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years-old; obligate ant-following species returned to Cecropia-dominated second growth five 

years after isolation (Stouffer and Bierregaard 1995). By twenty years post-isolation, some guilds 

(e.g. frugivores, other insectivores, and gap specialists) in 10 and 100 ha fragments had 

recovered to pre-isolation densities regardless of the second-growth type in the matrix (Stouffer 

et al. 2006). Recovery in 1 ha fragments has not yet occurred for most major guilds (Stouffer et 

al. 2006). 

The climate at the BDFFP is seasonal, with a distinct dry period lasting from June to 

October. Peak wet season is January to May and total rainfall is generally between 2000 and 

3500 mm per year (Stouffer and Bierregaard 1993; Laurance 2001). The site has little 

topography, although elevation can range from 50 to 100 m where streams have worn valleys in 

the forest floor. The predominant vegetative cover is terra firme tropical rainforest. Soils are 

generally nutrient-poor sandy or clay-rich ferrasols, typical of the region. Although published 

records indicate that the forest canopy is 30−37 m tall with emergent trees reaching 55 m 

(Gascon and Bierregaard 2001), a LiDAR-based canopy height model from 2007 indicates that 

mean canopy height is only 23 m tall (unpublished data).  

Avian Research at the BDFFP 

Researchers at the BDFFP began to compile the avian capture database in 1979 when the 

project was entirely old-growth tropical rainforest. This mist-netting effort continued through the 

isolation of forest fragments, with semi-regular sampling performed through 1992. Mist-net 

sampling resumed in 2000 and 2001, then following a break from 2002−2006, occurred again 

from 2007−2009. With the arrival of P. C Stouffer to the project in 1991, alternative sampling 

approaches were undertaken, such as playback, visual surveys, and spot-mapping. As of 1997, 

394 species have been documented at the BDFFP (Cohn-Haft et al. 1997) using a combination of 
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surveying methods; only a few others have been added to the list since then (P. C Stouffer, pers. 

comm.). Many species are rare at the BDFFP, thus a common approach for analyzing mist-net 

data has been to pool species into functional guilds to determine the effect of fragmentation (e.g. 

Stouffer and Bierregaard 1995; Stouffer and Borges 2001; Stouffer et al. 2006). At the onset of 

the project, very little natural history information was available for most BDFFP species, but 

recent advances in knowledge of morphology and molt (Johnson 2010) has permitted the 

analysis of demographic information such as age ratios in fragments vs. continuous forest 

(Johnson 2011). 

The alteration of the landscape at the BDFFP has had quantifiable effects on the avian 

community. Immediately following the isolation of forest fragments, Lovejoy et al. (1986) and 

Bierregaard and Lovejoy (1989) documented an influx of birds in fragments, which likely served 

as temporary refugia after the habitat loss. After this initial influx of individuals, species 

gradually disappeared from forest fragments because extinction rates exceeded colonization rates 

(Ferraz et al. 2003); this trend was particularly dramatic in the smaller fragments (Ferraz et al. 

2003; Ferraz et al. 2007). Other changes included the disappearance of all three obligate ant-

following species (Pithys albifrons, Gymnopithys rufigula, and Dendrocincla merula) and the 

breakdown of mixed species flocks in 1- and 10-ha fragments within the first two years of 

isolation (Harper 1987; Bierregaard Jr and Lovejoy 1989). Insectivores— particularly terrestrial 

insectivores—appear to be the group that is most sensitive to area effects and show the slowest 

recovery as secondary growth in border zones matures (Stouffer and Bierregaard 1995; Stouffer 

et al. 2006).  Many Amazonian understory insectivores are remarkably specialized primary forest 

residents, with many having large home ranges (Johnson et al. 2011).  Further, birds of the 

Guianan shield and the BDFFP are believed to have particularly large home ranges relative to 
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other locations in the Neotropics (Johnson el al. 2011), with poor soils in the region thought to 

contribute to a lack of productivity (Gentry and Emmons 1987).  

Going beyond simple presence/absence, the few studies of individual movement at and 

near the BDFFP have consistently shown that movement is strongly affected by gaps in habitat 

(e.g. pasture) and roads (Laurance et al. 2004; Laurance and Gomez 2005). Consistent with other 

fragmentation studies, forest-dependent insectivores (mixed-species flocks, ant-followers, and 

terrestrial species) had reduced capture rates across even narrow, unpaved roads, with solitary 

insectivores particularly vulnerable (Laurance et al. 2004). Capture rates were reduced for most 

forest guilds within 10−70 m of road margins (Laurance et al. 2004). In a translocation 

experiment with males of three territorial ratio-tagged species (Formicarius colma, Willisornis 

poecilinotus and Thamnomanes caesius), Laurance and Gomez (2005) found that paved roads 

(50−75 m wide) did not impede individuals from returning to their territories, yet a cattle pasture 

(>250 m wide) did. Translocated adults with territories and mates have extremely strong 

motivation to return to their original territories (Laurance and Gomez 2005), so although this 

study showed that those species could physically cross the roads, it remains unknown how roads, 

edges, pasture, secondary growth, or other barriers affect birds’ regular intraterritorial or 

dispersal movements at the BDFFP.  

There has been considerable progress in understanding of the dynamics of changes in the 

avian community as the landscape at the BDFFP, yet most research has been restricted to 

changes in presence/absence or mist-net capture rates in fragments vs. continuous forest. We still 

know little about the contribution of secondary growth to avian diversity, or the effect of 

secondary growth on individual movement or dispersal.  
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VALUE OF THE MATRIX AND CONTRIBUTION OF SECONDARY GROWTH TO 
BIOLOGICAL DIVERSITY 

 
Due in large part to the pervasiveness of island biogeography theory (MacArthur and Wilson 

1967), studies of forest fragmentation have tended to effectively, theoretically, or literally 

consider fragmented landscapes as pockets of primary forest surrounded by seas of inhospitable 

habitat (Laurance 2008). Although this was an effective early attempt at a deeper understanding 

of the dynamics of fragmentation, island biography theory is limited in that it, ignores the effect 

of the vegetation in the inter-habitat matrix between forest fragments (Laurance 2008). 

Fragmentation in the world’s tropical forests is considered the greatest threat to biodiversity in 

the 21st century (climate change is second; Sala et al. 2000), but large-scale regrowth of 

deforested areas following deforestation present  increasing opportunities for biological 

conservation outside primary forest. Secondary forests now constitute 4.5 million km2 of humid 

tropical forests worldwide, with enormous amounts of that land in Brazil (Asner et al. 2009). In 

the most densely-populated rural areas in Amazonia, a full 30% of the original old growth forest 

has been replaced by secondary forest (Perz and Skole 2003). Secondary growth can likely serve 

as an effective corridor between primary forest and buffer of primary forest (see Chazdon et al 

2009; Lees and Peres 2009), but details remain poorly understood. 

Despite this pervasive nature of secondary forests in the tropics, the conservation value of 

secondary forests for old-growth forest species is still debated (Wright and Muller-Landau 

2006a, b),in part because of the lack of empirical studies. For example, many tropical birds can 

fly across gaps of unsuitable habitat (Laurance and Gomez 2005; Lees and Peres 2009), but 

despite their mobility, tropical birds do not appear to be as tolerant to secondary growth as other 

taxa. Of 16 taxonomic groups studied in the Jari forest landscape of northeastern Amazon, 
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Barlow et al. (2007; Data from Peres, Barlow and Gardner, Jari Project) found that secondary 

forest contained only 38% of all the primary forest bird species—only grasshoppers and woody 

vegetation had less. In 9−13-year-old secondary forest at the BDFFP, Stouffer and Borges (2001) 

found two-, five- and eight-fold reductions in capture rates of ant-followers, terrestrial 

insectivores, and mixed species flock obligates respectively. Furthermore, Barlow et al. (2007) 

found that 14−19-year-old secondary forests in the Brazilian Amazon had considerably less 

conservation value for birds than previously thought; obligate ant-following species, for 

example, were never detected in secondary forest.  

As secondary growth matures, its similarity to old-growth forest increases rapidly (Dent 

and Wright 2009). Using data from 39 studies, Dunn et al. (2004) concluded that tropical 

secondary forests may take only 20−40 years to recover species richness of old-growth forest. 

Unfortunately, older secondary forests are even more poorly studied than young secondary 

forests (Chazdon et al. 2009), so their conservation value is not well understood. The BDFFP 

now sits in a matrix of secondary growth that is up to 30-years-old (G. Ferraz, unpublished data), 

with much of it nearly indistinguishable from primary forest to the naked eye (pers. obs.) so the 

BDFFP’s current landscape presents an opportunity to increase understanding of the usefulness 

of older secondary growth. Chazdon et al. (2009) stress the need for studies of dispersal and 

movement in old-growth, second-growth, and matrix habitat—particularly at multiple spatial 

scales. Given the ongoing fragmentation and conversion of old growth tropical forests to 

recovering secondary forests (Asner et al. 2009), it is essential that we understand the point at 

which secondary growth is used as 1) a dispersal corridor and 2) a part of species’ home range. 
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CONCEPTUAL MODEL: CHANGES IN AVIAN SPACE USE WITH SUCCESSION OF 
SECONDARY FOREST 

 
When anthropogenic cutting and burning removes tropical rainforest leaving barren land, 

resident understory birds can no longer incorporate the lost forest into their home ranges because 

suitable habitat is completely absent. As succession occurs and the matrix progresses towards 

conditions resembling those in mature rainforests, bird species that persist within forest 

fragments likely show a recovery that parallels the regeneration of the matrix towards conditions 

found in primary forest. To visualize spatiotemporal dynamics of the recovery process, I 

constructed a conceptual model predicting space use by insectivorous understory birds during 

deforestation and subsequent regrowth of secondary forest (Figure 1.3). This progression is 

undoubtedly species-specific, and probably varies by age, sex, and physiological condition of the 

individual.  Further, species may take different routes to recovery, for example, by 

circumventing step(s) of the model, such as the expansion of home ranges shown in Figure 1.3d. 

This model is based on the literature on my study system (Stouffer and Bierregaard 1995; 

G Ferraz et al. 2007), my and Stouffer’s experience observing and capturing birds at the BDFFP, 

and the empirical and theoretical literature on metrics of animal space use cited above.  The 

model assumes that space use of territorial insectivorous birds is driven primarily by distribution 

of resources (i.e. food, mates, nest sites, vegetation structure etc.), that availability of one or 

more of these resources is low in young secondary forest, and that these resources gradually 

recover with time since pasture abandonment.  Accordingly, the model predicts that space use of 

understory birds will reflect the distribution of those resources, with birds generally using more 

space and moving faster when resource density is low (i.e. in young secondary forest); and 

conversely, using less space and moving slower when resource density is high (i.e. in primary 
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forest).  Here I use both mist net captures along primary/secondary forest borders (Chapter 2, 

published as Powell et al. 2013) and radio telemetry (Chapter 3: home range and space use; 

Chapter 4: edge response; Chapter 5: habitat transition probability) to test the predictions 

summarized in the legend for Figure 1.3.   

 

 

Figure 1.3. Conceptual model illustrating dynamics of avian territories and movement during 
recovery of secondary forest following deforestation and fragmentation.  Circles represent 
resident bird territories for a hypothetical species ubiquitous in primary forest, diagonally 
hatched fill represents primary forest and increasingly dark solid shading (white to dark gray) 
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represents increasingly old secondary forest.  Thick black lines representing the edges of primary 
forest are dashed relative to permeability of the edge. As continuous forest (a) is initially cut (b), 
birds are entirely excluded from the recently cut area and entirely restricted to forest fragments.  
At this point, home range boundaries are aligned along the interface and birds are excluded from 
fragments too small to sustain their home ranges.  During early regrowth (c), increased vertical 
structuring of the young secondary forest permits some movement (e.g. dispersal) across 
secondary forest—some individuals may occasionally use small fragments.  As secondary forest 
matures and begins to recover resources (d), birds begin to expand their territories into secondary 
forest and small fragments, showing increased rates of movement across the interface.  At the 
point of recovery (e), bird territory boundaries and cross-interface movements are 
indistinguishable from those in primary forest, regardless of fragment size.  In the close-up of (d) 
shown below, a higher proportion of the animal’s core area (gray ellipse) is within primary 
forest, whereas the overall home range (black ellipse) contains a higher proportion of secondary 
forest.  Here individual bird movements (thin arrows) show that birds in primary forest move in 
short, curvy (i.e. high tortuosity) paths; conversely, movements in secondary forest are straighter 
(i.e. low tortuosity) and longer, so movement rate is relatively high.  Further, the close-up depicts 
that prior to recovery, the distribution of space use within home ranges is heterogeneous about 
the edge (i.e. there is a quantifiable edge response) and that at any given time, the probability of 
remaining in primary forest is greater than the probability of remaining in secondary forest (i.e. 
unequal transition probability between habitats).   
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CHAPTER 2: RECOVERY OF UNDERSTORY BIRD MOVEMENT ACROSS THE 
INTERFACE OF PRIMARY AND SECONDARY AMAZON RAINFOREST1 

 

INTRODUCTION 

Over the past 20 years, timber harvests and agricultural expansion have removed >328,000 km2 

of the Brazilian Amazon—an area larger than Poland (Brazilian National Space Research 

Institute [INPE] 2010). Although deforestation rates have slowed since 2005, the Brazilian 

Amazon continues to lose 7,000 km2 per year (INPE 2010). Further, changes to the Brazil Forest 

Code may expose an additional 220,000 km2 of forest to legal clearing (Sparovek et al. 2010, 

Nazareno et al. 2012). In contrast to much of the southern Amazon, where clearcuts often 

produce long-term pasturelands, in eastern and central Amazonia, clearcut areas are typically 

abandoned within 5 years after conversion to cattle pasture (Fearnside 2005). In the Brazilian 

Amazon, the area of secondary forest increased from 29,000 to 161,000 km2 from 1978 to 2002 

alone (Neeff et al. 2006). These vast expanses of secondary forest will inevitably become a 

necessary element of conservation planning, particularly given that growth of secondary forests 

from abandoned pastures represents a significant way to offset carbon lost to deforestation in the 

Amazon (Nepstad et al. 2009, Asner et al. 2010).  

Despite the pervasiveness of secondary forests in the tropics, understanding of them is 

poor and their conservation value is still debated (Brook et al. 2006; Wright and Muller-Landau 

                                                
1 This this chapter previously appeared as:  
Powell, L.L., Stouffer, P.C. and Johnson, E.I., 2013. Recovery of Understory Bird Movement 

Across the Interface of Primary and Secondary Amazon Rainforest. The Auk 130(3):450–
468. 

It is reprinted by permission of Luke L. Powell and The Auk—see the permission letter in 
Appendix B. 

 



 

 16 

2006a, b), in part because few empirical studies exist. Despite their perceived mobility, tropical 

birds do not appear to be as tolerant of secondary forest as other taxa. For instance, records of 16 

taxonomic groups studied in the Jari forest landscape of the northeastern Amazon showed that in 

14- to 19-year-old secondary forest, only grasshoppers had a lower proportion of primary-forest 

species than birds; only 38% of all the primary-forest bird species were present (data from C. A. 

Peres, J. Barlow,T. A. Gardner, and the Jari Forest Project database; for further details, see 

Barlow et al. 2007). In 9- to 13-year-old secondary forest at my study site, the Biological 

Dynamics of Forest Fragments Project (BDFFP), Stouffer and Borges (2001) found two-, five-, 

and eightfold reductions in capture rates of ant-followers, terrestrial insectivores, and mixed-

species flock obligates respectively. Stratford and Stouffer (1999), also working in young 

secondary forest at the BDFFP, speculated that the terrestrial insectivores would be the last to 

recover as secondary forest matures. Using data from 10 studies (7 from the Neotropics), Dunn 

(2004) concluded that avian richness in tropical secondary forests may take only 20 years to 

recover to levels seen in primary forest, although contemporary bird distributions at the BDFFP, 

where some secondary forest is now 30 years old, suggest otherwise. The effects of 

fragmentation and isolation are now well known at the BDFFP (Laurance et al. 2011); however, 

few have studied the effect of secondary forest on birds: Stouffer and Borges (2001) and Borges 

and Stouffer (1999) studied understory birds in young secondary forest, and Sberze et al. (2009) 

studied the nocturnal bird community. Older secondary forests are even more poorly studied than 

young secondary forests (Chazdon et al. 2009). Consequently, research in the now more than 30-

year-old secondary forests of the BDFFP represents a much-needed opportunity to quantify the 

conservation value of older secondary forest.  

Primary forest in Amazonia is becoming increasingly fragmented because of high levels 
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of forest loss and subsequent regeneration of secondary forest, with a staggering 53,000 km of 

forest edges created each year (Numata et al. 2011). This boundary between primary and 

secondary forest (hereafter “the interface”) may present a barrier to movement, but propensity to 

cross a barrier likely varies widely among species and foraging guilds. Understanding how 

animals perceive the permeability of the interface can lead to a quantification of the value of 

secondary forest as a corridor among primary forest patches. For individuals moving across a 

fragmented landscape, the interface is the first step toward movement among remnant patches of 

primary forest; this process is fundamental to understanding source–sink and metapopulation 

dynamics (Brawn and Robinson 1996), gene flow and genetic structuring (Bates et al. 2004), and 

species’ persistence in isolated forest fragments (Ferraz et al. 2007).  

I formulated a conceptual model to describe the spatiotemporal dynamics of understory 

bird movement during forest fragmentation and regrowth of secondary forests (Figure 1.3). The 

overarching assumption of the model is that as secondary forests regrow following clear-cutting 

and abandonment, the permeability of the interface increases for understory birds, eventually 

reaching a point of “recovery” at which bird movement across the interface is essentially 

identical to what was observed pre-isolation (i.e., prior to clear-cutting continuous primary 

forest). The model proceeds as follows: (1) as continuous forest is initially clearcut, rainforest 

birds are entirely excluded from the recently cut (and often burned) area and essentially 

imprisoned within forest fragments. At this point, territory boundaries are aligned along the 

interface, birds are excluded from fragments too small to sustain their territories (Stouffer and 

Bierregaard 1995a), and capture rates along the interface are effectively zero. During early 

regrowth, (2) vertical structure of the young secondary forest permits some movement (i.e., 

dispersal) across secondary forest—a few individuals may occasionally use small fragments 
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(Stouffer and Bierregaard 1995a). As secondary forests age and begin to recover resources, (3) 

birds begin to expand their territories into secondary forest and into small fragments (Borges and 

Stouffer 1999, Stouffer et al. 2011), showing increased rates of movement across the interface. 

At the point of recovery, (4) bird territory boundaries and cross-interface movements are 

indistinguishable from those in primary forest, regardless of fragment size.  

Here I used mist-net captures to study the dynamics of recovery of movement along the 

interface, with particular interest in quantifying how movement (i.e., capture rate) changes as 

secondary forest matures. Specifically, I sought to answer two questions about the system. (1) 

What land-use history characteristics affect recovery of movement along the interface? And (2) 

how long does it take for understory avian guilds to recover to pre-isolation movement across the 

interface? 

METHODS 

For this chapter colleagues and I conducted fieldwork from October 1992 to September 2011 at 

the BDFFP.  Forest fragments are embedded in a variable inter-fragment matrix (non-primary-

forest areas beyond the border, hereafter “the matrix”), which has included active cattle pasture, 

zero- to 30-year-old secondary-growth forest, and unpaved forest roads. The 140-km2 

experimental forest within the BDFFP is embedded within a vast area of primary rainforest to the 

north, east and west, with increasing anthropogenic influence to the south (for detailed 

descriptions of the site, see Bierregaard et al. 2001, Laurance et al. 2011 and Chapter 1).  

Sampling 

Post-isolation mist netting took place in June to October during three time blocks: 1992–

1993, 2000–2001, and 2007–2011. I ran mist nets (NEBBA type ATX, 36-mm mesh, 12 × 2 m) 

along the interface on approximately 1-m-wide trails with the bottom of nets set at ground level. 
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Post-isolation nets were run in lanes of four consecutive nets, with one lane per side of each of 

11 square forest fragments. I assumed that samples in different time blocks were independent 

given that the generation time of many small tropical birds is <6 years and species turnover 

within fragments at the BDFFP is high among 6-year intervals (Stouffer et al. 2011). I netted 

each lane for 1 day at a time, beginning at 0600 hours and continuing until 1400 hours, unless 

heavy rains forced us to close the nets. Within time blocks, I generally sampled lanes at intervals 

of ≥6 weeks. From 1992–1993, 2000–2001, and 2007–2011, we sampled along the interface of 

secondary-forest and primary-forest fragments.  

Because my site exhibited the typical tropical pattern of high richness but low abundance, 

I pooled species into guild assignments modified from Stouffer et al. (2006; Appendix A, Table 

A.1). I defined guilds as follows: non-forest species included any understory species typically 

absent inside but present outside unbroken forest; edge species frequented edges or tree fall gaps; 

core frugivores were common and primarily frugivorous; ant-followers foraged only by 

following insects fleeing from army ant swarms; sallying insectivores were solitary sallying 

species; bark insectivores were woodcreepers that were solitary and not obligate ant followers; 

flock dropouts were facultative mixed-species flock participants; flock obligates were obligate 

mixed-species flock participants; near-ground insectivores foraged in the lowest stratum of the 

forest, but rarely on the ground; and terrestrial insectivores foraged by walking along the forest 

floor (Cohn-Haft et al. 1997). I excluded canopy species, raptors, kingfishers, and large ground 

omnivores, such as tinamous and cracids, because they are rare or cannot be reliably sampled 

with mist nets. I excluded hummingbirds because previous work at the site showed that matrix 

and border age have little effect on hummingbird movement (Stouffer and Bierregaard 1995b). 

Finally, I excluded species never caught in forest fragments (and that were thus unavailable to be 
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caught along the interface) or that did not fit guild assignments.  

My measure of bird movement along the interface was capture rate per 1,000 mist-net 

hours. I acknowledge that capture rate is an imperfect metric of movement, because structural 

differences among habitats may affect capture rate (Remsen and Good 1996). Capture rate 

conveniently normalizes unequal sampling effort among samples. I estimated time to recovery 

(see below) based on a single pre-isolation capture rate for each guild across fragments (mean [± 

SE] fragment–1 = 2,678 ± 1,088 net-hours before isolation). Pre-isolation nets were arranged in 

8- or 16-net lanes in reserve (soon to be fragment) interiors as summarized below; more detail is 

provided in Stouffer and Bierregaard (1995a). 

I had to consider the possibility that avian abundance within fragments affected capture 

rate along the interface. Therefore, I summarized post-isolation capture rates from fragment 

interiors during each time block and used those values as an index of avian abundance in 

fragment interiors, which I then included as a variable in my candidate model set. In interiors, 

post-isolation nets were in single lanes of 8 (in 1-ha fragments) or 16 nets (in 10-ha fragments); 

these interior nets were run on the same days as the nets along the interface. In 100-ha forest 

fragments, two or three 16-net lanes were separated by ≥200 m. Because 100-ha fragments had 

>1 interior net lane, I calculated capture rate separately for each interior net lane, and then used 

those values to represent interior capture rate for the nearest interface net lane.  

Because of concerns about the independence of interface net lanes only 70 m apart along 

1-ha fragments, I pooled the four net lanes along the interface of each 1-ha fragment, creating a 

single sample for each 1-ha fragment during each time block. I assumed that net lanes along the 

sides of 10- and 100-ha fragments, all separated by ≥220 m, were spatially independent (sensu 

Hill and Hamer 2004), so I did not pool those lanes. To ensure that I had a large enough sample 



 

 21 

of the oldest secondary forest, I added four four-net samples along the interface of continuous 

primary forest and 27- to 30-year-old secondary forest in 2011—these were the only locations 

not sampled prior to isolation. This gave us a total of 91 samples, each with at least 63 net-hours 

(mean = 282; maximum = 1,175).  

Model selection 

To normalize residuals and meet the assumptions of parametric statistics, I log-

transformed the response variable, capture rate along the interface. During exploratory analyses, 

I attempted to fit asymptotic models (i.e., models in which the capture rate curve reaches an 

asymptote when capture rate stabilizes), but these models fit poorly because in most cases I had 

few data with which to model the tail of the asymptote. In other words, if recovery to pre-

isolation occurred at 27 years, asymptotic models probably fit poorly because the oldest 

secondary forest at the BDFFP was only 30 years old, so there were few data with which to fit 

the asymptotic part of the curve. I therefore used log-transformed linear models, which appeared 

to fit the data well on the basis of residual plots. Even so, I focused on the trajectory toward 

recovery and ignored the exponential path of the curve after it crossed the pre-isolation capture 

rate.  

I used an information-theoretic framework (Burnham and Anderson 2002) to model 

capture rates as a function of land-use history around forest fragments. I formed a priori 

candidate model sets for each of the 10 avian guilds, representing combinations of land-use 

history characteristics hypothesized to affect capture rate (Table A.2–A.11); global models for 

each guild are provided in Table 2.1. Variable definitions are as follows: BorderYrs (age of 

secondary growth along primary–secondary forest interface), Area (area of primary forest 

fragment adjacent to the interface), MatrixYrs (age of initial cut of the entire ranch in which 
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fragments are embedded), BorderBurn (whether secondary forest adjacent to the interface was 

burned at least once), MatrixBurn (whether the ranch was burned when it was initially cut), 

CF800 (area of continuous forest [CF = unbroken primary rainforest, excluding forest fragments] 

within 800 m of the sample location, as estimated using LANDSAT imagery and project 

records), and InteriorCapRate (guild-specific capture rate in the forest fragment interior). I 

determined the age of secondary growth through examination of BDFFP monthly reports, 

interviews with project directors (G. Ferraz, unpubl. data) and LANDSAT imagery. Candidate 

model sets were based on my knowledge of the species’ behavior as well as previous work at the 

BDFFP on landscape effects on recovery rates of avian guilds within forest fragments (Stouffer 

et al. 2006, Stouffer and Bierregaard 2007). In selecting candidate models, I included only what I 

consider to be biologically plausible combinations of variables (Burnham and Anderson 2002). 

For example, Stouffer and Bierregaard (2007) found that the amount of continuous forest within 

700 m of fragments affected recovery of capture rates of frugivores within fragments, so I 

included that variable in my candidate set of models affecting interface capture rates of 

frugivores. Preliminary analyses suggested that for three guilds less dependent on large patches 

of primary forest (i.e., flock dropouts, edge species, and core frugivores), capture rates along the 

interface were highest when secondary forest was of intermediate age (5–15 years old). For these 

three guilds, I included two models with a quadratic effect of border age, which would allow the 

trend in capture rate to be highest (or lowest) at intermediate border age. For several guilds, I 

included models with interaction terms between BorderYrs and Area as well as BorderYrs and 

BorderBurn because I suspected that the effects of Area and BorderBurn on capture rates would 

decrease considerably as secondary forest along the border matured (Table 2.1). BorderBurn and 

MatrixBurn were the only highly correlated variables (Spearman’s ρ = 0.61), so I avoided 
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including those two variables together in the same model. Finally, I had no reason to suspect that 

fragment size affected capture rates of edge species or non-forest species along the interface, so I 

did not include this variable in the candidate set for these guilds. For the four samples from 2011 

along the interface of secondary forest and primary continuous forest, I took a simplistic 

approach to area, using 1,000 ha as the area for those samples. I used PROC MIXED in SAS, 

version 9.2 (SAS Institute, Cary, North Carolina), to calculate Akaike’s information criterion 

corrected for small sample size (AICc) for each model in the candidate and considered models, 

with ∆AICc < 2 as those with substantial support (Burnham and Anderson 2002).  

Table 2.1 Complete list of all a priori candidate sets of models describing capture rates along the 
primary-secondary forest intervace for 10 avian guilds at the Biological Dynamics of Forest 
Fragments Project, 1991–2011.  Checkmarks indicate that the model was included in the 
candidate set for a given guild.  The global model for each guild is a saturated model including 
all variables and interactive effects listed for the guild. 
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Time to recovery 

I considered “recovery” to be the age of the border at which capture rate reached the pre-

isolation capture rate for a guild. I calculated pre-isolation capture rate for each forest fragment 

and then used those calculations along with the best-fit model for each guild to calculate the time 

to recovery. To maximize parsimony via exclusion of parameters with little predictive power, I 

did not include parameters in the model that I used to calculate time to recovery if the parameter 

± SE in the best-fit model overlapped zero. To calculate an estimate of error in the recovery 

calculation, I used the intersections of the SE curves for interface capture rate and pre-isolation 

capture rate; this produced asymmetrical SEs. Finally, I was particularly interested in terrestrial 

insectivores, but capture rates were too low to model species-specific recovery rates, so I used 

bar graphs to examine species-specific capture rates over time for this guild. 

RESULTS 

In >25,928 net-hours, I recorded 3,735 captures along the interface, 2,773 of which I assigned to 

1 of the 10 avian guilds for which I modeled capture rates.  

Model selection 

For each of 10 guilds, the best-fit model performed substantially better than a null model 

(mean ∆AICc of null model = 31.7). Residual plots of best-fit models generally showed little 

skew and normal distributions. BorderYrs was included in the best-fit model of all 10 avian 

guilds (Table 2.1 and Tables A.2–A.11) and, as expected, the parameter estimate for BorderYrs 

was positive for all guilds except non-forest species. In other words, increasingly old secondary 

forest along the interface was associated with higher capture rates of all guilds except non-forest 

species, which I caught more often along the interface when secondary forest was young. Other 

land-use-history variables were generally less influential than BorderYrs, in that 
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BorderUnburned, MatrixYrs, MatrixUnburned, and Area occurred in best-fit models for 3, 2, 2, 

and 2 guilds, respectively. CF800 had little effect on the capture rate of core frugivores, in that 

the best-fit model including that variable received essentially no support (∆AICc = 17.7). 

InteriorCapRate was included in the best-fit model for core frugivores, ant-followers, and near-

ground insectivores but had little effect on other guilds.  

Table 2.2. Details of the best-fit models predicting capture rates for each of 10 avian guilds along 
the primary-secondary forest interface at the Biological Dynamics of Forest Fragments Project, 
1991–2011. 
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Time to recovery 

Mean time to recovery to pre-isolation capture rates across all 10 guilds was 26 years 

(asymmetric SE = 13 years below and 16 years above estimate). Nine of 10 guilds showed a 

recovery to pre-isolation capture rates between 13 and 34 years (Figure 2.1); my model projects 

that terrestrial insectivores will take considerably longer at 54 years (with unburned borders) or 

67 years (with burned borders; Figure 2.2). 

  

Figure 2.1. Estimated time to recovery of capture rates along primary–secondary forest interface 
to pre-isolation capture rates. For 9 of 10 guilds, capture rates were low along the interface when 
borders were young, then recovered to pre-isolation capture rates in time. Conversely, capture 
rates of non-forest species were high along the interface when borders were young, then took 
~19 years to decrease to pre-isolation levels. To simplify visualization of recovery for guilds 
with best-fit models including variable(s) other than border age, values shown represent 
estimates for burned border (non-forest, edge, terrestrial), burned matrix (sallying, flock 
dropouts), 10-ha fragments (flock obligates) or mean capture rate in fragment interiors (core 
frugivores, ant-followers, near-ground). Guilds to the right of core frugivores are insectivorous. 
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Area appeared to be an important driver of capture rates of flock obligates along the 

interface, in that it was included in the best-fit model for the guild and showed an interaction 

with BorderYrs (Table 2.2). Although Area had a strong effect on capture rates of flock obligates 

in the early years after abandonment, the interaction term in the best-fit model suggested that 

Area had little effect in later years; recovery time was similar among 1-, 10-, and 100-ha 

fragments at 22.2 years (SE = 5.3 years below and 8.3 years above), 20.9 years (8.2 years below 

and 18.2 years above), and 17.9 years (12.2 years below and 82.3 years above), respectively. 

Guilds that I suspected to be among the least sensitive to young secondary forest predictably 

took the least time to recover: edge species (13 years with border burned; 17 years with border 

unburned), core frugivores (13 years), and flock dropouts (14 years with burned matrix; 21 years 

with unburned matrix).  

  

 

Figure 2.2. Curve for the best-fit model predicting capture rate of terrestrial insectivores along 
the interface of primary forest and secondary forest at the Biological Dynamics of Forest 
Fragments Project, 1992−2011. The oldest secondary forest sampled was 30 years old, so 
beyond 30 years, the curve is a projection. The curve shown represents samples with borders 
burned at least once. Curve is grayed out above the pre-isolation value because I was only 
interested in modeling recovery up to the pre-isolation capture rates, not beyond. 
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Terrestrial insectivores 
 

Of the 12 species of terrestrial insectivores, 6 were never captured along the interface: 

Sclerurus caudacutus, Myrmornis torquata, Grallaria varia, Hylopezus macularius, 

Conopophaga aurita, and Cyphorhinus arada. Each of these six species was captured at least 

once within post-isolation forest fragments, indicating that they were available for capture along 

the interface but were not caught. I caught 45 individuals from the remaining six terrestrial 

insectivore species: S. rufigularis (6), S. mexicanus (5), Myrmeciza ferruginea (11), Formicarius 

colma (n = 19), F. analis (1), and Corythopis torquatus (3). When borders were young (1–3 

years), I caught only two terrestrial insectivores in 9,858 net-hours: one S. rufigularis and one F. 

colma. Capture rates of the six terrestrial insectivores I captured along the interface increased 

with increasing border age, but only S. mexicanus appeared to reach pre-isolation capture rates 

by 17 to 30 years (Figure 3.3). Sclerurus rufigularis was conspicuously absent when borders 

were <14 years old—I caught one in 22,576 net-hours. 

  

Figure 2.3. Capture rates of six terrestrial insectivore species along the primary–secondary forest 
interface, grouped by age of the secondary forest along the border. The six other terrestrial 
insectivore species in the guild (Sclerurus caudacutus, Myrmornis torquata, Grallaria varia, 
Hylopezus macularius, Conopophaga aurita, and Cyphorhinus arada) were never captured along 
the interface.     
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DISCUSSION 

Although secondary forest is now an important component of the Amazonian landscape, I have 

few data with which to determine how secondary forest management and distribution affect 

animal movements. I found that border age had a pervasive influence on capture rates along the 

interface and that 9 of 10 guilds showed recovery of pre-isolation capture rates along the 

interface with borders between 13 and 34 years old—terrestrial insectivores should take ~60 

years. Border age was included in the best-fit model for all guilds, with a strong positive effect—

except for non-forest species, for which the effect was predictably negative (Table 2.2). The 

relative importance of other land-use-history characteristics varied, with no other variable 

appearing in more than three best-fit models. This importance of border age strongly suggests 

that management along the interface, specifically age since last cut, is the most important factor 

driving interface permeability. In other words, birds regain the ability to cross the interface 

primarily because of secondary forest regrowth in that immediate location; fragment size, burn 

history, and matrix effects are generally less important. Two previous studies at the BDFFP 

(Stouffer et al. 2006, Stouffer and Bierregaard 2007) also showed pervasive effects of border 

age, but on capture rates in forest fragment interiors. Border age thus appears to drive not only 

colonization–extinction dynamics within forest fragments, but also the permeability of the 

interface along the edges of forest fragments.  

For most guilds in my study, the variation in border age encapsulated most of the 

variation in interface capture rates without the addition of interior capture rate to the best-fit 

model. This weak effect of interior capture rate suggests that when birds recolonize fragments 

following isolation (Stouffer et al. 2011), many likely cross the interface once (e.g., during 

dispersal), then remain to live within forest-fragment interiors. This pattern may be particularly 
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prevalent with terrestrial insectivores because 6 of 12 species in the guild were captured at least 

once in forest-fragment interiors but were never captured along the interface. Area, so important 

in driving capture rates in fragment interiors (Stouffer et al. 2006, Ferraz et al. 2007), was 

included in the best-fit model for only near-ground insectivores and flock obligates, which 

suggests that for most guilds, the age of the border drives capture rates along the interface, 

regardless of fragment size. Given the similarity of recovery times in different fragment sizes for 

flock obligates and the importance of the interaction term between Area and BorderYrs, area 

effects may be more important early in recovery, then less important as borders mature; this fits 

with my conceptual model.  

The effect of burning was variable among guilds but clearly had a negative effect on 

terrestrial insectivores. When burned plots were essentially scorched earth, I did not catch 

terrestrial insectivores, but the effect appeared to weaken as borders matured, with the recovery 

time of the guild only marginally different between burned (67 years; SE = 16 years below and 

26 years above estimate) and unburned (54 years; SE = 16 years below and 27 years above 

estimate) treatments. Both floral and avian communities are radically affected by burning 

following post-clearcut abandonment at the BDFFP (Borges and Stouffer 1999, Mesquita et al. 

2001). Over time, the dichotomy between secondary forests dominated by tall, fast-growing 

Cecropia (unburned) and short, dense Vismia (burned) decreases considerably, with both 

becoming more similar to primary forest (Norden et al. 2011). Chronosequesces at the BDFFP 

show that basal area in Cecropia-dominated plots was ~3 times that found in Vismia plots 5 

years after abandonment, but those values converge to 35 m2 ha–1 after ~22 years (G. B. 

Williamson, unpubl. data). Structural convergence toward primary forest-like vegetation 

probably has a profound effect on decisions made by moving birds.  
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Recovery of structural complexity over time 

Mean recovery to pre-isolation capture rates was 26 years (SE = 13 years below and 16 

years above estimate), roughly consistent with Dunn’s (2004) estimate of recovery of tropical 

avian species richness in 20 years. Not surprisingly, edge species and flock dropouts, among the 

first guilds to colonize young secondary forest, were among the first to recover, ~14 years after 

cutting and abandoning the border. Stouffer and Bierregaard (2007) estimated that in the interiors 

of 1- and 10-ha fragments at the BDFFP, flock dropouts recovered 21 years after border 

abandonment and core frugivores 15 years after. Flock obligates, thought to be among the most 

sensitive guilds, were surprisingly quick to recover, at ~21 years, consistent with Stouffer and 

Bierregaard’s (2007) estimate of fragment interior recovery for the guild (16 years). As Stratford 

and Stouffer (1999) envisioned, terrestrial insectivores indeed took the longest to recover (mean 

61 years), nearly tripling Dunn’s (2004) recovery estimate. Even along the interface with the 

oldest secondary forest at the BDFFP, individual species of terrestrial insectivores were 

remarkably consistent in providing no evidence of recovery (Figure 3.3), but I caution that my 

estimate of recovery for this guild is a projection beyond 30 years—only time will tell precisely 

how long terrestrial insectivores take to recover. It seems unlikely that the vulnerability within 

terrestrial insectivores is phylogenetically conserved, because the 12 species are members of 

seven different families. Curiously, near-ground insectivores (a guild in which the sample is 

dominated by Willisornis poecilinotus) had the second-longest recovery time, 34 years. In the 

rainforests of Peninsular Malaysia, both Peh et al. (2005) and M. Zakaria Hussin (unpubl. data) 

have also found that ground-dwelling species are most vulnerable to disturbance, which suggests 

that the structure of secondary forest near the ground may drive movement rates and/or 

occupancy, so these forest floor guilds could potentially be used as indicators of the quality of 
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tropical secondary forests worldwide. Aside from vegetation structure itself, mechanism(s) 

driving the absence of terrestrial insectivores from secondary forests may include lack of 

resources (e.g., food, nest sites), light or heat aversion, or elevated predation risk (Wright et al. 

1994, Raheem et al. 2009). 

The structural complexity of the understory converges with primary forest over time 

since abandonment (Norden et al. 2011), which likely helps drive the recovery of bird 

movement. Five years after abandonment, basal area of trees at the BDFFP is dominated by a 

monoculture of Vismia (cut and burned; dominance = 0.90) or Cecropia trees (cut only; 

dominance = 0.79); monogeneric dominance is reduced to 0.35 after 22 years in Vismia plots, 

and to 0.05 after 26 years in Cecropia plots (G. B. Williamson, unpubl. data). Further, linear 

regressions predict that tree species at the BDFFP increase from only 10 species per 500 m2 after 

5 years (Cecropia and Vismia plots) to approximately 50 and 117 species after 26 years for 

Vismia and Cecropia plots, respectively (Williamson et al. 2013). Thus, at the mean recovery 

time of 26 years post-abandonment for all avian guilds in the present study, secondary forest 

trees are 5 to 12 times more diverse than after only 5 years, providing direct benefits to 

frugivores (e.g., availability of new fruit species) and indirect benefits to insectivores (habitat for 

new species of arthropods).  

Caveats 

My study focused on quantifying recovery of avian movement but is not an attempt to 

document demographic patterns, measures of fitness, or site fidelity. For example, movement 

rates may recover, but secondary forest or small fragments of primary forest could be occupied 

by less competitive or young birds that are less productive (Johnson 2011) or in poorer condition 

(Stratford and Stouffer 2001). I therefore advocate the further development of aging techniques 


