003; 

Whitney et al. 2004; Whitney & Alonso 2005). Especially striking are descriptions from 

the white sand forests (varillales) outside of Iquitos, Peru, from which there have been 

ten species new to Peru and four new to science in the past several years (Alonso & 

Whitney 2003). In Jaú National Park in the Negro basin, Brazil 10% of birds found were 

restricted to white sand campinas, which cover only 0.5% of the park area (Borges 2004). 

There is also a unique bird community in white sand campinas of Roraima, Brazil (also 

in the Negro basin) with some species shared with Roraima savannas and others distinct 

(Naka et al. 2006).  

The number of species descriptions of Amazonian campo endemics published in 

recent years attests to our sparse understanding of these areas and their special patterns 

of endemism. In the literature search for this paper, I found many species descriptions  

13% of all the studies and 32% of studies published since the year 2000. Collecting 

expeditions to the Igapó-açu/Matupiri campinas in Madeira-Purus interfluve area have 

found species new to science for all taxa collected, including 2 birds, 2 mammals, 

spiders, reptiles, amphibians, a large conspicuous palm and other plants (Cohn-Haft 

2008). It is especially striking to find conspicuous species, such as the jay. This is the first 

jay new to science in 80 years and it was recorded even in the campos of Humaitá, less 

than 50 km from a large town (M Cohn-Haft, pers comm). Jays are large and gregarious, 
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and are often the first birds noticed in an area. Of course, local people knew the jay, and 

called it the  ‘cancaunzihno da campina ‘ or campina jay.  

The small size and isolation of many campina patches likely contributes to both 

their low number of species and their high levels of endemism (ter Steege et al. 2000). 

Research suggests that dissimilarity with increasing distance, the definition of beta 

diversity, may be more important than environmental factors in explaining diversity 

across the Amazon (Terborgh & Andresen 1998). There is also much beta and gamma 

diversity that remains unexplained, even with distance and environmental variables 

taken into account (Condit et al. 2002). Because of their unique communities, their 

tendency to be in patches embedded in other habitats, and their broad geographic 

distribution, Amazonian campos contribute to diversity on a basin-wide scale. 

 2.5 Efforts to conserve Amazonian campos 

Historically, Amazonian campos have not been a high conservation priority. 

They are ‘species-poor’ by Amazonian terms, and have been neglected in land use 

planning schemes because of their soils that are inhospitable for agriculture (Moran 

1991; ter Steege 1998). Many areas have been protected, de facto, by their isolation. Where 

they are accessible, such as near large cities like Iquitos or Manaus, white sand areas 

have been burned, mined for their sand (Anderson 1981) or deforested for firewood 

(Heyligers 1963) or lumber (Alonso & Whitney 2003). Amazonian campos are sensitive 

to disturbance because of harsh conditions for growth. They may take decades or more 



 

74 

to recover from logging or burning. In this section, I will discuss some efforts to protect 

Amazonian campos, particularly in Brazil. 

Figure 15 shows the distribution and overlap of Amazonian campos with 

protected areas and indigenous lands. Many Amazonian campos are not in protected 

areas. Those that are, are often in sustainable use areas or indigenous lands (IUCN 

categories V-VI or unknown), rather than areas managed for biodiversity conservation 

(IUCN categories I-IV). The largest areas of protected Amazonian campos are in remote 

northern Brazil. This region is not under immediate threat. Patches are difficult to access, 

and extensive flooding makes large scale infrastructure impractical (see Chapter 4). In 

fact, the first attempt to complete the BR-174 highway from Manaus to Boa Vista 

(Roraima) failed because it was routed through extensively flooded campinas.  

I visited the one national park in this area, Viruá. Viruá has committed staff that 

works extensively with local people and researchers. Their efforts include assessment 

and monitoring activities, opening the park to scientific research, bringing in school 

groups and college-level field courses from nearby cities, and working with local 

fisherman on fishing regulations. The accessibility that they provide will certainly 

increase scientific research and awareness of campinas in Brazil. 

Amazonian campos in the southern Brazilian Amazon are generally much more 

accessible, as they are in regions with planned or constructed infrastructure. Almost all 

that are within protected areas are in less restricted types, such as sustainable use 
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reserves or indigenous lands. Almost none are in fully protected parks. Some, such as 

the campos in the Humaitá region (see Chapter 3) are already seriously degraded in 

places. The tendency for seasonal flooding does provide some degree of de facto 

protection. 

 

Figure 15: Distribution of Amazonian campos and protected areas. Protected 
areas that overlap Amazonian campos are shown in color, green for areas managed for 

biodiversity protection (IUCN categories I-IV), orange for sustainable use areas 
(IUCN categories V-VI) and blue for IUCN  ‘unknown ‘, which are generally 

indigenous reserves. Protected areas are from the World Database of Protected Areas 
(WPDA 2009).  
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In the central Amazon, inaccessibility still protects many Amazonian campos, 

but plans for development could put them at serious risk. An urgent case is the Igapó-

açu/Matupiri campina complex, located between the Madeira and Purus rivers (see 

chapter 3). The proposed paving of the Manaus-Porto Velho highway (BR-319) could 

create a corridor of development through the region (Fearnside & Graca 2006), likely 

bringing increased fire frequency and deforestation. There is much current discussion 

about ways to prevent this (Mesquita et al. 2007) and to protect its unique ecosystems, 

including the campinas (Cohn-Haft 2008). On March 25, 2009, the Brazilian government 

announced the creation of six new reserves totaling 2.3 million hectares, as part of a  

‘corridor of protection ‘ in this region (http://www.wwf.org.br/?18680/Seis-unidades-de-

conservao-sero-criadas-no-Amazonas; accessed March 27, 2009). It remains to be seen 

whether these efforts can successfully mitigate the effects of the road.  

One non-Brazilian example comes from the white sand forests (varillal) outside 

of Iquitos, Peru. The recently described Iquitos Gnatcatcher (Perlita de Iquitos; Polioptila 

clementsi) is the center of an intense conservation effort. The bird is restricted to specific 

areas within the varillales and is considered critically endangered, in part due to heavy 

impacts of development and logging in its habitat (Whitney & Alonso 2005). The 

discovery of the gnatcatcher and several other birds prompted the creation of a reserve 

to protect this habitat (Alonso & Whitney 2003).  

http://www.wwf.org.br/?18680/Seis-unidades-de-conservao-sero-criadas-no-Amazonas
http://www.wwf.org.br/?18680/Seis-unidades-de-conservao-sero-criadas-no-Amazonas
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2.6 Conclusions 

In this chapter, I have drawn attention to Amazonian campos, including their 

broad geographic variation and distinct communities. I have discussed some of the 

important factors that shape them, namely soil, hydrology, fire, and geographic origins. 

I have integrated existing data and shown that Amazonian campos vary geographically 

across the basin. Open and woody formations on sandy substrates tend to be more 

similar to sites that are geographically closer, rather than to sites with similar 

physiognomy that are further away. Savanna sites are distinct from white sand sites. 

Finally, I discussed conservation efforts for Amazonian campos. 

Variation in Amazonian campos contributes to overall habitat heterogeneity and 

plays an important role in beta-diversity in the Amazon (Tuomisto & Ruokolainen 1997). 

Many of the endemic bird species in the Negro river basin, for example, are associated 

with campina and campinarana ecosystems (Borges 2007b). In addition to actual species, 

Amazonian campos also contribute to the processes of speciation and diversification 

(Fine et al. 2005). In a fully functioning Amazonian ecoregion, small and unusual 

ecosystems such as Amazonian campos have a special role to play and must be included 

in conservation efforts. 
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3. Disturbance and change in vegetation and bird 
communities of white sand campinas in the central 
Brazilian Amazon  

3.1 Introduction 

White sand ‘campinas’ are ‘island’ habitats, with importance for regional 

Amazonian diversity. Dynamic successional processes, such as fire and flooding, shape 

campinas and their plant and animal communities. In this chapter, I combined Landsat 

imagery from 1987 to 2007 and field data to assess processes of disturbance (e.g., fire and 

windthrows) and vegetation change in campinas in the central Brazilian Amazon. I 

compared four dates and found an increase in open areas in 2001, correlated with an 

increase in visible signs of disturbance. Bird communities did not differ significantly, but 

there was a trend of more generalist/savanna species in more frequently disturbed 

campinas.  

Long interval natural disturbances likely maintain the open character of these 

ecosystems. Frequent fires, especially during the strong ENSO event of 1997-1998 may 

have led to a general increase in open vegetation, even in areas not normally subject to 

direct human impact. This may be the likely trajectory of campina ecosystems if global 

climate change results in a hotter and drier Amazon. Conservation efforts are needed to 

mitigate development in these fragile ecosystems. 
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3.1.1 Disturbance and succession in campinas 

In the central Brazilian Amazon, white sand ‘campinas’ (savanna-like vegetation 

on quartz sand substrates) and ‘campinaranas’ (associated short stature forest) generally 

occur as small ‘islands’ in a ‘sea’ of terra firme forest (Prance 1996). Although species-

poor compared to surrounding forests, they host a unique community of species with 

high rates of endemism (Anderson 1981). Many campina patches exhibit a characteristic 

mosaic of vegetation arranged in a circular gradient from their centers to their edges. 

They range in size from less than 1 ha to 10,000 ha or more, but most are under 200 ha. 

The most open vegetation is usually in the center of large areas that become 

progressively bushier towards the edges. Short stature campinarana forest surrounds 

campina patches and eventually grades into full stature terra firme forest. Some patches 

are simply bushy or campinarana, with no open area in the center. 

There is debate about the origins and maintenance of these open patches, 

embedded in the same climatic conditions as the full stature, mega-diverse terra firme 

forest (Anderson 1981). Their white sand substrates have diverse geographic origins and 

certainly influence their unique ecological communities (Fine et al. 2005). Sandy 

campina areas may be the result of fluvial deposits, aggressive in situ soil leaching, or 

soil podzolization resulting in bleached white sand substrates (Anderson 1981). 

However, disturbance and successional processes likely also play a role (Prance & 

Schubart 1978). Campinas occur in a dynamic landscape, subject to natural and 
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anthropogenic fire, seasonal flooding and enormous windstorms and blowdowns 

(Nelson et al. 1994; Garstang et al. 1998). One theory proposes that campina patches in 

the central Amazon actually originated with burning hundreds of years ago by native 

peoples. Slow regeneration due to extremely low soil nutrient levels may have resulted 

in open areas with vegetation in a state of arrested succession (Prance & Schubart 1978).  

If this is the case, long-interval natural disturbance may maintain the open 

portions of campinas. Fire is common in savannas worldwide and provides one 

explanation for their origins and maintenance (Sarmiento 1984). Some authors have used 

fire to differentiate campinas from savannas, claiming that campinas do not burn, or at 

least are not a fire-adapted ecosystem (Anderson 1981). Still, campinas may be 

undergoing a slow successional process leading towards complete canopy closure, with 

open areas maintained by occasional fires. Patches of white sand forest do occur without 

associated open areas, although edaphic conditions may ensure that even a  ‘climax ‘ 

forest on white sand is characteristically stunted (Coomes & Grubb 1996). Indeed, in 

northern Amazonas state there are huge areas of white sand forest, without associated 

open campinas.  

Alternatively, campinas may have geological origins and be maintained by local 

conditions and not periodic disturbance. Nutrient gradients, topography, seasonal soil 

saturation or acidity might all contribute to the characteristic vegetation gradient seen in 

campinas (Franco & Dezzeo 1994; Miranda et al. 2003; Mardegan et al. 2007). Flooding, 
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in particular, is characteristic of white sand ecosystems when they occur on podzolized 

soils (Anderson 1981). An impermeable hard pan (B horizon) caused by leached and 

deposited minerals can trap rainwater, causing prolonged soil saturation (Horbe et al. 

2004). Throughout the Amazon, such saturation is correlated with shorter stature 

vegetation in white sand ecosystems (Franco & Dezzeo 1994; Jirka et al. 2007).  

If open areas in campinas are maintained by fire, patches may be undergoing a 

slow process of succession leading towards complete closure, possibly visible in satellite 

imagery. Occasional disturbance events could open certain patches from year to year. 

This would be especially likely in accessible patches, but even isolated patches might 

experience fire or other disturbances. If recolonization after disturbance were sufficiently 

slow, patches may appear to remain similar unless disturbed. Occasional disturbance 

events in different patches could lead to an overall pattern of campinas that become 

more open over time. Conversely, if open areas are generated by local nutrient or 

saturation gradients, there may not be any discernable difference in the proportions and 

locations of vegetation classes over time. This could also appear to be the case if the 

classes were undergoing relatively slow succession that may not be detected in satellite 

imagery. 

3.1.2 Bird communities of campinas 

‘Island’ ecosystems, such as those on white sand soils, contain fewer species than 

terra firme forests, possibly because of both harsh conditions and the small areas and 
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isolation of patches (ter Steege et al. 2000). However, these areas have high rates of 

endemism, giving even relatively species-poor ecosystems a distinctive role in plant and 

vertebrate beta diversity in the Amazon basin (Tuomisto et al. 1995). Campina 

ecosystems are notable for their variety of vegetation formations (Pires & Prance 1985). 

Each vegetation type within this campina gradient may have certain associated plants or 

animals (Vicentini 2004), enriching the overall heterogeneity and diversity of a 

landscape.  

Birds commonly found in campinas include: 1) specialized campina endemics; 2) 

birds characteristic of savannas and open habitats across the Amazon; and 3) birds that 

use campina and campinarana habitats as well as other forest habitats (Borges 2004). 

Which birds are found in a given campina patch may vary with the size of the patch, the 

distribution of the different habitat types (open, scrubby, forest), and the disturbance 

history of the area (Brawn et al. 2001). Edge habitat, or gradations between types, may 

be especially important. Some birds are restricted to campinarana forests or to the 

narrow edge ecotone where campinarana forests abut more open areas (Cohn-Haft, pers 

comm). Bird and plant community composition also varies with natural and 

anthropogenic disturbance (Heyligers 1963; Coomes & Grubb 1996; Hammond & ter 

Steege 1998). In campinas that frequently burn, we expect plant species with fire-

adapted traits (Heyligers 1963; Vicentini 2004) and greater numbers of savanna bird 

species as well as generalists that also use degraded open habitats (Adeney et al. 2006). 
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3.1.3 Campinas of the Madeira-Purus Interfluve 

The interfluvial area between the Madeira and Purus rivers is one of most intact 

and little studied regions of the Amazon (Vale 2007) and the campinas found there are 

one of its most biologically unique features (Cohn-Haft et al. 2007). Expeditions to this 

region have yielded new species of birds, mammals, plants, amphibians, and 

invertebrates (Cohn-Haft, pers comm.). The interfluve is one of the richest areas in the 

Amazon for birds, with an estimated 800 species likely to occur (Cohn-Haft et al. 2007). 

In recent years, three new birds species endemic to the interfluve have been discovered, 

attesting to the paucity of scientific information from the region (Cohn-Haft 2008). 

Planned development, including roads and dams, will likely dramatically increase 

human impact to this area in the near future (Fearnside & Graca 2006; Soares-Filho et al. 

2006; Mesquita et al. 2007; Cohn-Haft 2008). 

The archipelago-like arrangement of the campinas, a known disturbance 

gradient, and a time series of Landsat 30 m resolution satellite images provide a unique 

opportunity to assess change in patches across the interfluve. Data on avian species from 

extremely inaccessible areas allows us to generate correlations with bird communities. 

Here, I use Landsat imagery to detect formations (classes) of campina vegetation and 

assess changes over time. I catalog notable disturbances (e.g., fires, blowdowns) visible 

in satellite imagery and assess how they may have altered vegetation. I also contrast bird 

communities in more and less disturbed patches. Finally, I discuss these dynamics in 
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light of the origins and maintenance of these ecosystems and patterns of diversity across 

the Amazon basin.  

3.2 Methods 

3.2.1 Study area and field methods 

The Igapó-açu/Matupiri Campinas are named for two rivers which bound them, 

the Preto do Igapó-açu and the Matupiri rivers. The complex is located in the larger 

interfluvial area between the Madeira and the Purus rivers in the central Brazilian 

Amazon (~ 3°5’ to 6° S, 59°5’to 62° W; Figure 16). These patches range in area from ~ 70 

km2 to tiny patches of a few hectares. In addition to campina, campinarana and terra 

firme, this region includes areas of ‘varzea’ and ‘igapó’ (white and black water flooded 

forest, respectively). The temperatures range is 24 - 33 °C (average 27 °C) with an 

average of 2000 mm annual rainfall. There is a brief dry season from July through 

October and a wet season from November through June. During the wet season, the 

campina patches flood, likely to depths of 50 cm or more. This region is one of the most 

undisturbed parts of the Amazon, and many of the patches are far from rivers and 

largely inaccessible to people. 

During field seasons in 2006 and 2007, I used a Garmin GPS to generate around 

300 ground truth points in three patches (Figure 16). At each point, I recorded the 

dominant ground cover (grass or sedge) and dominant woody (shrub) cover to family or 

genus) and their average height and spacing. I also took extensive notes about the area 
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surrounding each point (e.g., size of clearings, landscape features such as patches of 

bushes, distance to edge of campina, burned areas, etc.) and took photographs.  

These three patches each had slightly different characteristics (Figure 16). Tupana 

(patch 1) is at the northernmost end of the complex (~50 km2, 4°9’ S, 60°7’ W). The 

Cunhã-Sapucaia Indigenous Reserve partially overlaps this patch as well as several 

other campina patches. This patch burned at least once sometime between 1997 and 2001 

and is surrounded by large areas of secondary regrowth ( ‘capoeira ‘) regenerating after 

fire. It is relatively open and dominated by the fire tolerant palm Bactris campestris 

(Arecaceae) and melastomes (Melastomataceae). Large patches of sedge (Cyperaceae) 

replaced grass (Poaceae) in some areas. This site had evidence of flooding and a high 

water table. 

Catuquira (patch 2) is in the center of the complex (~25 km2, 4°54’ S, 61°6’ W). It 

appeared to be the least disturbed of the three sites. It was generally bushy, although 

there were some large and distinct open areas (also visible in the Landsat images). An 

uninterrupted gradient from open, to bushier scrub to closed campinarana forest 

characterized the patch edges. It exhibited a greater diversity of woody (bush and tree) 

species than the other two patches, although it shared common species such as B. 

campestris, Humiria spp. (Humiriaceae) and melastomes. Differences included a strong 

presence of Pseudobombax spp. (Bombacaceae), and the presence of Xylopia spp. 

(Annonaceae) especially in the bush islands. There were also species of Malpigeaceae 
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not seen in the other patches. Clusia spp. (Clusiaceae) and the buritirana palm, Mauritiella 

aculeata (Arecaceae) were important in the bush islands.  

Amapá (patch 3), named for the nearby Amapá River, is at the southern end of 

the complex (~73 km2, 5°21’ S, 61°40’ W), mostly within the Rio Amapá State Sustainable 

Development Reserve. This patch is bisected by a secondary unpaved road off the 

highway BR-319 (from BR-319 to the town of Democracia on the Madeira river). 

Although both roads are impassable to motor vehicles, the area is still relatively 

accessible compared to other campina patches. According to our local guides, this patch 

is sometimes used for hunting (it had high densities of tapir tracks) and is likely 

frequently burned by local people (Cohn-Haft, pers comm.). It was extremely open, 

dominated by large expanses of short (20-30 cm) grasses (Poaceae) and the palm Bactris 

campestris. Although quite dry when I was there in July 2006, I found a layer of dried 

algae at the soil surface, indicating flooding.  
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Figure 16: Landsat scenes (2007) showing the Igapó-açu/Matupiri Campinas in 
the central Brazilian Amazon. The three insets are the three patches where ground 
truth data was collected. Black dots are GPS points and grey outlines are the areas 

used for classification. A photo of representative vegetation accompanies each inset: 
Patch 1, Tupana, with an open area and burned forest in the background; Patch 2, 

Catuquira, with a more scrubby aspect and campinarana in the background; Patch 3, 
Amapá, which is very open and dominated by the palm Bactris campestris. The 

yellow P denotes the Lago Preto campina, which is the fourth bird collection site 
visible in this image. 

3.2.2 Classifications 

I performed classifications and change detection on eight Landsat scenes, two 

images (from the same day) for each year (1987, 1996, 2001 and 2007). To avoid seasonal 

differences and misclassifications caused by flooding, all scenes were taken in the month 

of August, when campinas are largely dry. The scenes encompass the complex of 
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campina patches in the northern portion of the Madeira-Purus interfluve (path 231, rows 

63-64). Before classification, I georectified all scenes to a 2001 ortho-rectified image 

(RMSE errors <0.35). and radiometrically corrected them to at-satellite reflectance values 

(Markham & Barker 1986). I used a maximum likelihood classification performed on a 

focal area of interest (AOI) within the interfluve. The AOI contained all visible campina 

patches with bordering campinarana and terra firme forest.  

I developed signatures for the classifications using ground truth data described 

above and then refined them for maximum discernability in the Landsat images. I used 

an iterative classification process, working backwards from the 2007 image and patches 

with ground truth points. I based early classifications entirely on AOIs from these areas. 

However, because AOIs from across the entire classified area are essential for 

developing accurate signatures, I extended signature AOIs to places (and times) that I 

had not visited. I chose subsequent AOIs for patches that I had not visited based on a 

patterns observed in the field, visual examination of the images, high resolution images 

from Google Earth and results of earlier classifications. The classifications improved 

dramatically with these AOIs. Because ground truth data were taken in 2006 and 2007, I 

classified the 2007 image initially and classified subsequent images in reverse 

chronological order, confirming each AOI in each earlier image. Thus, all classifications 

are based on approximately the same AOIs. I adjusted each AOI individually for each 

image (e.g., moving it slightly, changing its shape or deleting it if the class appeared to 



 

89 

have changed from the previous image) to ensure that it represents the correct spectral 

signature.  

I assessed vegetation change in open and scrub classes for 22 clusters of 

campinas (i.e., in which multiple smaller patches are spatially linked). Although change 

occurred in all classes, I did not assess change between forest classes (campinarana, terra 

firme, and regrowth) as these are difficult to distinguish and changes may not be reliable 

between images. To normalize for patches of different sizes and loss of some area due to 

clouds, I present vegetation class data as the percent of patch area. I performed these 

remote sensing and GIS analyses in Erdas Imagine 9.2 and ESRI Arcmap 9.3. 

3.2.3 Disturbance 

Disturbance and fire may be difficult to detect remotely, especially in savanna-

like ecosystems where fires burn rapidly, burn scars are quickly lost (grown over), and 

high rates of cloud cover limit remote sensing coverage (Cardoso et al. 2005). I looked 

for disturbances in the Igapó-açu/Matupiri Campinas using remotely sensed 1 km2 

resolution hot pixels and the Landsat images. I used three sources for hot pixels in or 

near campinas: 1) data from the Advanced Very High Resolution Radiometer (AVHRR) 

on NOAA-12 for 1992-2000, downloaded from the Instituto Nacional de Pesquisas 

Espacias (INPE) Projeto PRODES website (http://pirandira.cptec.inpe.br/queimadas/; 

accessed 04/08/2007); 2) the data set  “Vegetation Fire Dynamics for Brazil” which 

contains 2001-2003 data from NOAA-12 and from the Moderate Resolution Imaging 

http://pirandira.cptec.inpe.br/queimadas/
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Spectroradiometer (MODIS) on the Terra satellite (Schroeder et al. 2007); and 3) the 

European Space Agency’s Ionia World Fire Atlas, which consists of daily observations 

from 1996-2006 from the Along Track Scanning Radiometer (ATSR) and the Advanced 

Along Track Scanning Radiometer (AATSR) on the ERS-2 and Envisat satellites, 

respectively (Ionia 2004). I also visually examined each image and counted signs of 

disturbance (e.g., blowdowns, fire scars, disturbed areas with unknown causes) within 2 

km of campinas in the 22 clusters described above.  

3.2.4 Bird data collection and analysis 

Mario Cohn-Haft, curator of birds at the Instituto Nacional de Pesquisas da 

Amazônia (INPA, Manaus, AM Brazil) provided the bird community data, from 2005-

2007 expeditions to five campina patches. Cohn-Haft sampled the three patches 

described above in January, 2005 (Amapá) and July, 2007 (Tupana and Catuquira). Also, 

Cohn-Haft collected bird community data in the patches ‘Lago Preto campina’ in April 

2005, ‘Vapor’ in July, 2005 and ‘Mucuim’ in April, 2007. The campina at Lago Preto is 

part of a small cluster of patches within the main complex, and contains both open and 

bushy areas (Figure 16; 5° 10’ 50” S, 60° 46’ 55” W). Vapor is a small and inaccessible 

patch of low campinarana forest (no open areas) located approximately 100 km south of 

Manaus (north of area visible in Figure 16; ~ 3° 55’ 40” S, 59° 32’ 25” W). Mucuim is part 

of a large complex located about 250 km southeast of the city of Porto Velho in the 

southern part of the interfluve (~ 43°03’ S, 67°00’ W). This area is subject to considerable 
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human disturbance, including deforestation, agriculture, and fire. It is differs somewhat 

from the other sites in that it is a large and heterogeneous area, with elements of both 

campina and ‘cerrado’ (central Brazilian savanna), patches of forest, and areas of 

disturbed vegetation (Cohn-Haft, pers comm.).  

Cohn-Haft recorded all birds seen or heard during bird sampling excursions (see 

Cohn-Haft et al., 2007 for detailed methodology). I considered each day of observation 

as a separate data point (a ‘site-day’). A single site-day may include different localities 

within the same patch. Because all sampling excursions originated from the same 

location (camp), some site-days may also repeat locations sampled on previous days. 

Because repeated species are likely to be the most common ones, this should not greatly 

impact the results.  

Vocalizations of forest birds are often heard in the campina, making it difficult to 

distinguish whether these birds were in campina or campinarana. To account for this, I 

included only those species known to use campina or campinarana habitats in some 

form. I classified birds according to habitat preferences based on information from Stotz 

et al. (1996) and modified with information from Cohn-Haft (2008 and pers comm.) and 

Borges (2004). These classes are: (C) campina – birds characteristic of woody campina/ 

campinarana habitats (with small trees and shrubs, including ‘chavascal’ or campina-

like, low-stature igapó); (S) savanna – birds found widely in open herbaceous campina, 

cerrado or savanna grasslands with some bushes; (O) open – birds that use a variety of 
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open habitats including degraded areas (e.g., savanna, agriculture, pastures, herbaceous 

second growth with some bushes, etc); (G) gallery – birds found in savanna with trees or 

gallery forest in cerrado; (B) bushy – birds that use bushy or treed open areas (secondary 

scrub, mid-successional secondary forest, riverine thickets, forest edges, parks); (R) river 

– birds found in igapó; (P) buriti palm (Mauritia flexuosa) specialists; and (F) forest – 

birds of terra firme forest or tall campinarana. 

I analyzed these data using nonmetric multidimensional scaling (NMS; Kruskal 

1964). This ordination technique makes no assumptions about underlying species 

distributions or environmental variables (McCune & Grace 2002b). NMS linearly relates 

ecological distance between sites to distance in ordination space, using a distance matrix 

of samples. It then arranges sites in ordination space so that they are directly 

interpretable based on ecological distance. The number of axes in the ordination space is 

arbitrary, but an optimal number can be computed based the amount of ‘stress’ present 

in a solution. I chose a two-axis solution based on stress computed from the sum of 

squared deviations of the residual differences between the ecological and ordination 

distances. I used a Bray-Curtis distance matrix and computed the ordinations in PC Ord 

5 (McCune & Mefford 1999).  
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3.3 Results 

3.3.1 Vegetation classes 

Physiognomic vegetation classes are based on vegetation formations and can 

include information about environments and soils (Howard & Mitchell 1985). They are 

useful for assessing available habitat and vegetation change at coarse scales and can 

reflect the effects of disturbance (Daubenmire 1952). The vegetation classes that I defined 

represent the continuum typical of campinas, ranging from very open grassland to 

closed canopy low stature campinarana forest. They are fine enough to be biologically 

meaningful (Vicentini 2004) yet sufficiently coarse to be distinguishable with Landsat 

imagery. Because open campinas contain few species, I was able to identify 

characteristic woody families and genera in the field. These were often found in all 

classes, but attained different stature in each.  

I detected seven vegetation classes, open, open2, scrub, campinarana, forest, 

secondary growth (capoeira) and flooded (Figure 17a), which I verified with field data. 

The class ‘open’ consists of areas covered in grass (Poaceae) or sedge (Cyperaceae), 

generally with scattered bushes <50 cm in height (often mixed with the grasses). 

Abundant taxa include Bactris campestris (Arecaceae), low growing bushes of Humiria 

spp. (Humiriaceae) and melastomes (Melastomataceae) (Figure 17b). Another category 

‘open2’ has extremely open areas with very short grass and almost no bushes or palms. 
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These classes were discernable in the imagery (Figure 17), but I analyzed them together 

because of the difficulty of reliably distinguishing changes from image to image.  

Scrub campina (Figure 17c) contains scattered bushes 1-5 m in height and spaced 

0.5-2 m apart. Common taxa include B. campestris, Humiria spp. and melastomes as well 

as Pseudobombax spp. (Bombacaceae) and Malpigiaceae. Campinarana is low stature 

forest (5-12 m high) that is typically found surrounding open campinas or in pure 

patches. In more open areas, bush ‘islands’ fall into the same class. Many of the bush 

islands found within the campinas are surrounded by areas of scrub campina and 

patches of sedge 1-2 m in height. Characteristic tree species are Clusia spp. (Clusiaceae) 

and buritirana, Mauritiella aculeata (Arecaceae). Species listed under the class ‘scrub’ are 

also common as is Xylopia spp. (Annonaceae). Although campinarana is distinguishable 

as a class, it grades into terra firme forest, and thus is difficult to compare from image to 

image. Because of potential classification error, I do not include campinarana in change 

analysis. Other classes are secondary regrowth after disturbance (Figure 17d), terra firme 

forest and flooded areas. 
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Figure 17: Example classification and photos of important vegetation classes in 
the Igapó-açu/Matupiri Campinas in the central Brazilian Amazon. Clockwise from 

top left: a) Catuquira (patch 2 in Fig. 16) showing all seven classes distinguished, 
including a blowdown (regrowth) in the lower center; b) ‘open’ campina with grasses 

and Bactris campestris and a campinarana ‘island’ in the background; c) ‘scrub’ 
campina with Pseudobombax spp. and B. campestris; d) secondary regrowth with dead 

trees and the palm Mauritiella aculeata. 

3.3.2 Vegetation change 

All classes changed between years. Most of the 22 clusters lost open area and 

gained scrub area from 1987 to 1996 (Figure 18). Fewer open areas are visible in the 1996 

images and the classifications reflect this. Generally, differences are spatially distributed 
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around the center of patches, with central open areas becoming smaller and bands of 

bushy areas around the edges becoming wider. Alternatively, scrub vegetation fills in 

small ‘arms’ of the patches (Figure 19). The 2001 image however, has many more of the 

bright pixels characteristic of very open areas. In the classification, many of the patches 

gained in the open class. Percentages of open and closed vegetation per patch remained 

largely the same between 2001 and 2007 (Figure 18). Appendix I shows percentage of 

open and scrub classes for all clusters. 

Some patches showed major change from large scale disturbances. The most 

dramatic of these is Tupana (Figures 18, 19), which experienced a severe burn, likely 

during the 1997-1998 ENSO event, when large fires were reported in this area (Cohn-

Haft, pers comm.). The differences are clearly visible in the 2001 image, in which it has 

almost no scrub area and huge areas of regrowth. In 2007, much more scrub area is 

visible, with less regrowth, but it is still clear that it burned. Amapá is generally very 

open and becomes even more open in 2001 (Figures 18, 19).  
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Figure 18: Percent of ‘open’ vegetation class in selected campina clusters 
within the Igapó-açu/Matupiri Campinas in the central Brazilian Amazon in 1987, 

1996, 2001 and 2007. Most patches lost open area between 1987 and 1996 and gained 
open area between 1996 and 2001. Amounts level off between 2001 and 2007. Blue 

lines denote patches where the very closed aspect seen in 2007 may be due to 
flooding. Colored lines represent patches discussed above: red, patch 1 (Tupana, 

badly burned), green, patch 2 (Catuquira) and yellow, patch 3 (Amapá, frequently 
burned). The bars show the total number of visible disturbances within 2 km of 

campina clusters in each year (p<0.01). 
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Figure 19: Classifications of the three patches visited, showing changes in 
open and scrub categories. The patches are (top to bottom) 1 Tupana, 2 Catuquira, 3 

Amapá. Years are (left to right) 1987, 1996, 2007. Increased scrub is visible in the 1996 
classifications and increased open areas are visible in the 2007 classifications. Burned 
areas in Tupana and a blowdown in Catuquira show up as bright orange patches in 

the 2007 classifications. 

3.3.3 Disturbance 

Hot pixel analysis detected only a few fires, and not necessarily in patches 

known to have burned. This may be due to overpass times/days of satellites (selective 

sampling), cloud cover, or low intensity or understory fires missed by satellites 

(Schroeder et al. 2005). The three data sets sampled showed hot pixels that did not 

correspond to any visually detectable damage (see below) in 1993 (NOAA-12, 3 hot 
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pixels 2-5 km from a campina), 1994 (NOAA-12, 4 hot pixels 2-5 km from patch 3, 

Amapá) and 1995 (NOAA-12, two hot pixels within 1 km of a campina). In addition, 

there was 1 hot pixel from 2001 in the regrowth surrounding patch 1 (Tupana, NOAA-

12) and 11 hot pixels from 2003 within Amapá (patch 3, Terra and NOAA-12). Local 

people also report that Amapá burns frequently (Cohn-Haft, pers com).  

Visual signs of disturbance within 2 km of campina clusters in the analyzed 

images were a more definite indication of fire than hot pixels. These signs included 

obviously burned patches (bright pink/orange in Landsat false color composite), 

blowdowns (characteristic shape) and small areas of regrowth with uncertain origins 

(bright green in Landsat false color composite). The 2001 image had by far the most 

evidence of disturbance, in 11 of the 22 clusters, with a total of 25 distinct disturbances 

(single factor ANOVA, p<0.01; Figure 18). By contrast, only two clusters in 1987 and 

1996 and four clusters in 2007 had evidence of disturbance (total of four, three, and eight 

disturbances, respectively). I confirmed two of these disturbances; a small fire, and a 

blowdown at Catuquira in 2007. The small (~5 ha) fire did not register as a hot pixel, but 

is visible in the 2007 image. I also confirmed that a patch-wide fire destroyed the forest 

around Tupana. 

3.3.4 Bird communities 

Sites where bird data were collected represent an approximate gradient of 

disturbance frequency. Vapor, is a small campinarana site with no open areas. Catuquira 
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and Lago Preto are relatively undisturbed, although both show signs of disturbances 

(i.e., blowdowns and small fire scars). Tupana was severely burned at least once and 

Amapá burns regularly. Mucuim is a large area of campos near populated areas in the 

southern part of the interfluve and is frequently disturbed. 

Table 8: Stress and R2 for NMS results. 

Axis Minimum Mean Maximum Increment Cumulative
1 29.167 41.051 52.660 0.193 0.193
2 11.699 14.479 31.403 0.269 0.463
3 6.243 7.154 22.410 0.365 0.828

Stress R Squared

 

NMS analysis provides a means to visualize ecological distance among sites 

based on species composition (results shown in Table 8). In ordination space, the sites 

separate along an approximate gradient of disturbance frequency (axis 3; Figure 20). 

Site-days from the same location tend to be relatively close together, indicating the 

validity of the general trend. Catuquira, at the base of axis 3, is the least disturbed site, 

followed by Lago Preto. Tupana is scattered across the center of the ordination, 

overlapping with Catuquira on one site-day. Tupana suffered at least one severe burn, 

but has not appeared to burn regularly over the past two decades. The most disturbed 

site, Mucuim has two site days at the top of axis 3 and one site-day towards the center 

(although separated from the other sites along axis 1). Mucuim is also the most 

heterogeneous of the sites, with areas of savanna, campina and disturbed areas 

interspersed. Vapor, which separates along axis 1, is a small campinarana site with little 

open area.  
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Figure 20: Nonmetric multidimensional scaling (NMS) analysis showing six 
campina sites in the Madeira-Purus interfluve in the central Brazilian Amazon. The 

sites separate out roughly along a disturbance frequency gradient. The two less 
disturbed campina sites, Catuquira and Lago Preto cluster together, while Mucuim 

and Amapá fall on the opposite end of axis 3. Tupana is intermediate between these 
extremes. Mucuim shows the most variation, but also has the greatest number of 

species and the greatest on-site habitat variation. Vapor is a small campinarana site 
with little open area. 

These six sites also show trends in the numbers and proportions of recorded 

species with different habitat preferences (Figure 21). Mucuim had the greatest number 

species overall and was characterized by savanna species, such as Formicivora rufa 

(rusty-backed antwren), Micropygia schomburgkii (ocellated crake) and Diopsittaca nobilis 

(red-shouldered macaw), and gallery species, such as Hemitriccus striaticollis (stripe-

necked tody-tyrant) and Aratinga aurea (peach-fronted parakeet). Mucuim shared with 
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the other sites such species as Polytmus theresiae (savanna; green-tailed goldenthroat), 

Schistochlamys melanopis (gallery; black-faced tanager), Formicivora grisea (campina; 

white-fringed antwren), and Cyanocorax sp. (campina, newly described campina jay; 

Cohn-Haft, in prep.).  

The least disturbed sites, Catuquira and Lago Preto, had greater proportions of 

campina birds. Most of these were also found in other sites (with the occasional 

exception of Mucuim). Bird species were restricted to the less disturbed campinas 

include Caprimulgus nigrescens (blackish nightjar; recorded at L. Preto, Tupana and 

Catuquira) and Elaenia ruficeps (rufous-crowned elaenia; recorded at Amapá, L. Preto, 

Catuquira and Tupana). Characteristic campina species found at all or the majority of 

sites included Galbula leucogastra (bronzy jacamar), Tachyphonus phoenicius (red-

shouldered tanager), Rhytipterna immunda (pale-bellied mourner), Xenopipo atronitens 

(black manakin) and Hemitriccus minimus (Zimmer's tody-tyrant). 

Species richness of campina birds did not vary much between sites, suggesting 

that campina birds may occur wherever habitat is available, and that disturbed areas 

may simply add generalists and disturbance-tolerant species. The major difference 

between more and less disturbed sites was that less disturbed sites had fewer savanna 

and open generalist species (Figure 21).  
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Figure 21: Percent and number of species of each habitat preference at each 
campina site sampled in the Madeira-Purus interfluve in the central Brazilian 

Amazon. Numbers above bars represent total number of species (left graph) and 
number of site-days (right graph). Sites are ordered relative to disturbance frequency. 

Vapor is a campinarana site, with has more forest, bushy and riverine species. 
Catuquira and Lagto Preto are the least disturbed open sites and have greater 

proportions of campina species. More savanna and gallery species and open habitat 
generalists characterize the more disturbed sites (Amapá and Mucuim). 

3.4 Discussion 

3.4.1 Disturbance, origins, and maintenance of campinas 

Here, I have shown evidence of dynamic natural and anthropogenic disturbance 

correlated with vegetation structure and bird communities in campinas in the central 

Brazilian Amazon. I documented a trend of increasing scrubby vegetation in campinas 

from 1987 to 1996, followed by an increase in open vegetation in 2001, continuing into 

2007. At the same time, I found many more visually detectable disturbances close to 

campinas in the 2001 image than in any of the other years examined. These disturbances 
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include fire scars, blowdowns and others of unknown origin. They range in area from 

the fire at Tupana, which appears to have burned the entire ~50 km2 patch, to small 

burned spots of a few hectares. Bird communities, sampled after 2001, separated in 

ordination along an approximate gradient of disturbance frequency, with more 

frequently disturbed sites characterized by more savanna species and species of open 

habitats. The least disturbed site had the highest proportion of characteristic campina 

birds.  

These results suggest that open campinas may be maintained by intermittent 

disturbance. At least one scrub/campinarana patch (no open areas) lost in the scrub class 

and gained in the campinarana class over time, implying that it may be actually closing 

in. Classification errors, particularly of flooding, may cause dramatic decreases in open 

areas in 2007 in a few patches. However, those patches all contain classifiable areas of 

open water (not the norm for most areas in August, but 2007 was a La Niña year). 

Although signatures of open and scrubby classes do overlap somewhat (as do the 

vegetation types in the field), the changes in both images and the classifications are 

sufficiently dramatic to demonstrate real change occurring in the relative proportions of 

the vegetation classes. 

A slow closing of campina areas, periodically opened by disturbance, is 

consistent with Prance & Schubert’s (1978) theory that these areas are in a state of 

arrested succession. Open campina patches may have originated in geological processes 
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such as podzolization or leaching (Richards 1941). Regardless of their origins, the 

‘edaphic climax vegetation’ (Beard 1944) of these white sand campinas may be 

campinarana forest. In this case, undisturbed open campinas would eventually close. In 

two well-studied Venezuelan campina areas, the site with a greater disturbance history 

had much more open vegetation than the less disturbed site (Coomes & Grubb 1996).  

Periodic disturbance from anthropogenic burning, lightning (Ramos-Neto & 

Pivello 2000), or long periods of saturation during especially wet years could 

periodically open campinas. The dramatic increase in disturbed areas in the 2001 image 

is likely a result of drought associated with the strong El Niño of 1997-1998 (Bell et al. 

1999) that increased fire incidence in many areas in the tropics, including Indonesia and 

Brazil (van der Werf et al. 2004). El Niño has a stronger effect on the northwest Amazon, 

but in the southern Amazon, it can lengthen the dry season, leading to increased fire 

frequency (Sombroek 2001). El Niño-related fires are mostly associated with human 

disturbance in the southeastern ‘arc of deforestation’ region, although large areas may 

become susceptible (Nepstad et al. 2004a). Large fires were reported from the Madeira-

Purus interfluve area during this time (Cohn-Haft, pers comm.). Before 1997, the last 

major El Niño event was in 1983. 

The most dramatic of the changes in the Igapó-açu/Matupiri Campinas occurred 

in patches where anthropogenic burning is known (Amapá) or likely (Tupana) to occur. 

However, 11 clusters showed signs of disturbance in 2001, most with only one or two 
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disturbances per patch. While people do arrive at even the most remote areas in the 

Amazon, many of these patches are extremely inaccessible. Blowdowns occur naturally 

(Nelson et al. 1994), and fires in some areas are likely naturally induced as well (Ramos-

Neto & Pivello 2000; Pinto et al. 2007). The increase in disturbances in 2001, along with 

associated increases in the amounts of open (versus scrubby) areas, may foreshadow 

potentially dramatic changes that could develop in a hotter and drier Amazon under 

conditions of global climate change (Malhi et al. 2008). The results presented here 

suggest that these isolated savanna-like ecosystems would be subject to greater fires, 

even in areas with very little human influence. Though most of these fires do not appear 

in hot pixel data, they have measurable effects on campina vegetation structure and 

possibly faunal communities. 

3.4.2 Habitat heterogeneity and campina birds 

Campinas and campinaranas have few bird species compared to other 

Amazonian habitat types, yet they do contain a unique avifauna assemblage. Birds 

commonly found in campinas include campina specialists as well as more generalist 

species typically found in savanna or open habitats throughout the Amazon (Borges 

2004). As with plant communities, campinas contribute to beta-diversity by adding 

habitat heterogeneity over several spatial scales (Tuomisto & Ruokolainen 1997; Naka et 

al. 2006; Borges 2007a). Within a campina patch area, certain species likely use specific 

habitat types (Borges 2004) and habitat proportions may fluctuate with seasonal 
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flooding or fire. Across the Madeira-Purus interfluvial area, the spatial distribution of 

these campinas is reminiscent of an archipelago, suggesting that metapopulation 

dynamics (Hanski 1998) may occur. Fire in one patch may displace certain plant species, 

favoring more fire tolerant vegetation (Heyligers 1963; Vicentini 2004). Other organisms 

might move from one patch to another, depending on available habitat. With many 

patches changing over space and time, this may affect the overall diversity of that 

landscape. 

In the most complete bird community study available for campinas, Borges 

(2004) noted differences in species composition based on vegetation structure in two 

campina patches in the Negro river. Emberizoides herbicola (wedge-tailed grass-finch) and 

Chordeiles pusillus (least nighthawk; both savanna birds) were more common in the 

campina patch that was less bushy, and had extensive open fields. In the data presented 

here, Chordeiles pusillus was commonly found at Amapá, with its open fields. 

Emberizoides herbicola was found at all of the sites except Vapor. The newly described jay 

(Cyanocorax sp.; Cohn-Haft, in prep.) occurs only in the Madeira-Purus campinas in the 

bushy edge between campinarana and open campina (Cohn-Haft, pers comm.). This 

species was not found at Tupana, leading to speculation that it may not be able to 

withstand the fire that destroyed most of the edge habitat.  

We would expect highly disturbed campinas to exclude specialists and include 

more avian generalists and species that tolerate a range of conditions (Hammond & ter 
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Steege 1998; Barlow & Peres 2004; Adeney et al. 2006). The data presented here suggest 

that more disturbed campinas (Amapá and Mucuim) have more common birds 

associated with savannas and open areas. Mucuim is the most heterogeneous site and 

had the greatest overall species richness. These disturbed sites appear to have fewer 

campina birds; however, this trend was not strong enough to be conclusive, especially 

given sampling differences among sites. The strongest trend distinguishing less 

disturbed campinas was the lack of open generalist birds. The disturbances assessed 

here are relatively recent; over the longer term open generalists may replace campinas 

specialists in frequently disturbed areas.  

3.4.3 Endemism, and diversity 

Patterns of bird endemism and diversity are still debated, and the contributions 

of campina birds to that diversity are not yet well understood. Recently, the discovery of 

several new species and records of endemic white sand specialists in Peru (Whitney & 

Alonso 1998; Alonso & Whitney 2001; Isler et al. 2001; Whitney & Alonso 2005; Lane et 

al. 2006) and the southwestern Amazon (Whitney et al. 2004; Poletto & Aleixo 2005; 

Cohn-Haft 2008) have sparked interest in birds of white sand ecosystems and their 

contribution to regional avian diversity. However, aside from species descriptions, 

studies that address campina bird communities are few (but see Oren 1981; Cohn-Haft et 

al. 1997; Borges 2004; Naka et al. 2006). To date, no comprehensive studies of campina 

bird communities has been conducted south of the Solimões/Amazon river. This is 
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important given the river theory of endemism, which states that large rivers divide areas 

of endemism, with equivalent species from the same genera found in different basins 

(Haffer 1997).  

The most complete community study of campina birds is Borges (2004), which 

compared open campina, campinarana, terra firme and igapó habitats in Jaú National 

Park in the Negro river basin. Borges found 55 avian species and expected about 66 

species to occur in campinas (and 128 in campinaranas). Four frugivore-insectivores 

(Xenopipo atronitens, Tachyphonus phoenicius, Pipra erythrocephala and Elaenia ruficeps) 

comprised 53% of mist net captures in open campinas. The avifauna of this region draws 

from the Guiana shield and the Imeri areas of endemism in the northwest Amazon basin 

(Haffer 1969; Borges 2007a). However, Borges (2007a) found a 25% similarity of birds of 

Jaú National Park with birds of the biogeographic region located south of the Solimões 

and east of the Madeira rivers, including the Madeira-Purus interfluve. In my data, 

Xenopipo atronitens (black manakin), Tachyphonus phoenicius (red-shouldered tanager) 

were recorded at all sites and Elaenia ruficeps (rufous-crowned elaenia) at all but 

Mucuim. Pipra erythrocephala (golden-headed manakin) is not found south of the 

Amazon river (Stotz et al. 1996). There was also a latitudinal trend in the number of 

gallery species, which are typical of cerrado. Mucuim had many more gallery species 

than the other sites, followed by Amapá. 
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Some birds that are restricted to campinas along the Negro river (Myrmeciza 

disjuncta and Dolospingus fringilloides, Yapacana antbird and white-naped seedeater, 

respectively) are not found south of the Solimões/Amazonas river (Borges 2007a). 

Similarly, some of the new white sand species of Peru have not been recorded in the 

Negro basin, suggesting that campina birds in different parts of the Amazon may have 

been separated for sufficiently long periods for species to diverge (Oren 1981). However, 

new records in the southwest Amazon, of species previously thought to be restricted to 

areas north of the Amazonas/Solimões river, suggest that there may be more connections 

between these campinas than previously believed (Poletto & Aleixo 2005). The area of 

endemism Imeri that influences the bird community of Jaú and the Negro river basin is 

largely due to endemic habitat specialists of white sand campinas and igapó forests 

(Borges 2007a). This reinforces the importance of habitat heterogeneity and small ‘island 

habitats’ for diversity patterns in the Amazon (Tuomisto & Ruokolainen 1997)  

3.5 Conclusions 

The results that I present here demonstrate that the relatively intact environment 

of the Madeira-Purus interfluve is currently undergoing change. Increased fire and 

blowdowns connected to the strong ENSO event of 1997-98, combined with some 

anthropogenic burning, has caused an increase in open vegetation in the Igapó-

açu/Matupiri campinas and surrounding forests. This has possibly affected plant and 

animal community composition as well, as I found more open and savanna birds in 
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more disturbed campinas. Natural disturbance at long return intervals likely maintains 

these communities. However, rapid disturbance, and especially frequent fire, would 

threaten campina specialists and lead to a community with more generalist and 

savanna-type bird species. Ongoing plans to develop the interfluve, including 

hydroelectric dams and the paving of the BR-319 Manaus-Porto Velho highway will 

potentially link the southern ‘arc of deforestation’ with the less disturbed central 

Amazon, with uncertain consequences (Fearnside & Graca 2006). This could increase fire 

and other disturbance in these campinas, unless current and proposed protected areas 

and other conservation measures effectively prevent it.  
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4. Characterizing seasonal flood dynamics in Amazonian 
wetland campinas using MODIS 

4.1 Introduction 

In the northern Brazilian Amazon, extensive areas of open savanna-like 

vegetation known as Amazonian campos or  ‘campinas ‘ drain humic black water into 

the Negro river basin (Klinge 1967; Frappart et al. 2005). Seasonal flood pulses in these 

wetlands play an important role in hydrologic and biogeochemical processes in the 

basin (Richey et al. 2002; Melack et al. 2004; Leon et al. 2006) and provide habitat for 

wetland and river species (Junk et al. 2007; Keddy et al. 2009). However, major 

challenges to remote sensing of tropical wetlands, from a combination of cloud cover 

obscuring images and temporal limitations of radar data, limits our ability to assess the 

timing and extent of flooding in these remote areas.  

Here, I use MODIS imagery (500m resolution; acquired daily from 2000-2005) to 

spatially quantify seasonal flooding into or from open wetland areas. Isodata clustering 

of tasseled-cap transformed 500m resolution daily reflectance data produces reliable 

classes of flooded and partially flooded areas (Ordoyne & Friedl 2008). I validate these 

classifications using 30 m resolution Landsat images. Results depict predictable seasonal 

flood pulses with high inter-annual variability, correlated with fluctuations in the 

Multivariate El Niño Southern Oscillation Index (MEI). Because these wetland campinas 

contribute large amounts of runoff to the Negro and Branco rivers, their flooding 

patterns are important for regional hydrology and ecosystem health. Drier and warmer 
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weather conditions resulting from global climate change and regional scale land use 

change may adversely affect these ecosystems even though they may be currently 

protected by inaccessibility. 

4.1.1 Wetland ecosystems in the Amazon basin 

Wetland ecosystems are crucial for hydrology, ecosystem function and as habitat 

for diverse species (Keddy et al. 2009). Possibly 20% of tropical South America is 

covered in seasonally-flooded ecosystems, that perform important functional roles 

throughout this region (Junk 2002). In the Amazon basin, complex and extensive 

floodplain ecosystems affect water storage and filtering, nutrient cycling, 

biogeochemical cycling, and provide habitat and nurseries for many species, including 

commercially important fish (Forsberg et al. 2000; Junk et al. 2007; Keddy et al. 2009). In 

addition, wetland ecosystems in the Amazon are a globally significant source of 

methane (Melack et al. 2004), and CO2 (Richey et al. 2002; Rasera et al. 2008) via 

outgassing. Methane outgassing is particularly important and occurs mainly during the 

height of seasonal flooding (Melack et al. 2004). Quantifying the contributions of 

Amazonian wetland ecosystems to these diverse processes requires accurate detailed 

data on timing, extent and duration of flooding and water flows (Hess et al. 2003). 

Despite a spate of recent studies on Amazonian wetlands (e.g., Hamilton et al. 2002; 

Hess et al. 2003; Wang 2004; Frappart et al. 2005; Leon et al. 2006; Rasera et al. 2008), 

these phenomena are still not well quantified.  
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By far, the best documented Amazonian wetlands are the river floodplains or 

varzea with their extensive flooded forests (Pires & Prance 1985). However, large areas 

of interfluvial wetlands also occur throughout the Amazon basin. These include 

seasonally flooded savannas, such as the Rupununi-Roraima savanna in northern Brazil 

and Guyana, and the Llanos of Bolivia (Hamilton et al. 2002) as well as relatively small 

open flooded areas. One of these open wetland types is the seasonally flooded savanna-

like vegetation known as campinas (Pires & Prance 1985). These ecosystems often occur 

on sandy substrates, typically with an underlying hardpan (B horizon) that impedes 

drainage, as well as low aboveground biomass that increases throughfall and thus 

generates seasonal floods (Anderson 1981). These abiotic and biotic interactions 

differentiate campinas from riverine wetlands where flood pulses are caused by rising 

river water, not directly correlated with local precipitation (Zeng 1999). The Negro-

Branco campinas are the most extensive areas of open campinas in the Amazon basin. 

They located are in the Negro river basin where they cover ca. 35,000 km2 (Pires & 

Prance 1985). In addition to open herbaceous swampy areas and bare sandy soil, 

widespread areas of stunted forest on white sand (~95.000 sq km in the Negro basin; 

Olson et al. 2001) also flood or have high water tables for much of the year (Franco & 

Dezzeo 1994). 

Assessing the spatial patterns, extent, timing and duration of flooding in wetland 

ecosystems is an important prerequisite to understanding their functions in the 



 

115 

landscape (Keddy et al. 2009). For the Amazon basin, lack of such data is often cited as a 

major challenge for documenting the diverse interactions that wetlands affect in 

terrestrial–aquatic interactions, ecosystem function, etc. (Rosenqvist et al. 2002). The 

Negro-Branco campinas drain into the Negro river, the largest tributary of the Amazon. 

However, little is known about the timing, extent, duration, or variability of the Negro-

Branco flooding patterns, or the resulting contributions to hydrology and ecosystem 

processes in the region.  

4.1.2 Remote sensing of wetland inundation patterns  

Remote sensing of wetlands must overcome several technical challenges. Highly 

spatially and temporally variable landscapes, overlapping spectral characteristics of key 

wetland classes, and complex vegetation structures, combine to produce a high 

proportion of mixed pixels (Ozesmi & Bauer 2002). Studies often use a mixture of 

sensors and techniques to overcome these issues (Mertes 2002).  

For the Amazon basin, high rates of cloud cover limit the usefulness of optical 

remote sensing techniques. Landsat is commonly used for remote sensing of wetlands, 

because of its moderate spatial (30 m pixel) resolution and long coverage time (Mertes et 

al. 1995). However, in extremely cloudy areas, even the relatively frequent Landsat 

overpass interval (~ 16 days) commonly yields as few as one or perhaps two relatively 

clear or low cloud covered images per year. This lack of clear imagery greatly reduces 

the ability to examine temporal patterns of change. Additionally, optical remote sensors 
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cannot detect water under dense vegetation canopies, which obscure large areas of 

flooded forest.  

As a result, many remote sensing studies of wetlands in the Amazon and other 

forested areas have used microwave remote sensing (e.g., Sippel et al. 1998; Hamilton et 

al. 2002; Melack et al. 2004), synthetic aperture radar (SAR) (e.g., Saatchi et al. 2000; 

Townsend 2001; Rosenqvist et al. 2002; Hess et al. 2003; Wang 2004) or satellite radar 

altimetry (Birkett et al. 2002). SAR has been used most successfully for mapping 

wetlands in the Amazon. Radar has the advantage of detecting water through clouds 

and vegetation and has moderate spatial resolution (25 m). Until recently, radar had the 

disadvantage of being extremely temporally limited, and wetlands mapping is generally 

limited to a high water and a low water date. There are detailed maps of high and low 

water for the mainstem of the Amazon river, as well as high and low water wetlands 

masks for the whole basin, based on SAR data (Hess et al. 1995; Hess et al. 2003; Hess et 

al. In review). Passive microwave remote sensing can also detect water beneath 

vegetation and clouds, and has high temporal resolution. However, its coarse spatial 

resolution (0.25° pixels) makes it useful mainly for regional analyses. Until now, there 

has not been a good option that combined both moderate spatial and high temporal 

resolution data for wetlands mapping in the Amazon. However, this arena is changing, 

with the launch of new radar sensors and satellites (Gillespie et al. 2007). 
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The Moderate Resolution Imaging Spectroradiometer (MODIS) aboard NASA’s 

Terra and Aqua satellites offers near daily coverage across the tropics since February 

2000. Its seven optical bands can detect surface water and vegetation. While it does not 

solve the problem of detecting water through vegetation or clouds, and the spatial 

resolution is coarse (500m), the high temporal resolution offers the possibility for a more 

seasonal analysis of open areas. To take advantage of this high temporal resolution, a 

variety of techniques have been developed to use MODIS to assess large scale flooding, 

especially for disaster assessment (Zhan et al. 2002; Brakenridge & Anderson 2006). 

Mapping wetlands using MODIS has been less common, but MODIS was used 

successfully in the Florida Everglades to assess seasonal flood pulses. Extensive ground 

truthing data revealed a high correlation between MODIS Tasseled Cap transformed 

wetness and brightness indices and standing water depth, and even a correlation with 

soil moisture (Ordoyne & Friedl 2008).  

For the Amazon basin, higher temporal resolution wetlands mapping is 

necessary for understanding ecosystem dynamics and change. The changing climate is 

visibly affecting the Amazon (Malhi et al. 2008), which has undergone two strong El 

Niño events and a severe drought within the last decade (Marengo et al. 2008). Although 

higher temporal resolution radar data is forthcoming, such data is not available for past 

events. Here I use MODIS daily reflectance data, verified with Landsat imagery, to map 

seasonal flooding over six years in a large area of flooded campinas in the Negro river 
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basin in the northern Brazilian Amazon. I ask first, whether this is a viable method for 

mapping remote areas with little ground truth data. Second, I ask what is the timing, 

extent, and duration of seasonal flooding in open wetland campinas in the Negro river 

basin. Finally, I assess inter-annual variation and ask how it varies with two major 

climatic events that occurred during the study period; the El Niño year of 2002-2003 and 

the strong Amazon drought of 2005.  

4.2 Methods 

4.2.1 Study area 

The largest area of white sand campina occurs in the interfluvial area north of the 

Negro and on both sides of the Branco rivers in the northern Brazilian Amazon (~2° to -

1° N, 64° to 60° W; Figure 22). The Negro-Branco campina area includes ~ 33,000 km2 of 

open campina (Figure 22; black outline top image; total area shown is ~165,000 km2 ). 

The vegetation is a mixture of open and scrubby vegetation with  ‘islands ‘ of bushy 

vegetation and low stature  ‘campinarana ‘ forest. There are also large areas of bare 

sand, visible in on the west side of the image. The area floods seasonally to depths of a 

meter or more, likely due to rainfall. Average annual temperature is 27°C and average 

annual rainfall is around 2500 mm. There is a long wet season from March to October, 

and a short dry season from November to February (Hijmans et al. 2005).   
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Figure 22: Location of the study area in the Amazon and images showing dry 
(top) and wet (bottom) days. Dry areas appear bright pink and wet areas purple. Pure 
water is dark blue. The black line in the top image is the analysis mask. The yellow 

Xs are approximate ground truth locations. 
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4.2.2 Cloud cover  

I assessed cloudiness using NASA’s MODIS Land Global Browse Images website 

(http://landqa2.nascom.nasa.gov/cgi-bin/browse/browse.cgi). This website allows rapid 

visual quality assessment of 5 km resolution images. I examined browse images for the 

study area for every day from the first day of data availability on Feb 25, 2000 through 

Dec 31, 2005. I assessed images as ‘good’, meaning approximately 80% or more of the 

campina is visible (both images in Figure 22 are ‘good’), ‘usable’ meaning approximately 

50-80% of the campina area is visible, and ‘unusable’, meaning <50% of the campina area 

is visible. I downloaded and processed all good and usable images and analyzed the 

best image available for each month from 2000 through 2005. Some months had no 

usable images and so are absent from the analysis. 

4.2.3 Analysis mask 

During the wet season, large areas of forest in the study region likely flood. 

However, because MODIS does not detect water underneath a forest canopy, I excluded 

most forested areas. To delineate the analysis area, I created a mask of open areas using 

unsupervised classification and edited it to include relevant areas as well as a buffer of 

forested areas. I verified the mask against an Amazon-wide wetland mask created using 

SAR data (Hess et al. In review). This mask includes all of my area and contains some 

forested areas that I did not include. I also removed major rivers, as they have different 

flooding dynamics and large areas of permanent open water skewed seasonal 

http://landqa2.nascom.nasa.gov/cgi-bin/browse/browse.cgi
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assessment of flooded area. The resulting mask (black outline in Figure 22) contains 

~33,000 km2, including most open areas and some scrub and open forest where flooding 

is visible during the wet season.  

4.2.4 Image analysis 

The MODIS daily surface reflectance product (L2G Global 500m ISIN Grid, 

MOD09) includes seven optical bands and is atmospherically corrected to at surface 

reflectance (Ahmad et al. 2002). I used data from the sensor aboard the Terra satellite; 

Aqua passes the study area in the afternoon, and clear moments are generally in the 

morning. Bands 1 (red, 620–670 nm) and 2 (near-infrared, 841–876 nm) are 250 m 

resolution and bands 3-7 (841–876 nm, 459–479 nm, 545–565 nm, 1230–1250 nm, 1628–

1652 nm, and 2105–2155 nm, respectively) are 500 m resolution. Pure surface water is 

spectrally distinct and easily detected using only bands 1 and 2 (for a higher spatial 

resolution). However, the complexity of the mixed water and vegetation pixels require 

greater spectral resolution for more detailed characterization of flooding patterns. I 

deleted band 5 due to striping problems (Wang et al. 2008), and used bands 1-4 and 6-7 

in the analysis. 

Transformations are commonly used in remote sensing to reduce the complexity 

of the data, and emphasize characteristics of interest. In the tasseled cap (TC) 

transformation (Crist & Kauth 1986) image data are manipulated into three axes that are 

then rotated to enhance detection of certain features in the landscape, namely 
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brightness, greenness and wetness. The tasseled cap transformation (TC) was originally 

designed for Landsat data and has been widely used in remote sensing for vegetation 

mapping and other environmental applications. Zhang et al. (2002) developed a tasseled 

cap transformation for the seven spectral bands of the MODIS sensor, which have 

similar spectral ranges to the Landsat bands. They found that MODIS tasseled cap 

greenness was closely related to the Enhanced Vegetation Index, brightness matched 

MODIS broadband albedo and wetness was related to the presence of snow and ice. 

Ordoyne & Friedl (2008) used this MODIS tasseled cap transformation to characterize 

seasonal flooding patterns in the Florida Everglades. Using extensive ground truth data, 

they showed a high correlation of flooded area and water depth with both the wetness 

and brightness MODIS TC indices. This correlation held even when the soil was 

saturated, without standing water.  

I transformed MODIS daily reflectance data to tasseled cap brightness, greenness 

and wetness indices, using coefficients from Zhang et al (2002). To verify that the TC 

indices would separate the classes of interest, I selected visually identifiable 

representative pixels of classes of interest from raw images and then extracted the values 

of these same pixels from the TC transformed image. The classes separated cleanly in 

brightness/wetness space (Figure 23).  
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Figure 23: Brightness and wetness values of MODIS pixels transformed with 
the tasseled cap index. Pixels separate cleanly according to class. The small amount of 

overlap at the interface of flooded, partially flooded, and wet classes is expected, as 
the classes represent a gradient of flooding. 

To identify distinct classes from the MODIS tasseled cap transformed image, I 

used ISODATA clustering of the brightness, greenness and wetness bands. 

Unsupervised classification via ISODATA clustering is one of the most common and 

successful ways of classifying wetland habitat using optical remote sensing data 



 

124 

(Ozesmi & Bauer 2002). To avoid severely mixed classes, I used 50 initial clusters. I 

grouped these 50 clusters into four classes denoting different degrees of flooding using 

visual evaluation (Ozesmi & Bauer 2002) of the original and the tasseled cap images. The 

‘water’ class includes dark open water pixels that are relatively pure (little or no 

vegetation), based on evaluation with Landsat (see below). ‘Flooded’ pixels clearly 

contain a high percentage of water but also contain some vegetation. ‘Partially flooded’ 

pixels also obviously contain water but are quite mixed. ‘Wet’ pixels show the dark cast 

indicative of water but are very mixed. The first three classes can be identified with 

strong confidence. The existence of the last is certain but consistency from image to 

image is more subjective.  

4.2.5 Validation 

The coarse resolution of MODIS data (500m pixels) ensures that most pixels in 

this heterogeneous landscape will be mixed (water and assorted vegetation). This 

naturally restricts the purity of distinguishable classes. Ground truth data for validation 

is also limited in a landscape that is so remote and difficult to navigate. To gather 

ground truth data. I visited two widely separate locations in the study area, one in the 

far northeast corner, and one in a flooded campina near the Negro river (Figure 22). 

However, it was impossible to travel more than a few kilometers, and the data are 

insufficient for large-scale validation. Instead, I used Landsat data (30 m resolution 
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pixels), where clear images exist for the same dates as classified MODIS images, to test 

the validity of the MODIS tasseled cap derived classes (Figure 24).   

 

Figure 24: Illustration of the validation process for major flood classes using 
Landsat. a) Landsat image of a portion of the study area from March 15, 2000 ; b) the 

same image overlaid with the first two Landsat flood classes derived from ISODATA 
clustering, ‘water’ and ‘flooded’; c) MODIS image (same day) overlaid with Landsat 

‘water’ class; d) classified MODIS tasseled cap data, showing three water classes 
(water, flooded and partially flooded) overlaid with Landsat open water class. In each 

case, the grid corresponds to MODIS pixels. 

I used ISODATA clustering to separate water and one flood class in Landsat TM 

images of the study area (Figure 24a, 24b). The classes correspond to dark ‘water’ and 

flooded vegetation (‘flooded’). Using finer classes is unnecessary, as the coarseness of 

the MODIS data preclude finer validation. I measured the percent of each MODIS pixel 
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covered by Landsat ‘water’ and ‘flooded’ class pixels, respectively (e.g., 100% indicates 

that the MODIS pixel is completely filled with Landsat pixels of that class). Figure 24c 

illustrates this for the ‘water’ class. Within each possible ‘percent coverage’ value, I then 

measured the proportion of MODIS pixels that belonged to each class.  

The validation shows that the vast majority of MODIS pixels having more than 

20% of their area covered by Landsat ‘water’ pixels fall into one of the three main 

flooded classes (Figure 25a). 80% or greater coverage with Landsat ‘water’ pixels results 

in a MODIS ‘water’ pixel (dark blue dots in Figure 25a upper right). Above 60% 

coverage ‘water’ Landsat pixels results in either a ‘flooded’ or a ‘water’ MODIS pixel. 

Between 40% and 60% coverage tends to result in a ‘flooded’ or a ‘partially flooded’ 

MODIS pixel.  

Most MODIS pixels above 40% coverage of ‘flooded’ Landsat pixels belong to 

one of the MODIS flooded classes (Figure 25b). At high percentages, there are actually 

more ‘partially flooded’ pixels than ‘flooded’ pixels. This is because the MODIS 

‘flooded’ class tends to have a high proportion of Landsat ‘water’ pixels. At intermediate 

levels of coverage, there are also many pixels belonging to the ‘wet’ class.  

Below 40% coverage in both cases the results are mixed, with a high proportion 

of ‘forest’ and ‘scrub’ pixels mixed in with the MODIS flooded classes. This is exactly 

what we would expect, as many individual Landsat ‘water’ or ‘flooded’ pixels are 

scattered throughout the image, especially on the edges of flooded areas, or in forested 
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areas. These often do not cover enough area to register in the MODIS image. Overall, 

these results show that unsupervised classification of MODIS tasseled cap transformed 

imagery results in several classes of flooded areas that correspond reliably with much 

finer resolution data.  
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Figure 25: Validation of MODIS classification using Landsat derived flood 
classes. The X-axis is the percent of a MODIS pixel covered by Landsat flood pixels 

(e.g., 10% means that 10% of the MODIS pixel is (a) ‘water’ or (b) ‘flooded’ in 
Landsat). The Y-axis is the percent representation of each MODIS class among all the 
MODIS pixels with a given percent Landsat coverage (e.g., at 20% on the X-axis, about 

30% of the MODIS pixels in (a) are forest, 30% are partially flooded, and the 
remainder a mix of the other classes. The colors of the dots represent the MODIS 

tasseled cap classes. There is a strong relationship between the number of Landsat 
‘water’ pixels (a) in a MODIS pixel and the proportion of those MODIS pixels 

classified as ‘water’ and ‘flooded’. The Landsat ‘flooded’ class (b) shows a strong 
relationship with pixels in the ‘partially flooded’ and ‘wet’ MODIS classes. In both 

cases, less than 40% coverage by flooded Landsat pixels results in a mixture of classes. 

4.3 Results 

4.3.1 Number of clear days 

Examination of six years of images (2000-2005) display readily apparent seasonal 

patterns in the usable images across this focal area (Figure 26). As expected, many clear 
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images were obtained during the dry months from November to February, and 

relatively few 0-2 per month) in the wettest months (April-July) Clear days cluster 

together, with several clear days in the same week or two, and then several weeks with 

none. There was variability in numbers of clear days per month from year to year, but 

no single year showed any consistent pattern of increase or decrease in clear days.  

 

Figure 26: The number of usable images for the study area for each month 
during the years 2000-2005. A usable image is one in which greater than 50% of the 

study area is visible. Numbers below each month show the average number of ‘good’ 
days (>80% clear) per month for the six years. The black line is monthly rainfall 

averaged from measurements from 36 rainfall stations within the basin, (13–81 years 
of data per station, data from the World Meteorological Organization / NOAA, 

compiled by Agteca; http://www.agteca.com/climate.htm).  
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4.3.2 Temporal and spatial patterns of flooding 

Flooding varied predictably with seasonality, with the greatest extent flooded 

generally in September or October, at the conclusion of the rainy season, and the least 

area flooded in January and February, at the end of the dry season (Figure 27). Few clear 

images are available for April – June, but presumably a gradual increase in flooded area 

occurs over this period. The total area of combined flooded classes ranged from ~15,000 

km2 in October 2004 and August 2005 to ~ 500 km2 in January 2003. The total area of the 

mask applied is ~33,000 km2. This focal region encompasses some forested areas and 

sandy areas which never appear flooded (although forested areas likely flood under the 

canopy and sandy areas may be saturated). Because of high variation in cloud cover 

within the analyzed images, I present results as the % percentage of visible area flooded.  

The amount of area flooded also displayed inter-annual variation, particularly 

during dry seasons. January is generally one of the driest months, but January 2005 had 

large areas flooded. Similarly, March showed great temporal variation in flooding, with 

extent of flooded area varying from 2% to 28%. The driest period recorded occurred in 

March 2003 at the completion of a strong El Niño event (Figure 28, 29).  

The study area also showed predictable spatial flooding patterns, with water 

nearly always visible in specific core areas (Figure 30). In general, the northeastern 

region of the focal area tended to be dry earlier and flood later in the year. With the 

exception of a few central core areas, most of the region appeared to be dry between 
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December and February of most years. January - March 2003 were the driest months 

recorded, with almost no flooding detected, even within core areas.
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Figure 27: Percent of cloudfree mask area covered with the respective flooded classes from 2000 to 2005. This shows a 
general seasonal trend of least flooded area from November to January and peak flooding from August to October. There is 

significant inter-annual variation, especially in the dry months. 
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Figure 28: Inter-annual variation in flooding patterns in March of 2000 (top) and 2003 (bottom). 



 

 

 

134

Figure 29: Timeseries of cumulative flooding (all flooded classes) plotted against the monthly average Multivariate ENSO 
Index (Wolter 2007) for those years. Yellow bars indicate dry seasons. There is some correlation between the ENSO index and dry 

season flood levels, especially in 2003 at the end of a prolonged strong ENSO period.  
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Figure 30: Spatial patterns of flooding for each year from 2000-2005. Colors denote the number of days that the area was 
classified as flooded. The numbers in the lower right corner of each map are the number of days analyzed for that year. Maps 

include only the first three flooded classes, ‘water’, ‘flooded’, and ‘partially flooded.’  
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4.4 Discussion and Conclusions 

Here, I use MODIS imagery to describe six years of flooding patterns including 

the timing and extent of such flows across an extensive open area of campina 

ecosystems encompassing ~33,0000 km2 in the Negro river basin. The flooding covered 

approximately 15,000 km2 at its peak and dwindled to virtually no area in the driest 

times. Clear seasonal patterns emerged that were significantly influenced by average 

monthly precipitation. Peak flooding typically occured in September or October. The 

lowest rates of flooding were in March 2003 at the competition of an El Niño event.  

4.4.1 Characterizing the Negro river basin 

The Negro is the one of three main tributaries of Amazon river basin ((along with 

the Amazon/Solimões and the Madeira rivers; Coe et al. 2002; Leon et al. 2006). It drains 

approximately 10% of the Amazon basin (Coe et al. 2002).The interfluvial wetlands in 

this study area are extensive and are one of the major features of the Negro river basin, 

yet little information exists about their flood patterns or functional significance. One 

notable exception is Frappart et al. (2005) who used SAR and radar altimetry data to 

assess water storage and water levels at high and low water levels for the entire 700,000 

km2 river basin in 1995-96. Although their results suggest that water levels in my focal 

area can reach as much as 30 m during the high water season, I would expect 1-5m 

flooding levels based on field observations from July, 2006-2007. Additionally, Frappart 
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et al’s (2005) water level alterations with low and high water levels only display a few 

meters change for these areas. Their results suggest these areas were still flooded when 

they measured them during the low water season. On a smaller scale (transects of 

several km in three separate campinas), Belger (2007) recorded detailed in situ 

measurements of water levels and chemical composition to measure methane outgassing 

in several small campinas in the southwest of my study area. She reported maximum 

water levels of 1.8 m and ~50% of the area flooded, corresponding well with my results.  

Most studies that report fine temporal variation (daily or monthly) in flooding 

patterns in the Amazon tend to be either very large-scale (regional - using 0.25° 

resolution radar altimetry) or very fine-scaled (a few km2, using in situ measurements). 

Because of the difficulty in obtaining empirical field measurements in most of these 

areas, studies that use direct empirical measurements occur almost exclusively near 

rivers. Data spanning moderate spatio-temporal scales spatial and temporal scale, as I 

assess, are critical for hydrological, ecological, and biogeochemical characterization of 

the Amazon basin. These results suggest large areas of extensively flooded grass and 

shrublands that dry out during the dry season. The central regions within my focal area 

appear flooded for the longest periods, sometimes for almost the entire year. The 

northeast section drains first (Figure 30) and likely floods to lower depths than some of 

the central regions. These results are consistent with overall annual rainfall patterns, 
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which vary 2 fold across the Negro basin. The lowest values of precipitation in this 

region are about ~1500 mm per annum in the northeast near Boa Vista, and the highest 

values are ~3500 mm per annum in the northwest, at the base of the Andes (Hijmans et 

al. 2005).  

4.4.2 Interannual variability and climate effects 

Studies of rainfall and river level in the Negro basin have reported high inter-

annual variability, particularly in the northeast portion of the basin. In this region, such 

variability is strongly linked to ENSO and sea surface temperatures in the Altantic (Zeng 

1999; Sombroek 2001; Villar et al. 2008). These findings suggest that the inter-annual 

variability documented in my results is typical, with the most variable months occurring 

during the dry season. For example, January was generally dry, but in 2005, this area 

was extensively flooded in late January. Similarly, March varied greatly from year to 

year (Figure 28). Wet season months may also vary greatly, but such variability could 

not be adequately assessed because of the lack of cloud-free wet season images.  

The effects of ENSO throughout the Amazon, and in open savanna ecosystems in 

particular have been well-documented since the beginning of the century (Zeng 1999; 

Foley et al. 2002; Marengo 2004). The 1926 El Niño event precipitated widespread fires in 

open areas in the Negro river basin, and charcoal records suggest that similar fires 

occurred 250–400 years ago (Sombroek 2001). ENSO is known to affect flooding patterns 
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in the northern part of the basin, with reduced flooding during El Niño, and increased 

water flows during La Niña (Foley et al. 2002). Villar et al. (2008) also reported an overall 

decrease in rainfall in the region over the past 30 years, particularly associated with El 

Niño events. 

During the strong 20002-03 El Niño event, the satellite imagery depicts a steady 

decline in flooded areas from July 2002 to an extreme low in March 2003. March 2003 

was the driest month in my analysis, with no open water detected and only a few 

marginally wet areas observed. In most other years, the greatest area flooded occurred 

in September or October. These results indicate an ENSO effect on these typically 

seasonally-flooded ecosystems. These flooding patterns appeared to be less affected by 

the strong Amazon drought of 2005, with its epicenter in Acre, in the southwest Amazon 

(Marengo et al. 2008).  

4.4.3 Using MODIS to characterize seasonal dynamics in remote 
areas 

Cloud cover and temporal limitations of radar data have prevented 

characterization of moderate-scale seasonal flood dynamics of remote open areas in the 

Amazon basin. To my knowledge, the results presented here are the only such 

moderate-scale multi-year seasonal measurements for this region or any in the Amazon. 

These results are limited by the coarse pixel resolution and paucity of suitable images 

during the wet season. Also, variable cloud cover in each image complicates inter-
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annual comparisons of specific flooded areas. However, these products are a significant 

improvement over currently available products, given that these extensive interfluvial 

wetlands were virtually unmeasured. These results show the utility of using MODIS 

data for moderate scale characterization of remote open wetland areas. The pseudo-

validation procedure using Landsat imagery confirms that the results are robust for the 

resolution. In the future, combining these data with data generated from other sensors, 

coupled with additional post-processing field validation, will likely provide a refined 

product. 

The ecology, hydrology, and biogeochemistry of river basins are all affected by 

seasonal dynamics of flood pulses. For example, methane and CO2 outgassing may be 

important for greenhouse gas emission models of the whole Amazon basin (Richey et al. 

2002; Melack et al. 2004). While refinements in remote sensing technology and 

applications may generate precise measurements in the near future, no long-term 

historical records exist. As our climate changes and anthropogenic alterations increase, 

baseline levels of various phenomena are challenging at best to assess, especially for 

under-studied ecosystems. The results shown here could provide a recent baseline for 

flood pulses in open wetland campinas of the Negro basin.  
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Appendix I: Percent area of open and scrub classes for 
each cluster of patches in each year in the Igapó-
açu/Matupiri Campinas in the Madeira-Purus interfluve, 
central Brazilian Amazon. 

Cluster ID 1987 1996 2001 2007 1987 1996 2001 2007
0 12.56 6.75 19.79 13.18 11.63 19.85 4.79 12.26
1 0.45 0.23 0.62 0.04 7.14 9.87 4.42 6.30
2 0.33 0.17 0.49 0.04 11.48 16.61 9.05 11.54
3 2.40 1.79 2.94 2.35 9.77 12.83 7.79 7.12
4 0.74 0.33 0.47 0.30 5.72 13.33 5.00 4.91
5 0.07 0.41 0.19 0.16 7.85 10.70 8.03 6.25
6 9.67 2.89 11.64 3.54 18.15 25.82 15.00 21.56
8 11.76 7.08 13.96 3.98 36.15 41.97 31.40 37.65
9 0.09 0.10 0.04 0.02 5.53 5.11 5.32 5.10
10 8.81 7.46 8.05 9.61 16.90 17.70 15.58 15.35
11 6.28 4.66 5.86 4.59 12.73 13.81 12.40 12.94
12 4.75 3.74 5.23 3.11 21.25 21.78 21.31 20.96
13 20.97 19.23 21.72 21.77 18.09 19.25 16.38 15.74
14 7.63 4.34 9.72 9.37 21.27 27.36 19.17 19.28
15 0.13 0.02 0.02 0.13 8.14 7.92 6.22 7.62
16 14.77 12.67 18.11 17.74 27.09 29.39 23.74 23.33
17 0.00 0.00 0.00 0.01 0.14 0.19 0.19 0.13
18 0.67 0.23 0.31 0.21 21.58 20.60 23.94 19.54
19 33.26 29.55 31.93 32.32 18.43 22.31 20.67 18.38
21 11.96 7.21 11.77 7.61 10.36 15.59 9.35 13.44

Percent 'scrub'Percent 'open'
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Appendix II. Bird species and number of individuals 

recorded in the Madeira-Purus Interfluve campinas. 

Habitat Scientific name Common name Amapá L. Preto Vapor Tupana Catuquira Mucuim
Campina

Aratinga pertinax Brown-throated Parakeet 6 4 0 22 18 0
Caprimulgus nigrescens Blackish Nightjar 0 1 0 2 3 0
Cnemotriccus fuscatus Fuscous Flycatcher 2 0 6 0 6 4

Cyanocorax sp. 6 8 0 1 7 18
Elaenia ruficeps Rufous-crowned Elaenia 3 4 0 7 2 0

Formicivora grisea White-fringed Antwren 10 4 0 5 6 21
Galbula leucogastra Bronzy Jacamar 4 6 1 7 2 7
Hemitriccus minimus Zimmer's Tody-Tyrant 0 3 3 5 8 2

Rhytipterna immunda Pale-bellied Mourner 0 1 5 2 4 6
Tachyphonus phoenicius Red-shouldered Tanager 3 5 1 5 3 2

Xenopipo atronitens Black Manakin 2 8 8 7 4 2
Savanna

Ammodramus humeralis Grassland Sparrow 0 0 0 0 0 1
Caprimulgus maculicaudus Spot-tailed Nightjar 0 0 0 0 0 5

Chordeiles pusillus Least Nighthawk 30 8 0 4 2 0
Crypturellus parvirostris Small-billed Tinamou 0 0 0 0 0 1

Diopsittaca nobilis Red-shouldered Macaw 0 0 0 0 0 20
Elaenia chiriquensis Lesser Elaenia 0 0 0 0 0 4

Elaenia cristata Plain-crested Elaenia 8 3 0 6 2 13
Emberizoides herbicola Wedge-tailed Grass-Finch 1 4 0 10 9 1

Formicivora rufa Rusty-backed Antwren 0 0 0 0 0 16
Hydropsalis torquata Scissor-tailed Nightjar 0 0 0 0 0 1

Micropygia schomburgkii Ocellated Crake 2 0 0 0 0 17
Polytmus theresiae Green-tailed Goldenthroat 6 0 2 12 1 24
Porzana albicollis Ash-throated Crake 1 0 0 2 0 3

Synallaxis hypospodia Cinereous-breasted Spinetail 0 0 0 0 0 3
Open

Athene cunicularia Burrowing Owl 2 0 0 0 0 0
Crotophaga ani Smooth-billed Ani 4 0 1 6 0 1

Laterallus viridis Russet-crowned Crake 6 0 1 12 3 2
Sturnella militaris Red-breasted Blackbird 1 0 8 17 0 23

Synallaxis albescens Pale-breasted Spinetail 0 0 0 0 0 0
Volatinia jacarina Blue-black Grassquit 0 0 1 0 0 1

Gallery
Aratinga aurea Peach-fronted Parakeet 0 0 0 0 0 30

Hemitriccus striaticollis Stripe-necked Tody-Tyrant 1 0 0 0 0 18
Melanerpes candidus White Woodpecker 0 0 0 0 0 1

Nystalus chacuru White-eared Puffbird 0 0 0 0 0 8
Ramphastos toco Toco Toucan 0 0 0 0 0 1

Schistochlamys melanopis Black-faced Tanager 30 2 0 9 6 5
Forest

Attila citriniventris Citron-bellied Attila 2 3 1 7 3 0
Dacnis cayana Blue Dacnis 0 1 0 0 0 2

Herpsilochmus sp. W 3 3 5 10 10 2
Notharchus ordii Brown-banded Puffbird 0 2 0 2 8 1

Patagioenas speciosa Scaled Pigeon 3 1 1 0 0 4
Penelope jacquacu Spix's Guan 1 0 2 1 3 1
Phaethornis ruber Reddish Hermit 0 0 8 3 0 6
Schiffornis turdinus Thrush-like Schiffornis 1 5 4 3 1 0

Touit huetii Scarlet-shouldered Parrotlet 0 0 40 0 16 0
Trogon viridis White-tailed Trogon 1 0 6 7 10 2

Turdus ignobilis Black-billed Thrush 0 1 0 0 0 0  
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Habitat Scientific name Common name Amapá L. Preto Vapor Tupana Catuquira Mucuim
Bushy

Camptostoma obsoletum outhern Beardless-Tyrannule 0 0 1 0 0 0
Chelidoptera tenebrosa Swallow-wing 1 8 2 0 0 3

Crypturellus soui 1 1 0 2 0 0
Cyclarhis gujanensis 0 0 3 4 0 5
Elaenia flavogaster Yellow-bellied Elaenia 0 0 0 0 0 1
Manacus manacus White-bearded Manakin 0 2 0 0 0 0
Megascops choliba Tropical Screech-Owl 1 1 1 3 0 5

Myiarchus tuberculifer Dusky-capped Flycatcher 0 0 1 1 0 1
Nyctibius griseus Common Potoo 1 1 2 4 1 2

Pachyramphus rufus Cinereous Becard 0 0 1 0 0 0
Patagioenas cayennensis Pale-vented Pigeon 0 0 0 14 1 7

Phaeomyias murina Mouse-colored Tyrannulet 0 0 1 0 0 0
Progne chalybea Grey-breasted Martin 0 0 1 3 0 0

Progne subis Purple Martin 20 0 0 0 0 0
Progne tapera Brown-chested Martin 0 0 6 0 0 0

Ramphocelus carbo Silver-beaked Tanager 0 0 2 2 0 0
Sporophila angolensis Chestnut-bellied Seed-Finch 2 0 0 2 0 0
Thraupis palmarum Palm Tanager 0 0 1 0 0 0

Troglodytes musculus Southern House-Wren 0 0 0 3 0 4
Tyrannus melancholicus Tropical Kingbird 5 15 8 7 1 14

Tyrannus savana Fork-tailed Flycatcher 0 0 6 0 0 0
Riverine

Attila cinnamomeus 2 0 1 1 0 1
Campephilus melanoleucos 0 0 0 1 0 0

Crypturellus cinereus 5 1 2 6 3 2
Mesembrinibis cayennensis Green Ibis 0 2 1 0 0 0
Xiphorhynchus obsoletus Striped Woodcreeper 0 0 4 0 0 0

Palm
Orthopsittaca manilata 0 0 3 12 3 30
Tachornis squamata Fork-tailed Palm-Swift 0 0 0 3 0 1  

Habitats:  

Campina: characteristic of woody campina/campinarana (with small trees and shrubs; 
includes  ‘chavascal ‘--campina-like, low-stature igapo). 
Savanna: found widely in open herbaceous campina and cerrado (savanna) grassland 
with some bushes. 
Open: found in general open habitats including degraded areas (savanna, agriculture, 
pastures, herbaceous second growth with some bushes, etc). 
Riverine: found in igapo - seasonally flooded riverine forest. 
Forest: terra firme forest or tall campinarana forest. 
Palm: buriti (Mauritia flexuosa) palm specialist. 
Bushy: found in bushy or treed open areas, such as secondary scrub, mid-successional 
secondary forest, riverine thickets, forest edges, parks. 
Gallery: found in savanna with trees or gallery forest in cerrado. 
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