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Abstract As humans continue to alter tropical landscapes
across the world, it is important to understand what envi-
ronmental factors help determine the persistence of bio-
diversity in modified ecosystems. Studies on well-known
taxonomic groups can offer critical insights as to the fate
of biodiversity in these modified systems. Here we inves-
tigated species-specific responses of 44 forest-associated
bird species with different behavioural traits to forest dis-
turbance in 171 transects distributed across 31 landscapes
in two regions of the eastern Brazilian Amazon. We inves-
tigated patterns of species occurrence in primary for-
ests varyingly disturbed by selective-logging and fire and
examined the relative importance of local, landscape and
historical environmental variables in determining species
occurrences. Within undisturbed and disturbed primary for-
est transects, we found that distance to forest edge and the
biomass of large trees were the most important predictors
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driving the occurrence of individual species. However, we
also found considerable variation in species responses to
different environmental variables as well as inter-regional
variation in the responses of the same species to the same
environmental variables. We advocate the utility of using
species-level analyses to complement community-wide
responses in order to uncover highly variable and species-
specific responses to environmental change that remain so
poorly understood.
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Introduction

Land cover change and agricultural expansion are the
preeminent threats to tropical biodiversity (Laurance et al.
2014). A significant body of research has assessed patterns
of biodiversity persistence in tropical deforestation fron-
tiers, examining patterns of species occurrence in variable-
sized forest remnants (e.g. Uezu et al. 2005; Newmark and
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Stanley 2011), the influence of the surrounding matrix on
species persistence in areas of native habitat (e.g. Perfecto
and Vandermeer 2002), and patterns of species persis-
tence in production systems (e.g. Daily et al. 2000; Phalan
et al. 2011) or native vegetation subject to a specific type
of disturbance such as logging (e.g. Wunderle et al. 2006;
Edwards et al. 2011), fire (e.g. Uhl 1998; Mestre et al.
2013) and over-hunting (Terborgh et al. 2008). These stud-
ies highlight the detrimental influence of disturbance pro-
cesses such as selective logging which result in changes to
forest structure (Verissimo et al. 1992) and alterations in
microclimate (Thiollay 1999) and render forests more sus-
ceptible to fire (Holdsworth and Uhl 1997; Nepstad et al.
1999), further disrupting ecosystem processes such as
nutrient cycling (Kauffman et al. 1995).

To date, much of our knowledge on biodiversity
responses to anthropogenic disturbances in tropical forest
ecosystems are based on studies of birds, which continue to
be one of the most studied taxonomic groups (Tscharntke
et al. 2008; Karp et al. 2012). However, many studies have
been limited to examining the pooled responses of entire
avian communities through measures of species richness,
diversity and community structure (e.g. Aleixo 1999; Lees
and Peres 2006; Sodhi et al. 2008) or using specific groups
such as understorey insectivores with different degrees of
sensitivity (Stotz et al. 1996). Because tropical forest spe-
cies assemblages have very high levels of alpha diversity
(e.g. Lees et al. 2012, 2013), such studies risk masking
important species-specific response patterns given the enor-
mous diversity in behavioural traits, even among closely
related taxa (Elmqvist et al. 2003). As such, our under-
standing of the distribution of individual species across
human-modified landscapes and the relative importance of
different environmental variables in determining observed
patterns is often very poor or non-existent (Tylianakis et al.
2006). Moreover, few studies have gathered large-scale data
on multiple stressors in primary forest systems which may
be subject to multiple interacting anthropogenic stressors
such as fire and logging (Gardner et al. 2009). Understand-
ing the variability in species responses to anthropogenic
disturbance is an important step towards understanding
ecosystem resilience, i.e. the capacity of the environment to
recover from disturbance and to continue providing associ-
ated ecosystem services (Peterson et al. 1998).

The Brazilian Amazon is one of the most important
regions of tropical forest in which we need to understand
the impacts of forest disturbance. It is a global priority for
biodiversity conservation efforts given its high level of bio-
logical diversity and ongoing threats to this diversity from
forest clearance and degradation. To date, around 15 %
(634,000 kmz) of the original forested area has been lost
and, between 2007 and 2013, a further 103,000 km? was
detected as being disturbed by fire and logging events
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(INPE 2014). The regional avifauna is particularly at risk of
widespread human impacts, with 47 bird species recently
reported as likely to be locally extinct in the region’s oldest
deforestation frontier (Moura et al. 2014). However, despite
the ubiquitous nature of forest-disturbance events (such as
fire and logging) in Amazonia, which likely affect a larger
area than deforestation every year (Souza et al. 2013), the
nature of species-specific responses to land cover change,
forest disturbance and the history of change has been
poorly studied in the region.

Here we undertake the first large-scale species-specific
assessment of bird responses to multiple anthropogenic
impacts in humid tropical forests, focussing on 44 widely
distributed Amazonian forest bird species, sampling 171
primary forest transects distributed across 31 catchments
in two regions of the eastern Brazilian Amazon. These
catchments encompass a gradient of historical deforesta-
tion ranging between 6 and 100 % of the remaining pri-
mary forest cover, as well as different levels of disturbance
to remaining areas of primary forest from fragmentation,
logging and fire. The studied species are representative of
the diverse terra firme forest bird community as they have
a range of different diets, feeding strategies and flocking
responses. First, we use these species to investigate how
species-specific occurrence patterns change along the gra-
dient of forest disturbance, examining similarity and differ-
ences between regions and visually separating species into
response classes. We then use species-environment models
to examine how disturbance and other environmental vari-
ables that characterise different areas of primary forests,
such as forest structure, soil and topography, affect species
responses. Finally, we examine whether species’ responses
to primary forest disturbance can be determined by their
behavioural traits or their response to broader land cover
changes.

Materials and methods
Study regions and sampling design

This study was conducted in two regions of the Brazil-
ian state of Pard in the eastern Amazon (Fig. 1a) compris-
ing the municipality of Paragominas and a region that
consists of parts of the three municipalities of Santarém,
Belterra and Mojui dos Campos (Fig. 1b, c¢). Both are bio-
physically distinct, present different trajectories of human
colonization, yet have both experienced the loss of at least
one-third of their native forest cover and have ongoing
land-use sustainability initiatives strongly supported by
local and state government and civil society organizations
(for more details see Gardner et al. 2013). Paragominas
(1.9 Mha; PGM), sampled between July and November
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Fig. 1 Paragominas and Santarém/Belterra/Mojui dos Campos (a) showing the location of the 31 catchments surveyed in both municipalities (b,
¢), an example catchment and location of transects (d) and the sampling design (e)

2010 and again in May 2011, is located in north-east Para
state, 300 km south of the state capital Belém. The munici-
palities of Santarém/Belterra/Mojui dos Campos (sam-
pled area equal to approximately 1 Mha; STM), sampled
between October 2010 and February 2011, lie immediately
south-east of the confluence of the Amazonas and Tapajos
rivers (Table 1).

Both regions were divided into approximately evenly
sized catchments (ca. 5000 ha), which were delineated
using a digital elevation model and the Soil and Water
Assessment Tool for ARCGIS 9.3. Eighteen catchments
were selected in each region (Fig. 1d), capturing the full
gradient of accumulated deforestation until 2010 (6-100 %
forest cover in Paragominas; 10-100 % forest cover in
Santarém) whilst also ensuring adequate representation of

current land cover practices, the spatial distribution of the
rural population, and major soil types.

In each catchment between eight and twelve 300-m
transects were allocated (depending on differences in

Table 1 Total number of transects sampled in each class of primary
forest in both Paragominas and Santarém

Land cover type Paragominas Santarém
Primary forest
Undisturbed 9 17
Logged only 44 25
Burnt only 0 9
Logged and burnt 44 23
Total 97 74
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catchment size) and distributed using a stratified-random
sampling design—stratified only with respect to the pro-
portion of forest cover, and random within forest and non-
forest areas to increase the likelihood that they would cap-
ture important heterogeneities in habitat condition in either
forest and/or production systems (using an even density of
1 transect 400 ha™'; Fig. le). A distance of at least 1.5 km
was maintained between transects, helping to ensure sam-
ple independence.

We limited our analysis to primary forests—the region’s
original physiognomy that has never been clear-felled for
agriculture, although may have been extensively degraded
by disturbance from logging, fire, fragmentation and unsus-
tainable extraction of other forest resources. Primary for-
est transects were sub-classified into four classes of dis-
turbance based on a combination of remote-sensing data
and ground-truthed observations of past disturbance events
(Gardner et al. 2013): ‘undisturbed’ for which no evidence
of recent human-induced disturbance was apparent, ‘selec-
tively logged’ for forests which have undergone detectable
logging, ‘burnt’ for forests in which fire scars were found
on trees and charcoal deposits detected on the ground, and
‘logged and burnt’ for those forests that have experienced
both of these disturbances. In total we sampled 97 pri-
mary forest transects in PGM and 74 in STM of primary
forest. The transects were classified on visual inspection at
the time of the survey and a 20-year time series of Landsat
images (Gardner et al. 2013).

Bird surveys

In each transect three point-count (PC) stations were
located at 0, 150 and 300 m. We carried out two repeti-
tions of three 15-min, 75-m fixed-width PCs per tran-
sect, recording all species seen or heard. Repeat surveys
accounted for temporal variation in avian vocal activ-
ity. A total of 513 PCs (repeated twice) were conducted
across both regions. For more details on survey meth-
odology, full species lists and links to digital vouch-
ers for almost all species (95 % in PGM and 88 % in
STM); see Lees et al. (2012, 2013). We recorded 398
species in both regions of which 330 were forest-asso-
ciated species (forest birds), with 308 species (249 for-
est birds) in PGM and 304 (271 forest birds) in STM.
Forest-associated species are defined as those that occur
in undisturbed terra firme forests but are not necessar-
ily restricted to those habitats (for more details see
Moura et al. 2013). As our sampling design focused on
maximising the spatial extent of sampling—traded off
against temporal repetition—we were not able to cor-
rect for potential differences in detectability, which we
here assume to be uniform among species and habitats
(Banks-Leite et al. 2014).
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Environmental variables

We chose forest structural characteristics, edaphic vari-
ables and landscape attributes that are known to influence
avian community composition. These include leaf litter
depth (Pearson 1975), the availability of dead trees for for-
aging or nesting/roosting (Skutch 1961; Cornelius et al.
2008), topography (e.g. Cintra and Naka 2012; Stratford
and Stouffer 2013) and edaphic variables known to influ-
ence avian community composition including both soil fer-
tility (Pomara et al. 2012) and clay content (Bueno et al.
2012). Variables describing past deforestation and histori-
cal forest disturbance have also been shown to be impor-
tant in explaining fauna recovery in degraded forests (Dunn
2004). We thus used 14 environmental variables, related to
both natural biophysical conditions and human disturbance,
which we judged a priori to be relevant in influencing pat-
terns of occurrence of forest birds in primary forest tran-
sects in both regions. These variables were divided into
three categories: local (forest structure and edaphic), land-
scape, and historical, as described below.

Local variables
Forest structure

Vegetation sampling was undertaken in 10 x 250-m plots
(0.25 ha) where all trees and palms (alive or dead) >10 cm
diameter at 1.3 m height were measured (Fig. 1e). Smaller
individual plants (2-9.9 cm diameter) were sampled in five
5 x 20-m subplots (100 m?). Sampling design for lianas
(woody vines) followed that of trees and palms, but the
diameter was measured at 1.3 m from the main root, if this
was located inside the plot (for large individuals) or inside
the subplots (for smaller individuals). All sampled individu-
als were identified to species level by experienced parabot-
anists. These data were compiled to give a total richness
of tree, palm and liana species. Understorey density was
measured by counting the number of stems between 2 and
9.9 cm diameter in the 100-m? subplots. To calculate the
biomass of large trees (i.e. >10 cm diameter) in each tran-
sect we used an allometric equation for humid tropical for-
ests which incorporates the diameter of each tree and spe-
cies-specific wood density (Chave et al. 2005). We used the
global wood density database (Zanne et al. 2009) to obtain
species-specific wood density data; the only exception was
for the genus Cecropia, for which we used the allometric
equations of Nelson et al. (1999), as these trees are hollow
and other equations overestimate their biomass. For more
details see Berenguer et al. (2014).

We also estimated the biomass of coarse woody debris
>10 cm diameter in five 5 x 20-m subplots located 30 m
apart in each transect (Fig. le). Coarse woody debris



Oecologia

consisted of stumps, fallen trunks, fallen branches and
fallen palms and lianas (with >10 cm diameter in at least
one of its extremities). We measured the length of all indi-
vidual pieces, as well as their diameter at both extremities.
Each piece was also subdivided into five decomposition
classes (Harmon and Sexton 1996); ranging from ‘recently
dead’ to ‘completely soft, rotten crumbling wood’. Samples
sometimes had severe structural damage, so we recorded
four damage categories for each sample: 0-25, 25-50,
50-75 and >75 %. All pieces had their individual volumes
estimated using Smalian’s formula, which uses length and
diameter (Chao et al. 2009). We then discounted the per-
centage damage from the final volume of each piece of
dead wood. The biomass of all individual pieces of coarse
woody debris was calculated by multiplying the final vol-
ume of each piece by the density of its decomposition class
(Keller et al. 2004).

Leaf litter biomass, comprising fallen leaves, fine twigs,
fruits and seeds, was sampled every 50 m along the tran-
sect in 50 x 50-cm quadrats at both 5- and 10-m lines per-
pendicular to the main transect to avoid human trampling.
Samples were taken to a laboratory and oven dried to cal-
culate their mass.

Edaphic variables

Soil was sampled at five points separated by 50 m along
each transect, where individual samples were collected at
three different depths (0-10, 10-20 and 20-30 cm). Soil
analyses were carried out at the Embrapa Amazdnia Orien-
tal Soil Laboratory in Belém. Here we used variables of pH
(following EMBRAPA 1997) and clay content as a meas-
ure of soil texture, determined using a densimeter (Cama-
rgo et al. 1986).

Landscape variables

The topographic variables elevation and slope were
obtained using Shuttle Radar Topography Mission images
(90-m resolution; National Aeronautics and Space Admin-
istration) and represent the average elevation and slope of
each transect. In addition, a remote sensing analysis was
performed using a 30-m (900-m?) pixel resolution Land-
sat image time series from 1988 to 2010 in Paragominas
and 1990-2010 in Santarém with ArcGIS 9.3 software.
The images were classified using a decision tree algorithm
after being corrected for atmospheric haze and smoke
interferences (see Gardner et al. 2013). To capture the
importance of edge effects we used the mean distance to
the nearest forest edge calculated across all pixels located
within a 100-m buffer around the transect (where forest is
considered to be both primary forest and secondary forest
>10 years mapped in 2010).

Historical deforestation and forest-disturbance variables

To measure differences in the timing (vs. extent) of defor-
estation in the area around each transect we calculated the
deforestation curvature profile within a 500-m buffer based
on a biannual time series of classified satellite images span-
ning two decades prior to when field observations were
made (1988-2010). The deforestation curvature profile
illustrates the deviation of the observed deforestation rela-
tive to the average rate for the time series, providing a unit-
less measure that is positive if deforestation occurred more
at the start of the time series (i.e. observed line falls below
the average line) and negative if deforestation occurred
more recently (i.e. observed line falls above average line)
(Ferraz et al. 2009).

The classification of primary forest disturbance for each
transect was based on evidence from a combination of both
field observations and a visual inspection of degradation
scars from remote-sensing images, providing measures of
the number of times each transect was logged and burnt.
In addition to the ground-truthed classification of different
types of forest disturbance we used a semi-supervised clas-
sification of degraded forest pixels to estimate the percent-
age of forest pixels degraded at least once in the time series
within a 100-m buffer around each transect.

Data analysis

We reduced our choice of candidate species for all analyses
by first selecting all forest birds occurring in both regions
and with records from at least 20 point counts (PCs) per
region in primary forest, thus excluding rarer species.
This left a shortlist of 44 species, which we classified with
respect to behavioural traits: diet, flocking behaviour and
forest strata occupied (based on Stotz et al. 1996; Cohn-
Haft et al. 1997; Stouffer and Bierregaard 1995; del Hoyo
et al. 2014). Our final selection included 27 species of
insectivores, 14 frugivores, two granivores and one necta-
rivore (Supplementary Material Appendix 1). Our taxon-
omy follows the checklist of Brazilian birds compiled by
the Comité Brasileiro de Registros Ornitolégicos (CBRO
2011).

To assess how study species responded to different class
of primary forest, we calculated the percentage occur-
rence of species within transects of each category of pri-
mary forest for both regions. For instance if one species
was recorded in all 44 logged forest transects in PGM,
we considered it to have a 100 % occurrence rate. Then,
to investigate the relative importance of each candidate
predictor variable for each study species, we used Ran-
dom Forest (RF) regression trees. The RF analyses were
performed using 2000 regression trees, using the package
extendedForest (Ellis et al. 2012) in R version 2.15.1 (R
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Core Development Team 2011). We modified the RF fit-
ting and cross-validation procedure to account for spatial
autocorrelation of transects sampled within the same catch-
ment using a variant of the residual autocovariate method
(Crase et al. 2012). Specifically, for each catchment in
turn, we used data from all other catchments to predict
occurrence within the held-out catchment, and calculated
the mean residual. We then included the catchment mean
residuals as an additional predictor variable (analogous to
a catchment-level random intercept) in a final RF model fit-
ted with all data combined. Following Ellis et al. (2012) we
calculated R*> weighted mean importance values for each
predictor variable, which indicate the relative importance
of each variable in predicting the assemblage as a whole.
After modelling we discarded poorly modelled species
with 72 < 0.4 and then plotted a cluster heat map, using
the heatmap.2 function to visualize differences in species-
environment relationships across both individual species
and variables.

Results

Species occurrence patterns across forest-disturbance
classes

Across the gradient of disturbed primary forests, our 44
study forest species exhibited considerable response diver-
sity both among different forest types and between regions
(Fig. 2; Supplementary Material Appendix 2). We visually
identified five broad response categories among our study
species (Fig. 2; Supplementary Material Appendix 2). The
first response category (Fig. 2a) involved species such as
the Para foliage-gleaner Automolus paraensis and thrush-
like schiffornis Schiffornis turdina, which exhibited a rapid
decline in occurrence from undisturbed to disturbed pri-
mary forests (either logged, burnt, or both). The second
response category (Fig. 2b) included species such as the
cinereous antshrike Thamnomanes caesius and red-billed
pied tanager Lamprospiza melanoleuca that showed a grad-
ual decline with increasing forest disturbance. The third
response category (Fig. 2¢) included those species whose
occurrence remained relatively stable despite a deteriora-
tion in forest condition (e.g. white-shouldered antshrike
Thamnophilus aethiops and helmeted pygmy-tyrant Lopho-
triccus galeatus). The fourth category (Fig. 2d) included
species (e.g. plumbeous pigeon Patagioenas plumbea and
black-necked aracari Pteroglossus aracari) that were more
frequently encountered in disturbed forests. Finally, a few
species (Fig. 2e; e.g. squirrel cuckoo Piaya cayana and
white-tailed trogon Trogon viridis) exhibited marked differ-
ences in responses between regions.
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Predicting species occurrence in primary forests

Considering our set of study species, we found that the
most important predictors of species occurrence in primary
forest transects for both landscapes were biomass of large
trees and the distance to the forest edge (Fig. 3). However
elevation and percentage of degraded forest pixels were
also important for PGM and STM, respectively.

The partial dependence plots (Fig. 4) indicated a near-
linear increase in the probability of occurrence of study
species with increasing tree biomass in both regions. The
probability of occurrence of forest species increased with
increasing distance from the forest edge until approxi-
mately 200 m, after which occurrence levels remained con-
stant. In PGM the occurrence of study species decreased
with increasing primary forest degradation until a threshold
of around 30 %, after which probability remains constant,
while in STM species probability of occurrence decreased
slightly with increasing elevation until around 80 m and
then underwent a slight but consistent increase.

Thirteen species were considered to be satisfactorily
modelled (R* > 0.4) in PGM and 17 in STM (Fig. 5). Of
the 13 species satisfactorily modelled in PGM, 12 were
suboscine passerines: nine insectivores and three frugivores
(screaming piha Lipaugus vociferans, purple-throated fruit-
crow Querula purpurata and slender-footed tyrannulet
Zimmerius gracilipes) and one granivore (blue-headed par-
rot Pionus menstruus—the only non-passerine). In STM,
the 17 (Supplementary Material Appendix 4) satisfactorily
modelled species comprised 12 suboscines, of which ten
were insectivorous species, five frugivorous and five were
non-passerines of which two were frugivores (plumbeous
pigeon and black-necked aracari), one insectivore (white-
fronted nunbird Monasa morphoeus), and two granivores
(blue-headed parrot and mealy parrot Amazona farinosa).
Of these 30 species, seven were well modelled in both
regions.

We found that local and landscape variables were
apparently more important in determining the distribu-
tion of study species in anthropogenic landscape than our
landscape history variables. In PGM forest structure and
soil variables were the most important in determining the
presence of eight of the 13 species (Supplementary Mate-
rial Appendix 3). Forest structure was most important for
cinereous antshrike, scale-backed antbird Willisornis poe-
cilinotus, Spix’s woodcreeper Xiphorhynchus spixii, thrush-
like schiffornis, screaming piha and slender-footed tyran-
nulet, while soil variables were more important for dwarf
tyrant-manakin Tyranneutes stolzmanni and purple-throated
fruitcrow. Meanwhile, landscape variables such as distance
to primary forest edge were important for the blue-headed
parrot and short-tailed pygmy-tyrant Myiornis ecaudatus,
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Fig. 2 Species occurrence in different primary forest-disturbance
classes for 17 out of 44 study species (the remaining species can be
found in Appendix 2) in the municipalities of Paragominas (black
bars) and Santarém (grey bars). Each row of panels corresponds to
a response category: a species that exhibited a rapid decline in occur-
rence from undisturbed to disturbed primary forests, b species that
showed a gradual decline with increasing forest disturbance, ¢ species

and elevation was important for Pard foliage-gleaner and
black-capped becard Pachyramphus marginatus. Finally, the
grey antbird Cercomacra cinerascens was the only species
for which historical variables (the number of times that a
transect burned) were among the most important.

In STM (Supplementary Material Appendix 4), the bio-
mass of live trees was potentially the most important vari-
able influencing occurrence patterns of each of screaming
piha, cinereous antshrike, and short-tailed pygmy-tyrant,
while leaf litter biomass was the most important variable
for black-necked aracari. Elevation was found to be impor-
tant for white-fronted nunbird and long-billed gnatwren
Ramphocaenus melanurus, whilst slope was important
for red-billed pied tanager. Soil clay content was the most

whose occurrence remained relatively stable despite a deterioration
in forest condition, d species that were more frequently encountered
in disturbed forests, e species that exhibited marked differences in
responses between regions. Species illustrations are reproduced with
the permission of Lynx and are approximately proportional to body
size

important variable for thrush-like schiffornis, and distance
to primary forest edge for plumbeous pigeon, gray antwren
Myrmotherula menetriesii and scale-backed antbird. Land-
scape history variables were less important, although the
number of times that transects were logged and the defor-
estation curvature profile were more important for blue-
headed parrot and grey antbird, respectively.

Finally, we found no clear taxonomic or functional
groupings or associations between either closely related
species or those sharing similar behavioural strategies in
their responses to environmental disturbance (Supplemen-
tary Material Appendix 5) indicating significant response
diversity within both phylogenetically conserved groups
and broad functional guilds.
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Fig. 3 Distribution of the weighted importance values of environ-
mental variables in primary forests for the 44 study species in Para-
gominas and Santarém/Belterra/Mojui dos Campos. Logging number
of times the transect was logged; Burnt number of times the transect
was burnt; edge distance average distances to forest edges (primary
forests + secondary forests >10 years); degraded forest percentage of
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forest pixels degraded; plant richness total number of tree, palm and
liana species; leaf litter biomass of leaf litter; tree biomass >10 bio-
mass of trees with diameter >10 cm; coarse woody debris biomass
of coarse woody debris; deforestation profile deforestation curvature
profile
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Paragominas

Myiornis ecaudatus 29%
Lipaugus vociferans 25%
Schiffornis turdina 15%
Zimmerius gracilipes 44%
Tyranneutes stolzmanni 47%
Querula purpurata 28%
Pionus menstruus 66%
Thamnomanes caesius 74%
Willisornis poecilinotus 33%
Cercomacra cinerascens 84%
Automolus paraensis 18%
Pachyramphus marginatus 15%
Xiphorhynchus spixii 37%
Lophotriccus galeatus 87%
Psarocolius viridis 14%
Campephilus rubricollis - 22%
ulimarginatus - 44%
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Trogon melanurus 22%
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Sallator grossus J—— 41%
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Glyphorynchus spirurus = 66%
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Amazona farinosa I 47%
Myrmotherula axillaris 61%
Dendrocincla fuliginosa - 48%
Lamprospiza melanoleuca 29%
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Ramphocaenus melanurus 2%
Pipra rubrocapilla - 43%
Attila spadiceus - 32%
Patagioenas plumbea I 39%
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Myiopagis gaimardii = 61 :/o
Ramphastos tucanus 46%
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0.0 0.2 04 0.6 0.8

R? weighted importance value

Santarém
Lipaugus vociferans 82%
Ramphocaenus melanurus 35%
Pteroglossus aracari 30%
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Willisornis poecilinotus 36%
Monasa momhoeus 39%
Myiornis ecaudatus 50%
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Piaya cayana 24%
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Rhytipterna simplex 57:70
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Querula purpurata 35%
Thamnophilus aethiops 47%
Glyphorynchus spirurus 70%
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Automolus paraensis 22%
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0.0 0.2 0.4 0.6 0.8

R? weighted importance value

Fig. 5 Ranked goodness-of-fit (pseudo-R?) of the models for each study species in Paragominas and Santarém

Discussion

Interpreting species-specific patterns of avian
occurrence across different forest-disturbance classes

Our large-scale species-specific assessment of bird
responses to multiple anthropogenic impacts in human-
modified tropical forests reveals how most study species
declined with increasing forest disturbance. However, the
manner in which species declined differed among taxa and
between regions. Those showing the most rapid decrease in
occurrence in more disturbed forests, e.g. the Para foliage-
gleaner and long-winged antwren Myrmotherula longipen-
nis, were typically insectivorous flock obligate species
of the forest mid- and understorey, known to exhibit low
tolerance to forest fragmentation and disturbance (Henr-
iques et al. 2008; Moura et al. 2013). That elevation was
an important predictor of the former may reflect its depend-
ency on slopes to build burrow-nests (Remsen 2003).

However, not all flock-following species responded in
this way: the cinereous antshrike Thamnomanes caesius, a
nuclear flock leader (Powell 1985) known to be sensitive to
forest disturbance (e.g. Stouffer and Bierregaard 1995; Bar-
low et al. 2002), declined less rapidly, indicating a greater
resistance or resilience to forest disturbance. In logged
and burnt forests this species typically leads impoverished
flock networks comprising predominantly facultative flock-
following members such as white-flanked antwren Myr-
motherula axillaris, wedge-billed woodcreeper Glyphoryn-
chus spirurus and plain xenops Xenops minutus (see also
Powell et al. 2013, Mokross et al. 2014).

Canopy flocking species such as red-billed pied-tanager
and green oropendola Psarocolius viridis also declined
gradually across the full forest disturbance gradient. Can-
opy species may be more tolerant to disturbance (Cohn-
Haft and Sherry 1994) as they may be pre-adapted to more
open environments and longer-distance movements (Karr
and James 1975), and may need to track spatio-temporarily
variable food resources such as fruit. Moreover, selective
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logging may not be as detrimental to canopy species,
whose habitat structure is less affected by the removal of
some trees, in the same way as understorey species are
highly dependent on humid micro-climates beneath the
forest canopy (Mason and Thiollay 2001). Some species
such as the grey antbird, helmeted pygmy-tyrant and long-
billed gnatwren exhibited similar patterns of occurrence in
all levels of disturbed primary forest, and this tolerance is
likely related to their preference for dense forest understo-
rey or vine tangle habitats which are maintained or even
proliferate in disturbed forests (Thiollay 1999; Berenguer
et al. 2014). The grey antbird provided an exception to the
rule that landscape history variables were of generally low
value in predicting avian occurrence relative to local and
landscapes variables given that historical logging frequency
was the best predictor of this species’ occurrence, perhaps
as a reflection of its association with these mid-storey vine
tangles.

The species that were more frequently recorded in dis-
turbed than in undisturbed primary forests were mostly
the large-bodied canopy frugivores such as the plumbeous
pigeon and black-necked aracari. These species are both
highly vagile (Lees and Peres 2009) and may benefit from
an increase in fruit production seen in some tree species in
once-burnt forests (Barlow and Peres 2006).

Not all species exhibited similar patterns between
regions, for instance in PGM, the squirrel cuckoo slowly
decreased in abundance with increasing forest disturbance,
whilst in STM the opposite was true. We interpret this dif-
ference as potentially due to a release from competition
with its sister species, the congeneric black-bellied cuckoo
Piaya melanogaster (not modelled in STM and absent from
PGM), which was restricted to undisturbed and logged
forests. It seems likely that P. cayana is competitively
excluded from less-disturbed forest habitats by the can-
opy specialist P. melanogaster (Pearson 1971). Moreover,
Wolfe et al. (2014) recently uncovered evidence for marked
geographical differences in survival rates for several com-
mon Amazonian bird species, suggesting that regional vari-
ation in population processes, even in undisturbed forest
landscapes may be significant across the basin. However,
it may be difficult to tease apart intra-specific response
variation from potentially significant endogenous differ-
ences between these major regions. The landscape diver-
gence hypothesis (Laurance et al. 2007) posits that species
assemblages may diverge in disturbed areas because of the
different effects of disturbance, or because of interaction
between disturbance processes and underlying differences
in environmental heterogeneity. Such variability in conse-
quences of disturbance, which there is some evidence for
in our region (Solar et al. 2015), highlight the challenges
in understanding regional differences in species responses.
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Finally, our results should be viewed as a conservative
overview of avian species responses to forest disturbance.
We were unable to model the most disturbance-sensitive
forest species (e.g. variegated antpitta Grallaria varia,
tawny-crowned greenlet Hylophilus ochraceiceps) as these
were rarely recorded in our study region where disturbed
forests predominate. We anticipate that these species are
likely to exhibit far more sensitive responses to forest dis-
turbance than those modelled here. This bias towards a
focus on more abundant and disturbance-tolerant forest
species is typical of most studies in human-modified land-
scapes, and should be borne in mind when interpreting our
results and those of other studies (e.g. Banks-Leite et al.
2014).

Avian species-environment relationships in modified
primary tropical forests

Overall, we found that distance to the forest edge and the
biomass of large live trees were likely the most impor-
tant variables driving patterns of occurrence of our study
species in varyingly disturbed primary forests in our two
study regions. Edge effects are among the most studied
types of disturbance in tropical forests, with proximity to
edges typically resulting in marked patterns of bird spe-
cies turnover with increases in gap-specialist species and a
loss of forest-interior specialists (e.g. Terborgh et al. 1990;
Laurance 2004). That we were able to uncover evidence for
edge effects stretching beyond 200 m into forests is further
support for the pervasive effects of edges on forest bird
distributions. Not all species responded strongly to edges,
however; medium- to large-bodied frugivores (e.g. Psittac-
ids and Ramphastids) are less affected, given their natural
affinity for edges and good gap-crossing ability (Lees and
Peres 2008, 2009).

The biomass of large live trees closely reflects patterns
of historical logging as well as fire frequency and inten-
sity (Berenguer et al. 2014), with the death or removal of
large emergent tree species altering the canopy structure
and hence understorey micro-climate and vegetation com-
position (Uhl and Vieira 1989) and potentially availabil-
ity of nesting sites (Cockle et al. 2015) to the detriment
of specialist understorey species, such as brown-winged
Psophia dextralis and dark-winged P. obscura trumpeters,
variegated antpitta and musician wren Cyphorhinus arada,
which were only recorded in our region in undisturbed for-
ests (Moura et al. 2013).

Variation in Amazonian soils can be responsible for the
heterogeneity of lowland forest physiognomies (Tuomisto
et al. 1995) with consequences for avian distribution pat-
terns and community structuring (Bueno et al. 2012,
Pomara et al. 2012). Changes in soil variables such as clay
content and pH were found to be associated with species
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with different life strategies, including mid-storey frugi-
vore (e.g. dwarf tyrant-manakin), and canopy frugivores
(e.g. slender-footed tyrannulet). These results echo those
of Cintra and Naka (2012) who also found an association
between avian community structure and clay content in
central Amazonia, which is also positively associated with
tree biomass (Laurance et al. 1999; Castilho et al. 2006)
perhaps because larger trees offer a larger resource base in
terms of providing food, nesting sites and microhabitats.

We did not find any clear patterns of congruence
between our environmental predictor variables and dif-
ferent functional groups (diet, flocking behaviour or asso-
ciation with different forest strata) of our study species.
Some species were poorly modelled by our environmental
variables, and it is of course possible that observed occur-
rence patterns are associated with factors that we did not
measure, including biotic interactions such as inter-specific
competition, predation or parasitism (Connell and Orias
1964; Robinson and Terborgh 1995). Furthermore, the
species most affected by human-induced disturbance and
land cover change are likely to be the first to disappear and
probably were not included in our models, as the cut-off
point for model inclusion was species occurrence in at least
20 PCs. The difficulty of modelling the rarest species sup-
ports our choice of occurrence models over the data-hungry
detectability approaches (Banks-Leite et al. 2014).

We were able to model the occurrence of some species
much better than others, and given the strong response of
some to primary forest disturbance, we can recommend
these species as indicators of good-quality forest habitat
that can contribute towards ongoing work to validate and
refine a suite of indirect and direct indicators as part of a
forest biodiversity monitoring program (Gardner 2010).
Suboscine passerines were better modelled than most other
phylogenetic groups, reinforcing their importance as effec-
tive study systems for ecological enquiries (Tobias et al.
2012). One indicator species that stands out was the scream-
ing piha, a mid-storey frugivore, which was well modelled
in both regions and appears to be strongly influenced by
edge effects, differences in tree species richness, biomass of
large live trees, and understorey density. This is particularly
notable given that this species is one of the loudest birds on
earth (Nemeth 2004) and thus provides an easily detectable
proxy of forest condition given its general affinity for areas
of forest with high basal area and removed from edges.

Although crude metrics of biodiversity value such as
richness or phenotypic diversity (Owens and Bennett 2001)
are useful in conservation planning, the high level of intra-
and inter-specific variation uncovered here illustrates the
importance of using detailed multi-taxon studies to refine
our knowledge of the value of human-modified tropical for-
ests for biodiversity (Solar et al. 2015). The heterogeneity
of forest bird species responses to disturbance in primary

forests likely reflects both species-specific variation in the
width of each species’ realized and fundamental niches
and the lack of clear guild-specific variation, which can be
attributed to the coarseness of current classifications and
unappreciated fine-scale variation in avian morphology and
behavioural traits (e.g. Bravo et al. 2014). Knowing that
such avian ‘response diversity’ (sensu Elmgqvist et al. 2003)
exists within primary forests suggests that many important
processes and ecosystem services may still be performed
by some species in even the most degraded of primary
forests. Understanding the impact on ecosystem resilience
ought to be a research priority given variation—in some
cases even intra-specifically between regions—in avian
responses to disturbance and the spatially variable nature of
anthropogenic threats to tropical forests (Malhi et al. 2014).
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