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Abstract

Environmental change through habitat fragmentation and urbanization drives biodiversity loss in the Neotropics at an
alarming rate. Some individuals and species confined to habitat fragments may develop phenotypic adjustments that allow
populations to persist, even in landscapes made harsh by human activities. Behavioral and morphological adjustments may
enhance a population’s ability to cope with anthropogenic hazards. We examined potential differences in the behavioral
and morphological phenotype of populations of the neotropical Wedge-billed Woodcreeper (Glyphorynchus spirurus)—an
understory forest specialist insectivorous bird—between populations from urban fragmented forests and continuous preserved
forests. We evaluated exploratory behavior and morphological traits using generalized linear models and linear discriminant
analysis to quantify phenotypical differences among populations. We used failure time analysis to compare latency to explore
and move during exploration in a Novel Environment Test (NET). Our analyses detected differences in certain movement
behaviors (latencies to move during NET), indicating that individuals from fragmented forests are slow explorers in relation
to individuals from the continuous forest. We also found shorter tarsi and tails in the fragmented forest population which
were attributed to an overall reduction in body size in these populations. Our results suggest that environmental change driven
by fragmentation in an urban landscape is causing population differentiation, but we cannot ascribe observed variations to
evolutionary processes only, as the differences observed may be explained by other processes too. However, we suggest that
phenotypic differences may be aiding this small understory forest specialist to persist in an urban fragmented landscape.
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Introduction et al. 2015). For animal species affected by fragmentation,

individuals must either survive in fragments or attempt dis-

Habitat loss and fragmentation driven by human activities
threatens biodiversity, in part, by isolating individuals in
remnant habitat patches surrounded by inhospitable human-
altered areas (referred to as matrix; Fahrig 2003; Haddad
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persal through a hostile matrix to reach new habitat patches.
Either way, animals exposed to fragmentation of once con-
tinuous habitat experience a high probability of mortality.
Animals forced to disperse are likely to make non-optimal
(dangerous) movements in unfamiliar landscapes (Fahrig
2007), and animals that stay in remnant patches may be
extirpated by stochastic and deterministic forces degrading
the viability of restricted-size populations (e.g., extinction
vortices; Fagan and Holmes 2006). Extensive work on forest
fragmentation in neotropical systems has revealed dramatic
changes in environmental conditions within fragments (Lau-
rance et al. 2018), including habitat structure and microcli-
mate alterations that restrict animal food supply in habitat
patches (e.g., Cahill et al. 2021). Moreover, modified animal
movement patterns (Develey and Stouffer 2001; Powell et al.
2015; Awade et al. 2017) and other factors consistently lead
to reduced species richness and abundance in neotropical
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forests experiencing fragmentation (Laurance et al. 2011;
Piittker et al. 2020).

When associated with urbanization, fragmentation can
be even more devastating for biodiversity (Parris 2016).
Constant human activity within an urban matrix drasti-
cally decreases matrix permeability and habitat quality of
remaining forest fragments (Piano et al. 2020). Yet even in
neotropical areas, a number of native species can occur in
urban landscapes (Aronson et al. 2017; Barbosa et al. 2020)
while coping with hostile environmental conditions and
novel landscape elements and species (Parris 2016). Urban
environments may promote differences in behavior or mor-
phology of individuals potentially distinct from traits pro-
moted by environmental conditions in non-urban (or rural)
fragmented landscapes (Cheptou et al. 2017; Corsini et al.
2021). The potential role(s) of phenotypic plasticity in
organisms experiencing rapid environmental change under
human influences is complex; plasticity may help or hinder
adaptation to novel environments (Fox et al. 2019). Given
the constant expansion of human urban settlements into all
ecosystem types, it is important to study animal populations
persisting in urban landscapes to establish detailed patterns
of phenotypic (morphological, behavioral, physiological,
etc.) variation in response to anthropogenic conditions.

Adjustments in behavioral phenotype

A variety of behavioral adjustments to urbanization and
fragmentation are known in birds. Birds adjust when and
how they use acoustic signals when dealing with urban noise
(Fuller et al. 2007) or with impoverished communities due
to habitat fragmentation (Bicudo et al. 2016). Behavioral
types of birds, such as shy and bold types, are also non-
randomly distributed in urban environments, suggesting a
major role for certain behavioral traits in the evolutionary
ecology of urban environments (Sprau and Dingemanse
2017). Exploratory behavior, or how individuals respond
to novel environments and objects, is a complex and vari-
able set of behaviors important in environmental information
gathering concerning potential resources and hazards (Ding-
emanse et al. 2002; Mettke-Hofmann et al. 2006). Verbeeck
et al. (1994) first described exploratory behavior variation
in natural bird populations, based on individual exploration
scores in unfamiliar (caged) environments and latencies to
approach novel objects. Individuals with high exploration
scores moved quickly through the environment and rapidly
approached new objects, while those with low scores moved
slowly during exploration of the environment and approach
to objects (Verbeek et al. 1994). Thus, individuals could
be classified as “fast” or “slow” explorers after exposure to
Novel Environment Tests (NET). Continued work on avian
exploratory behavior reveals links to perception and acquisi-
tion of information and to decision making while exploring
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novelty (Dingemanse et al. 2002). Fast exploring individu-
als take less time to explore a novel environment, poorly
assimilate new environmental information, are less likely
to notice hazards, and are more prone to high-risk decisions
(Van Oers et al. 2004). In contrast, slow exploring individu-
als are highly reactive to novelty (e.g., usually avoid it), and
are more efficient at identifying inconspicuous environmen-
tal cues or hazards (Verbeek et al. 1996).

Variation in population-level exploratory behavior has
been linked to different environmental conditions (Poblete
et al. 2018) and environmental stochasticity (Dingemanse
et al. 2004), but also to deterministic human-driven land-
scape change and habitat fragmentation. For example, in
a neotropical forest specialist bird, individuals from frag-
mented populations were slow explorers when compared to
individuals from undisturbed continuous forests. Moreover,
slow exploration of individuals from the fragmented forest
was related to their ability to successfully traverse areas of
inhospitable matrix surrounding fragments they attempted to
emigrate from (Cornelius et al. 2017). Woodland butterflies
from different origins exhibited similar patterns; butterflies
originating from continuous woodlands were less reactive
to possible hazards (e.g., predation) and readily traversed
open areas whereas butterfly individuals from fragmented
forests tended to avoid crossing woodland boundaries (Mer-
ckx et al. 2003). Thus, individuals from populations inhabit-
ing forest fragments surrounded by an anthropogenic matrix
may adjust to slower exploratory behavior. By taking more
time to explore, the efficiency of assimilating environmen-
tal information may increase, thereby allowing them to bet-
ter perceive hazards before undertaking behaviors (such as
patch emigration) carrying a high mortality risk. Patterns
such as these suggest that land cover change in the form
of fragmentation and urbanization may rapidly select for
beneficial shifts in behavioral traits, fostering persistence
in species that can respond (e.g., Cote et al. 2017; Patankar
et al. 2021). However, which behavioral types will succeed
after fragmentation relies on habitat affinities. A forest spe-
cialist persisting in habitat remnants may avoid urban areas
as it offers many hazards, thus slow exploration benefits
individual survival, but in a generalist species for example,
that inhabits and uses resources available in the urbanized
matrix, individuals may benefit from bold and aggressive
behaviors during exploration, allowing fast exploration to
thrive on certain human-disturbed environments (Charman-
tier et al. 2017; Senar et al. 2017; Sprau and Dingemanse
2017).

Adjustments in morphological phenotype
Additionally, changes in morphology may also play an

important role in coping with the challenges imposed
by human-modified landscapes; both fragmented and
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urbanizing areas. Dispersal-related traits are of paramount
importance in adaptation to fragmented landscapes (Cheptou
et al. 2017). Dispersal is a key evolutionary process facilitat-
ing gene flow between populations as it defines the ability
of individuals to reach and colonize new habitats (Clobert
et al. 2012). Human-induced fragmentation often inhib-
its dispersive events with the insertion of new and hostile
matrix environments between occupied habitat patches. For-
est specialists with a large home range are typical of those
species most affected (Slade et al. 2013). In urban environ-
ments, morphological shifts reflect allometry that facilitates
avoidance of collisions with human-made structures (Brown
and Brown 2013), or body-size changes related to climatic
variation and habitat fragmentation (Merckx et al. 2018a,b).
Another consequence of fragmentation and urbanization
is biotic homogenization observed at both the commu-
nity (Olden and Rooney 2006) and population-level with
reported dispersal traits homogenization as a consequence
of human-driven landscape changes (Martin et al. 2017).
Thus, urbanized landscapes with fragmented habitats offer
unique opportunities to study population differentiation pat-
terns related to dispersal in addition to other factors that
arise because of the extreme conditions that the urban matrix
imposes on wildlife.

Phenotypic differences expected in urban populations
may also include those not related to dispersal. For example,
nestlings in urban populations have reduced developmen-
tal pace and reduced body mass (Corsini et al. 2021) and
differences in bill shape have been correlated to the use of
feeders and novel food types in urban environments (Bosse
et al. 2017). Additionally, leg morphology can determine the
range of possible movements while foraging which may vary
in human-altered environments. Blue Tits (Cyanistes caer-
uleus) with shorter tarsi are more adept at clinging and hang-
ing, enabling them to access a wider array of foraging niches
(Carrascal et al. 1995). For birds that forage vertically on
tree trunks such as treecreepers, woodcreepers, and wood-
peckers, tarsus and tail length are directly related to trunk
climbing performance (Norberg, 1979; Tubaro et al. 2002;
Zeftfer and Norberg 2003, Mila et al. 2009). In woodcreep-
ers, the tip of the tail rachis is adapted to support body mass
and prevent lateral deflection while climbing (Tubaro et al.
2002). Woodcreepers in forest fragments may be exposed to
different challenges while foraging because of microhabi-
tat changes associated with edge effects, such as changes
in epiphyte cover on trunks due to reduced humidity (e.g.,
Laurance et al. 2018; Parra-Sanchez and Banks-Leite 2020),
and these changes may alter their foraging substrate (i.e.
trunks) and food supply. Therefore, tarsus, tail length, and
other body structures that define foraging maneuvers may be
influenced by the myriad of factors altered by fragmentation
within urbanizing landscapes.

Objectives

We investigated behavioral and morphological phenotypes
of an understory forest specialist woodcreeper that persists
in forest fragments in the most populated city in Central
Amazonia. Understory birds are especially sensitive to for-
est fragmentation (Lees and Peres 2008; Sekercioglu et al.
2002) and are usually the first group of birds to be extirpated
in a forest fragmentation scenario with only a reduced num-
ber of species persisting in forest fragments (Van Houtan
et al. 2007). Our goal was to describe phenotypic patterns
on both behavior and morphology between urban and con-
tinuous forest populations of the Wedge-billed Woodcreeper
(Glyphorynchus spirurus, Furnariidae) by using a quasi-
experimental design of “fragmented versus continuous”
landscapes.

We hypothesize that populations from forest fragments
differ in behavior and morphology phenotypes when com-
pared to populations from continuous forests. Individuals
from forest fragments may differ in exploration pace and
in the morphology of wing traits related to dispersal (long-
distance movements) and in morphology traits related to
environmental exploration during foraging (short distance
routine movements). Specifically, we predicted that indi-
viduals from the fragmented landscape (1) score lower for
exploratory behavior traits, taking longer to explore a novel
environment and objects, (2) have a higher index of disper-
sal ability related to wing morphology as a consequence of
possible selective pressures imposed by isolation due to the
inhospitable matrix favoring individuals with greater dis-
persal ability and (3) have different tarsus and tail lengths
allowing them to cope better with foraging while tree-climb-
ing in the modified environment of forest fragments.

Methods
Study site and experimental design

Most of central and western Brazilian Amazonia is still
preserved with large continuous areas that retain natural
vegetation cover. On most of Amazonas State’s (Brazil)
natural systems with little or no human disturbance can be
still sampled and studied. We sampled within “terra firme”
forests (Lowland humid, non-flooded forests) in sites located
in two landscape types: (1) sites in fragmented forests sur-
rounded by an urban matrix in the capital city (Manaus) and
(2) continuous and preserved forest sites (Fig. 1). To guaran-
tee discrepant environmental conditions between preserved
and disturbed environments, continuous forest sites were
set at more than 30 km north of Manaus’s urban periphery.
At shorter distances forests are fragmented by secondary
roads, small agricultural settlements, and country houses.
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Fig. 1 Sites in the urban area of
Manaus, arrows indicate (f1) the
UFAM campus site and (f2) the
international airport fragment
site. Sites in the continuous
forests area, (c1) the Cuieiras
site and (c2) the FAEXP site

In continuous forests, we sampled in two different sites: the
Experimental Farm of the Amazonas Federal University
(FAEXP) and the “Cuieiras” research base of the National
Institute of Amazonian Research (INPA). Both continuous
sites are represented by the primary “terra firme” forest.
FAEXP has a RAPELD plot system (Magnusson et al. 2005)
that we used for sampling and on INPA’s base we sampled
along trails opened for research purposes in the interior of
continuous forest.

Forest fragments were inside the urban perimeter of
Manaus, a ca. 2 million people city (available at: https://
www.ibge.gov.br/, accessed in September 2020). Manaus
experienced a large and abrupt expansion since the 19707s
leaving a large number of native forest remnants embedded
in a highly transformed urban matrix. Currently, most native
forest fragments (80%) are smaller than 1 ha with a few very
large remnants (> 100 ha) mostly belonging to governmen-
tal entities and public universities (Concei¢do 2013). We
selected two of these large fragments because of the known
occurrence of the Wedge-billed Woodcreepers: a ca. 600 ha
forest fragment in which the Amazonas Federal University
campus (UFAM) is located (F1) and a 180 ha forest frag-
ment in which the “Eduardo Gomes” International Airport is
located (F2) (Fig. 1). The UFAM fragment is located in the
central-eastern region of Manaus and the Airport fragment
is located near the urban periphery to the west (Fig. 1). Both
fragments are mostly covered by old secondary forest with
small patches of primary “terra firme” forest, with buildings,
roads, and other human-made structures. The UFAM frag-
ment has 10 pairs of permanent monitoring plots (separated
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by 400 m-3 km) in riparian and non-riparian habitats, at
various distances from forest edges (100 m—1 km), which we
used for sampling. In the Airport fragment, we gave prefer-
ence to core areas, sampling no less than 100 m from forest
edges.

We captured subjects with mist nets (Ecotone® 12 m,
36 mm mesh) and defined sampling effort in ‘net-hours’
(1 net open for one hour=1 net-hour). Depending on field
conditions, we used six to 10 nets in continuous forests and
eight to 20 nets in forest fragments. Between June of 2019
and January of 2020 we sampled 19 subjects from forest
fragments (10 from the UFAM fragment and 9 from the
Airport fragment), and 19 subjects from continuous forest
sites (five from the INPA’s Cuieras base and 14 from the
FAEXP). Accumulated sampling effort in the continuous
forest sites was 575 ‘net-hours’ and 2611 ‘net-hours’ in for-
est fragments. Young birds exhibiting fledgling stage traits
(e.g., yellow-colored gape or immature feathers) were not
tested or measured.

We selected the Wedge-billed Woodcreeper (Glyphoryn-
chus spirurus) as it is a “terra firme” forest specialist. Gly-
phorynchus spirurus is a small (ca. 15 g) insectivorous
understory forest bird that forages by vertically searching
for food in crevices and bark of trees. It nests in existing
tree-cavities and breeding in the study region occurs year-
round with a peak extending from December to February in
central Amazon (Stouffer et al. 2013). It is a non-migratory
species, locally resident, abundant, and disturbance tolerant
bird in the understory of primary and old secondary “terra-
firme” forest (Marantz et al. 2020; Powell et al. 2015). It is
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one of the few understory forest specialists that still persists
in forest fragments in the city of Manaus (Concei¢do 2013)
and its conservation status is considered as “least-concern”
(available at: http://www.birdlife.org/, accessed at February
2021). It is widely distributed in the Amazon Basin, with
some taxonomic divergence among populations from dif-
ferent sides of large Amazon rivers (Fernandes et al. 2013).
Therefore, sampling sites were established on the same mar-
gin of the “Rio Negro” to avoid the bias of sampling differ-
ent subspecies.

Novel environment test and behavioral traits

We tested exploratory behavior with a Novel Environment
Test (NET) based on the method proposed by Verbeek et al.
(1994). Each bird was individually presented to an unfamil-
iar environment: a cage (3.0 mx 2.0 mx 3.0 m) of aluminum
structure, covered with a 2 mm mesh and a plastic sheet, to
prevent escaping behavior (Huang et al. 2015; Fig. 2). The
cage was set up in the field next to each sampling site. The
ceiling had a pyramid shape covered with a plastic sheet.
Given that G. spirurus is a bark forager, five tree trunks
were used as perches (1.5 m tall and 0.3 m wide) and placed

Fig.2 a Novel Envi-

ronment Test cage

(3.0 mx3.0 mx2.0 m) with

a plastic sheet cover and b
without it, showing the mesh
underneath and ¢ cage interior
overview with five vertical
perches (circles) to stimulate
exploration, cameras positioned
in corners (small boxes) and
the acclimation box next to the
entry (large box)

inside the cage to induce exploration (Fig. 2). Beside the
perches, individuals could also explore walls and the ceiling,
so we considered those as objects for exploration as well,
yielding a total of 13 objects (five perches, four walls, and
four sides of the ceiling).

After capture, we measured, banded, and transported sub-
jects in cloth bags to a testing site where the NET was set
up. Tests were always conducted near the capture site, inside
forested areas, and only one bird was used for each test.
Before tests, we placed individuals in a small box inside the
testing cage for acclimation. The box had a string tied to its
cover, which allowed us to release the bird from a distance
outside the testing cage. After 5 min of acclimation, the box
was opened and access to the cage was allowed for 20 min
(1200 s). At the end of the test, we used a small net to recap-
ture and immediately release individuals. From the moment
that subjects were placed in the acclimation box until the end
of the test, no more than 30 min passed and all disturbances
from human presence were avoided.

Activity inside the cage was recorded with three cam-
eras and analyzed by the same observer (SSA). We defined
exploratory behavior by four traits: (1) time spent in the NET
cage but outside the acclimation box (Exploration time),
(2) number of visiting events (each time a subject changed

3m

(c) |

3m
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from one object to another), (3) number of objects visited
(total number objects visited during the test — perches, walls
and ceiling), and (4) the number of hops and flights during
the entire test duration (adapted from Verbeek et al. 1994;
Dingemanse et al. 2003, 2004). We also registered latency
times from the start of the test (#=0 s) until (1) subjects left
the acclimation box and (2) subjects visited each of the five
perches. Latency times were used as a measure for aversion
to novelty. Perches were numbered according to the order
in which each subject visited them. The longer a bird took
to leave the acclimation box and/or to explore a perch, the
higher was its risk aversion. We quantified behavioral met-
rics using BORIS (Behavioral Observation Research Interac-
tive Software; Friard and Gamba 2016).

Because subjects left the acclimation box at different
times after the lid was opened, and therefore spent different
time exploring the cage, we standardized values for hops and
flights, objects visited, and visiting events to the number per
minute to facilitate unbiased comparisons among subjects.
We first standardized the units of exploration time to 5 min
(300 S; ?andardized = s/ 300) periods, because the shortest
exploration time for a subject was five minutes. We then
divided the value of each exploratory trait by the standard-
ized exploration time (its 5 min rate) and multiplied by 100,
rendering to the trait score (score,,,; = trait value/ty,, jardized
*100). After examining the normality of exploratory varia-
bles, only the variable “visiting events” was log transformed
due to high dispersion of values from a normal distribution.

Morphological traits

We chose two categories of morphological traits related to
movement: long-distance movement traits (related to disper-
sal) and short-distance movement traits (related to foraging
and routine movements). As a long-distance movement trait,
we used the Hand-Wing Index (HWI; Dawideit et al. 2009).
Dispersal ability is usually measured with the Hand-Wind
Index, as a proxy for avian morphological ability to traverse
open areas (Claramunt et al. 2012), and is calculated using
the distance from the carpal joint to the tip of the longest
primary (PD) and secondary (SD) feather: 100*(PD/PD-SD;
adapted from Claramunt et al. 2012). In addition to the HWI
we also investigated patterns between populations of raw
values for the distance from the carpal joint to the tip of the
longest primary and secondary feathers (hereafter feather
length). As short-distance movement traits, we used tarsus
and tail length. Avian treecreepers use tarsus and tail for
climbing and their length is related to clinging performance
(Norberg 1979; Zeffer et al. 2003; Tubaro et al. 2002). In
addition to the length of tarsus and tail, we also investi-
gated if the proportion of these traits changed between the
two populations, and to control for overall changes in body
size in opposition to changes of these traits independent
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of body-size we used the distance from the carpal joint to
the tip of the longest primary feather as a measure of body
size, and compared the ratio between these traits (tarsus/
primary feather and tail/primary feather). We also recorded
body mass (weight) as it is a trait relevant for both, long and
short-distance movements. All measurements were made by
the same person (SSA).

Statistical analyses
Variation of behavioral and morphological traits

We analyzed the variation of behavioral and morphologi-
cal traits among sampled individuals with generalized lin-
ear models (GLM). Models were run with a landscape of
origin as a predictor variable (continuous vs. fragmented
landscape) or with a sampling site as predictor variable (the
two sites in the fragmented and the two sites in the continu-
ous landscape). To determine if the landscape of origin or
the site of origin better represents observed variation for
each variable, we used a model selection approach based on
Akaike Information Criterion (AIC) (Burnham et al. 2002).
Models with AAIC, <2 were considered as equally plausible
and weight values (w;) were compared among contrasted
models. A constant model was also included in the model
set. Models were adjusted based on the median of residual
deviance and were accepted if medians lay between + 1
and — 1. We used a Gamma distribution for behavioral traits
and Gaussian distribution for morphological traits. We also
relied on GLMs with multiple response variables to inves-
tigate a multivariate shift in behavioral and/or morphologi-
cal traits among landscapes and sites. Models with multiple
response variables were also run with a landscape of origin
or site as predictors, also contrasted based on AAIC_. Gener-
alized linear models analysis was conducted with stats pack-
age and AIC analysis with bbmle package, both in R version
3.6.2 software (R-Core-Team 2018).

We used a linear discriminant analysis (LDA) with pooled
morphological and behavioral metrics to determine if vari-
ation in morphological and behavioral traits was enough to
clearly separate individuals into two groups, fragmented
and continuous forest. LDA describes the distinctiveness of
groupings using misclassification matrices. We chose this
method over other ordination methods, e.g. Principal Com-
ponent Analysis (PCA), as LDA uses less scores to classify
samples and it is more efficient with low sample sizes. This
analysis was conducted with the stats package using R.

Variation in latency times
We chose a failure analysis approach (Fox 2001) for analyzing

the latency times for subjects to leave the acclimation box and
to reach each perch, registering observations at every second
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for 20 min (1200 s). This approach considers time until a cer-
tain event occurs in an observation period, thus scoring as
survival the time before the event and as failure once the event
has occurred (Fox 2001). As such, every one-second observa-
tion in which individuals were in the acclimation box was still
occupied or when a perch was not yet visited was considered a
survival event. A failure event was considered when the indi-
vidual left the box or reached a perch. Failure could happen
once for the acclimation box and multiple times for perches,
but only the first failure (visit) for each perch was considered.
Because subjects could not visit more than one perch at the
same time, only one perch could fail at each observation. A
hazard rate was given by the chance that a failure event would
occur in a given time. To evaluate how time may affect the
hazard rate, we tested a survival model with a distribution
defined by a shape (p) parameter. When p < 1, hazard chance
decreases over time, e.g., the longer a subject remains in the
box, lower is the chance to leave it, but if p> 1, the opposite is
true. When p # 1, the distribution is called Weibull. If p=1 the
hazard rate is constant, that is, the chance for a certain event to
happen is the same at any given observation time (exponen-
tial distribution). If a certain event was never observed during
our observation time (e.g., a subject that never left the box or
a certain number of perches that were never visited), it was
considered as censored data.

‘We modeled latency times for each response variable (time
to leave the box and time to reach each perch) using the sur-
vreg function in R version 3.6.2 software (R-Core-Team 2018)
and with the landscape of origin (continuous or fragmented) or
sampling sites as predictor variables. We modeled the hazard
rate with Weibull and Exponential distributions, which lead to
six models for each response variable: (1) latency time ~ land-
scape origin (Weibull), (2) latency time ~ landscape origin
(Exponential), (3) latency time ~ sample site (Weibull), (4)
latency time ~sample site (Exponential), (5) latency time ~ 1
(Weibull) and (6) latency time~ 1 (Exponential); for each
latency time: (1) time to leave acclimation box, (2) time to
reach the first (3) second, (4) third, (5) fourth and (6) fifth
perch. We used the same approach of model selection with
AIC, values used for GLM variables (Burnham et al. 2002)
and models with AAIC, <2 were considered equally plausi-
ble and model weight values (w;) were compared among con-
trasted models. Latency time was graphically represented as
Kaplan—Meier survival curves (Kaplan et al. 1958). Curves
were plotted according to the best-fitted models, e.g., if a
latency time was best fitted for a model with the landscape
of origin or sites as a predictor variable, two or four curves,
respectively, were used to represent failure time. Survival anal-
yses were conducted with the package survival in R version
3.6.2 software (R-Core-Team 2018).

Results
Exploratory behavior and morphology

Analyses for behavioral traits were conducted with 17 sub-
jects from forest fragments and 18 from continuous forests,
as two and one subject, respectively, never left the acclima-
tion box. Models contrasted with AIC, for each behavioral
variable are presented in Table 1. For all behavioral vari-
ables, and for the global multivariate model, the constant
model was always selected as the most plausible model with
AAIC, <2 (Table 1), indicating no evidence for differences
in these traits among sites nor landscapes (Fig. 3, for sum-
mary statistics of behavioral traits, see Tables S1-S4 in sup-
plementary material).

Analyses for morphological traits were conducted with
17 subjects from forest fragments and 18 from continuous
forests (See Tables S5-S8 in supplementary materials for
summary statistics). Models contrasted with AIC, for each
morphological trait are presented in Table 2. For the three
morphological variables related to long-distance movements
and for bodyweight the constant model was selected as the
most plausible model or it was within the most plausible
models with AAIC, <2 (Table 2), indicating no evidence for
differences in these traits among sites nor landscapes (Tables
S5 and S7). For tail length, a single model was selected

Table 1 Model selection results based on AAIC for four behavioral
traits recorded for G. spirurus in novel environment tests and for the
global multivariate model, as a function of (~) the landscape of ori-
gin (Landscape), site of origin (Site) or constant model (1)

Response variable ~ Model AIC, AAIC, df w;
Exploration time ~1 94.8 0.0 2 052
~Landscape  95.5 0.7 3 0.36
~Site 97.7 29 5 012
Hops and flight ~1 3377 0.0 3 0.697
~Landscape 340.1 24 5 0.214
~ Site 341.8 4.1 2 0.089
Objects visited ~1 4258 0.0 30734
~Landscape 428 2.2 2 0.239
~Site 4324 6.6 5 0.027
Visiting events ~1 52.8 0.0 2 0729
~Landscape  55.2 2.4 3022
~Site 58.1 53 5 0.052
Global ~1 4409 0.0 2 0.735
~Landscape 443.2 23 3 0.230
~Site 4470 6.1 5 0.035

A constant model was also included in each model set. AIC, is the
information score of the model, AAIC, is the difference between the
best model and the model being compared with, df is degrees of free-
dom/number of parameters in the model and w; is model weight
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Fig.3 Box-plots for exploratory
traits obtained during the novel
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with high model weight (AIC,=198.4, w=0.83) support-
ing evidence for shorter tails in individuals from the frag-
mented landscape than from the continuous forest (Table 3
and Fig. 4). For tarsus two plausible models were selected,
the best model (AIC,=139.1, w=0.52) supports evidence
for shorter tarci in the fragmented landscape than in the
continuous forest (Table 3, Fig. 4), but the second model
with lower weight (AIC,=139.8, w=0.36) supports at least
with some evidence for longer tarsi in the continuous forest
Cueiras site than in any other site (Table 3), suggesting that
differences among landscapes might be driven by individu-
als from the Cueiras site (for summary statistics of morpho-
logical traits see Tables S8 and S10 in the Supplementary
Material). However, for the tail and tarsus ratio in relation to
the primary feather length, the constant model was among
the selected models indicating that these ratios do not dif-
fer among populations, and hence shorter tarsi and tails
in the fragmented population derive from overall reduced
body-size. Moreover, for the tail/tarsus ratio the constant
model was also selected as the best model indicating that the
ratio of these traits remains constant among the continuous
and the fragmented populations (Table 2). The best model
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selected for the morphological multivariate models was the
model considering the landscape of origin as the predictor
(AIC,=243, w=0.85) (Table 2), supporting evidence for a
combined response of morphological variables among the
continuous and fragmented landscape.

Linear discriminant analysis (LDA) was conducted with
18 and 17 subjects for the continuous and fragmented forest,
respectively. Because three subjects did not have values for
behavioral traits, their morphological measurements were
excluded from this analysis. LDA presented 94.5% sensitiv-
ity (17 out of 18) in classifying subjects from continuous
forests and 82.3% (14 out of 17) from forest fragments, giv-
ing a total of 88.5% of sensitivity (31 out of 35). Consider-
ing morphological and behavioral traits together yielded the
highest sensitivity (Table 4). Probabilities for discriminant
scores using behavioral and morphological traits had the best
separation between groups, although with some overlapping
(Fig. 5). Subjects with similar scores were grouped within
the same origin class (fragmented or continuous), e.g., sub-
jects with approximately —1 score have about 50% chance
of belonging to the continuous group and about 30% chance
of belonging to the fragmented group (Fig. 5).
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Table 2 Model selection results based on AAIC for six morphologi-
cal traits for G. spirurus and for the global multivariate model, as
a function of (~) the landscape of origin (Landscape), site of ori-
gin (Site) and constant model (1)

Response variable  Model AIC, AAIC, df w;
HWI ~ Site 179.4 0.0 5 056
~1 180.4 1.0 2 034
~Landscape  182.7 33 3 011
Primary feather ~1 167.7 0.0 2 056
~Landscape  168.5 0.8 3038
~ Site 172.5 4.8 5 005
Secondary feather  ~1 177.6 0.0 2 0.69
~Landscape 179.5 1.9 3 026
~Site 183.2 5.7 5  0.04
Weight ~1 121.9 0.0 2 058
~Landscape  122.8 0.9 3 036
~ Site 126.4 45 5 0.06
Tail ~Landscape  189.4 0.0 3 083
~ Site 194.0 4.6 5 0.08
~1 1942 4.7 2 0.07
Tarsus ~Landscape  139.1 0.0 3 052
~ Site 139.8 0.7 5 036
~1 142.0 29 2 012
Tail/ Tarsus ~1 63.0 0.0 2 062
~Landscape  64.4 1.3 3 033
~ Site 67.7 4.7 5 0.06
Tail/ primary ~Landscape —108.8 0.0 3058
~1 -107.6 12 2 031
~ Site -1053 35 5 0.10
Tarsus/ primary ~Site —-150.2 0.0 5 042
~Landscape —149.8 0.4 3 035
~1 -149.1 1.1 2 024
Global ~Landscape 243 0 3085
~site 247.8 4.8 5 007
~1 248.1 5.1 2 0.06

Response variables are weight, three long-distance movement
traits: HWI, primary feather length, secondary feather length; and
two short-distance movement traits: tail and tarsus length. AIC, is the
information score of the model, AAIC, is the difference between the
best model and the model being compared with, df is degrees of free-
dom/number of parameters in the model and w; is model weight

Latency times

Failure analyses for the latency times were run with 19 sub-
jects from forest fragments and 19 from continuous forests.
Two subjects from forest fragments and one from continuous
forest never left the acclimation box and were included as
censored data in the model. Fifteen subjects from the con-
tinuous forest explored at least one perch, with four subjects
never reaching the first perch and preferred to use the cage
walls and ceiling. Only five subjects from forest fragments
explored at least one perch. Ten subjects from the continuous

Table 3 Parameter estimates (f3) for selected models of morphologi-
cal traits tarsus and tail length as a function of the landscape of origin
or site of origin

Effect Estimate (3) Std. error
Tail ~landscape
(Intercept) continuous 69.067 0.799
Fragmented -3.131 1.146
Tarsus ~landscape
(Intercept) continuous 16.556 0.390
Fragmented -1.297 0.558
Tarsus ~site
(Intercept) Cuieras 17.800 0.713
FAEXP -1.723 0.839
Airport —2.400 0.909
UFAM —2.667 0.890

forest and four from forest fragments explored at least two
perches. Three subjects from continuous forests and one
from forest fragments explored all five perches.

For box latency time (time until subjects left the accli-
mation box), the constant model was selected as one of the
plausible models with AAIC_ <2 (Table 5), indicating no
evidence for differences in box latency time between land-
scapes nor among sites (Fig. 6a). The constant Weibull
distribution model was selected as the second-best model
(AIC,=501.5, w=0.257) supporting some evidence for a
positive influence of time on box latency time, (Table 5). For
time to reach the first perch two models were selected sup-
porting an effect of the landscape of origin on this response
variable. The best model (AIC,=325.7, w=0.543) supports
evidence for a longer time to reach the first perch for indi-
viduals from the fragmented landscape than for individu-
als from the continuous landscape (Fig. 6b). However, it is
unclear how time influences this decision, as both Weibull
and Exponential distributions were selected within the plau-
sible models (Table 5). For the time to reach the second,
third, fourth, and fifth perches, there was a lot of uncertainty
associated with models, and the constant model was always
selected as plausible for all events, indicating no evidence
for an effect of the landscape of origin nor site of origin as
a factor that influenced time until reaching these perches
(Table 5, Fig. 6¢—f). Time for these models also returned
uncertainty about how it influenced subjects’ decisions, but
for the second perch, all plausible models selected had Expo-
nential distribution for time, suggesting that the time had no
influence for visiting the second perch.
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Fig.4 Box-plots for morphological traits recorded for G. spirururs
subjects: a Hand-Wing Index (HWI; Dawideit et al. 2009), b weight,
¢ longest primary and d secondary feathers, e tarsus and f tail length,

Table 4 Misclassification matrix using LDA’s sensitivity for assign-
ing G. spirurus individuals to the continuous or fragmented land-
scape group

Observed Estimative
Continuous Fragmented Sensitivity (%)

Behavior

Continuous 13 5 72.2

Fragmented 8 52.9
Morphology

Continuous 14 4 77.8

Fragmented 6 11 64.7
Behavior + Morphology

Continuous 17 1 94.5

Fragmented 3 14 82.3

Estimates are presented for each run of the analysis with just behav-
ioral or just morphological variables included or with behavioral and
morphological variables combined. Given that the observed samples
for continuous and fragmented sites were 18 and 17 subjects, respec-
tively, estimative values represent the number of true positive (cor-
rect) and false negative (incorrect) classifications by LDA attempts
for each line (category). Sensitivity (%) is equal to the number of true
positives/total samples taken (observed) in each category
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Table 5 Model selection results Response Model Distribution p AIC, AAIC, df w;
based on AAIC for lgten.C}./ variable
times of G. spirurus individuals
during the novel environment Box time
ffi;;f‘nfg‘zi:: ?:;;TSZ?;F; ~Site Weibull 131 5012 00 3 0292
survival analyses ~1 Weibull 1.34 501.5 0.3 2 0.257
~Site Exponential 1 502.5 1.3 2 0.151
~Landscape Weibull 1.33 502.7 1.5 3 0.14
First perch
~Landscape Exponential 1 325.7 0.0 2 0.5433
~Landscape Weibull 1.16 327.5 1.8 3 0.2205
Second perch
~Landscape Exponential 1 248.1 0.0 0.326
~Site Exponential 1 248.3 0.3 0.287
~1 Exponential 1 249.6 1.6 0.148
Third perch
~1 Exponential 1 171.6 0.0 1 0.266
~Site Exponential 1 172.1 0.5 2 0.204
~Landscape Exponential 1 172.6 1 2 0.159
~1 Weibull 0.68 172.6 1 2 0.159
~ Site Weibull 0.68 173.2 1.6 3 0.119
Fourth perch
~1 Exponential 1 102.8 0.0 1 0.239
~Landscape Exponential 1 103 0.2 2 0.212
~1 Weibull) 0.53 103.3 0.5 2 0.183
~Landscape Weibull 0.52 103.6 0.8 3 0.158
~Site Exponential 1 104.1 1.4 2 0.121
Fifth perch
~1 Exponential 1 84.5 0.0 1 0.31
~1 Weibull 0.53 85.4 0.9 2 0.2
~Landscape Exponential 1 85.7 1.2 2 0.17
~Site Exponential 1 86.2 1.7 2 0.13

Distribution represents the Failure Analysis type of distribution (Exponential or Weibull) with a p value
(hazard rate) that represents the influence of time in the observed event (Methods). AIC, is the information
score of the model, AAIC, is the difference between the best model and the model being compared with, df
is the degrees of freedom/number of parameters in the model and w; is the model weight. Only models with
AAIC <2 are displayed, see Supplementary Material for all models

Discussion

Our study revealed differences in morphological and
behavioral traits among continuous and fragmented for-
est populations of the Wedge-billed Woodcreeper in a
highly urbanized region in the central Amazon. We found
no evidence for differentiation in long-distance movement
traits, such as HWI and primary and secondary feathers
length. We did detect phenotypic differences among sites
in tail and tarsus length measures, however, these could
not be explained independently of overall reduced body
size in individuals from the fragmented landscape. Only
one behavioral trait associated with exploration provided
evidence for differences between populations (latency to
move to perches while exploring) and this suggests that

individuals persisting in forest fragments in our study are
slow explorers when compared to individuals from con-
tinuous forests. This finding aligns with previous studies
linking slow exploration in birds to fragmented habitats.
Behavioral traits exhibited weaker differentiation among
populations than morphological traits, but when all phe-
notypic traits were pooled to discriminate between frag-
mented and continuous forest sites, reliable differences in
phenotypic variation were detected.

Behavioral differences
Exploration preferences have been related to trade-offs

between risk exposure and resource reward (Van Oers et al.
2004). Most behavioral traits tested in our study were similar
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Fig.6 Kaplan—Meier survival curves representing time to leave a the acclimatization box and to reach the b first, ¢ second, d third, e fourth and f
fifth perches, for subjects from continuous (solid lines) and fragmented (striped lines) landscapes

between populations. Exploration features for avian popula-
tions have been designed for generalist species from temper-
ate regions, such as Parus major (Verbeek et al. 1996, 1994),
but no exploration features have been designed specifically
for trunk creeping species yet. We studied a neotropical
understory avian species highly specialized in tree creep-
ing. As far as we know, this is the first time that a species
from this functional guild has been assessed regarding its
exploratory behavior but we measured a small number of
traits (Carter et al. 2013), and it is possible that other traits
could better express exploration for G. spirurus. Yet, our
results from linear discriminant analysis showed higher clas-
sification sensitivity of subjects to their populations when
morphological and behavioral traits were combined than
when traits were used separately. This suggests the exist-
ence of shifts in multiple phenotypic traits simultaneously
between undisturbed and fragmented forest areas, and should
encourage future work to include large numbers of traits
in analyses of fragmentation and urbanization—especially
when not much time has passed since initiation of landscape
changes (Patankar et al. 2021).

Our findings highlight the utility of latency times as an
efficient way to predict exploratory behaviors (Groothuis
et al. 2005). The number of continuous forest subjects that
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explored at least one perch was three times the number of
subjects from fragmented forest, and subjects from forest
fragments also took longer to explore the first perch. This
attribute is strongly associated with slow exploration (Ver-
beek et al. 1994) and provides support to our central hypoth-
esis that slow explorers should be favored in fragmented
landscapes; a finding in line with other similar studies of
butterflies and birds (e.g., Merckx et al. 2003; Cornelius
et al. 2017). These findings from an urbanizing Amazonian
landscape thus add to the growing body of evidence that
slow explorers are likely favored by, and more successful
in, fragmented landscapes; whereas fast exploratory profiles
make individuals more susceptible to hazards and greater
risk-taking (Van Oers et al. 2004) leading to higher mortality
in fragmented landscapes.

Most of NET essays usually last 10 min or less (e.g.,
Verbeek et al. 1994; Dingemanse et al. 2002; Huang et al.
2015; Charmantier et al. 2017) but thanks to our longer sam-
pling period (20 min) we were able to detect for short-term
adjustments in behavior that allowed us revealing emergent
differences between groups of individuals. While examin-
ing recordings, we noticed that in late phases of tests most
subjects reached higher areas of the cage, something that we
did not aim to test statistically, but deserves to be mentioned.
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Individuals from forest fragments tended to use the ceiling
and walls over perches when compared to continuous forest
birds, and when they did decide to visit a perch, they took
longer to reach it. Individuals from forest fragments com-
monly flew through the cage directly to walls and ceiling,
ignoring other objects, while most subjects from continu-
ous forests used at least two perches before reaching higher
areas. Considering that all tested birds were in the same
stress conditions while facing unfamiliar objects and a new
environment, birds with less aversion to leave the box and
reach perches were taking more risks while exploring, which
agrees with a more risk-taking behavior of fast explorers
(Dingemanse et al. 2005). The number of birds that reached
the second perch was smaller than those reaching the first
perch, a pattern that applies throughout the fifth perch.
Individual decisions to either keep exploring or to reach for
potentially safer higher areas of the cage—ceiling and walls
-, or to keep on the acclimation box until the end of the test,
also suggest that subjects from the fragmented forests were
also probably less prone to take risks while exploring.

Morphological differences

Wing measures, longest primary and secondary wing feath-
ers and the Hand-Wind Index, were not different between
populations. These traits represent a proxy for dispersal abil-
ity in which usually more pointed wings should favor longer
dispersal distances (Claramunt et al. 2012). We expected that
individuals in the fragmented landscape would be forced
to disperse longer distances to access other fragments, and
thus face the matrix during dispersal events. Based on the
lack of discrepancy between these morphological traits, it
is possible that individuals might not be dispersing at all
between fragments and thus dispersal patterns within frag-
ments are similar to those observed in the continuous forest,
with short-distance dispersal events restricted to early life
stages (Paradis et al. 1998). This would imply that either
fragmentation is completely inhibiting dispersal movements,
or that individuals are perishing in the matrix while try-
ing to reach other fragments. A mark-recapture and telem-
etry study in a fragmented agricultural landscape north
of Manaus showed that G. spirurus individuals have high
fidelity for primary and for older secondary forests (> 15
yrs) but rarely or never use younger secondary forests or
open areas (Powell et al 2015), suggesting that successful
dispersal over the highly contrasting urban matrix is prob-
ably very unlikely. Moreover, G. spirurus is only found in
large fragments (> 100 ha) within the urban area of Manaus
(Conceicao 2013). Future genetic studies should elucidate if
effective dispersal movements do occur among forest frag-
ments in this urban landscape.

Tail and tarsus were the most distinct morphological traits
between populations, as individuals from forest fragments

had shorter tarsi and tails than individuals from the con-
tinuous forest population. However, when correcting for
body size we found that tarsus and tail were not shorter for
individuals in the fragmented landscape but most likely
shorter tarsi and tails reflect an overall reduction in body
size. Therefore, contrary to our prediction, differences in
these traits are probably not associated with their function
in short-distance movements while foraging, but most likely
reflect an overall reduction of body size in the fragmented
landscape. Although tarsus is generally independent from
body mass (Zeffer et al. 2003) tail length, on the other hand,
is known to be correlated with body mass (Norberg 1979),
further supporting that individuals in the fragmented land-
scape might be smaller overall. In a study of two passerine
species in eastern Europe, nestlings in urban populations
had reduced developmental pace and hence reduced body
mass when adults, mostly due to overall food scarcity in
urban forest remnants (Corsini et al. 2021). Given the strik-
ing difference in capture rates of G. spirurus in forest frag-
ments in comparison to the continuous forests, it is possible
to suggest that this species occurs at lower densities in the
fragmented landscapes, which might be related to lower food
availability. It has been suggested that G. spirurus might
be released from competition in smaller fragments because
of the local extinction of other woodcreepers (Powell et al.
2015), but the abundance of G. spirurus increases only
during the initial years after fragmentation, followed by a
decrease in later years (Bierregaard et al. 1989). In addition
to food supply, metabolic processes are also related to body-
size shifts in urban environments, with urban communities
generally consisting of smaller species as a consequence of
increased metabolic costs associated with the urban-heat-
island effect (Merckx et al. 2018b).

Limitations and sampling bias

We also would like to discuss some limitations of our
study. We cannot imply that differences observed are spe-
cifically a result of adaptation, phenotypic plasticity or
genetic drift, as it would require a genetic approach with
common garden experiment (e.g., Merckx et al. 2003,
2006) and direct measures of fitness (e.g., Corsini et al.
2021). Behaviors can fit different situations (Dingemanse
et al. 2005), fluctuating with spatial and temporal changes
(Dingemanse et al. 2010) and our work only represents
a small time-frame of a slow fragmentation-response
process. Additionally, captures with mist nets could bias
sampling, as slow explorers tend to identify and avoid pas-
sive capture methods (Stuber et al. 2013). Given our five
times higher sampling effort in forest fragments than in
continuous forest to attain the same number of captured
individuals, slow exploration could be underestimated.
Nevertheless, if we sampled mostly faster explorers in
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forest fragments, those are still slower than those tested in
continuous forests. Also, observed behavioral differences
could potentially be related to sex-related differences, as
would be expected for species in which males and females
behave differently (Awade et al. 2017; Dingemanse et al.
2010). Although G. spirurus has no sexual dimorphism,
we have no reasons to believe that males and females have
significant differences in exploratory behavior, as this spe-
cies is mostly observed in pairs while foraging, defending
their territories and in parental care (Marantz et al. 2020;
Darrah and Smith 2013). Furthermore, it is unlikely that
sex-related variation in exploratory behavior would be
greater than that observed between the studied popula-
tions, given the consistency of our trait values.

Conclusion

Here we highlight that populations are accumulating pheno-
typic differences in response to environmental change due
to habitat fragmentation, specifically in very harsh condi-
tions as in urban settings. As such, our results should not be
interpreted as an overall resilience to human-induced habitat
loss and fragmentation, but rather as possible adjustments
that can arise during the response to environmental change
in certain species while their populations thrive in habitat
fragments in harsh urban environments. We do not know
if these populations are viable in the long-term, or which
landscape configuration features may guarantee the viability
of populations in our study area. An examination of traits in
demonstrably older fragments compared to newer ones, and
larger versus smaller fragments of the same or different ages
would help illuminate the development and function of intra-
specific trait shifts we observed (Liu et al. 2019; Warzecha
et al. 2016). Overall, our study highlights the importance of
documenting and understanding the combined variation of
behavioral and morphological traits within species that are
driven by environmental change in fragmented and urban-
ized landscapes. Evidence for evolutionary trajectories set
in motion by fragmentation and by urbanization (Johnson
et al. 2017; Cheptou et al. 2017) will gain more support
with future integrative studies and meta-analyses. For this,
we call for an urgent effort in producing more empirical
studies showing patterns of phenotypic differentiation in
response to landscape change, such as our study, especially
in megadiverse tropical cities where environmental change
is occurring at alarming rates but a large gap of knowledge
still persists.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-021-04976-x.

@ Springer

Acknowledgements We thank all volunteers for assistance in field-
work: Anais Prestes, Alex Latorre, Beatriz Barreto dos Santos Modesto,
Flavia Libia, Francielen Paiva, Gisiane Rodrigues, Iamile Brandao de
Oliveira, Jessica Andrade de Oliveira, José Raulino, Lucas Carvalho
de Jesus, Juliana de Oliveira Pinheiro, Marcos Pimentel Abbade, Max
Queiroz, Natasha Helena, Natasha Raissa, Pedro Paulo, Phamela Bar-
bosa, Priscilla Diniz and Riomar Queiroz. We also thank INFRAERO
and UFAM for allowing us access to the restricted forest areas of
“Eduardo Gomes” International airport and the FAEXP, respectively,
for sampling and the “Museu na Floresta” for providing logistical sup-
port during one of our field expeditions. We thank Thomas Merckx,
two anonymous reviewers, and the Associate Editor for their valuable
comments and suggestions that improved our manuscript.

Author contribution statement Conceptualization: CC, KS SSA.
Methodology: CC, MA, SSA. Field testing: SSA. Formal analysis and
investigation: SSA, KS, CC, MA. Writing—original draft preparation:
SSA. Writing—review and editing: CC, MA, KS.

Funding and collecting permits This study was financially supported
by FAPEAM (Universal Amazonas—002/2018) granted to CC. Field
work and avian captures were performed under the license granted to
SSA by the Brazilian Government (ICMBio/SISBio 66,065-1). This
study was also approved by the Ethic Committee for the use of Animals
in Experiments at UFAM granted to SSA (n° 072/2019).

Data availability The datasets generated and analyzed during the cur-
rent study are available in a Google Drive folder that can be accessed
upon request to: stspiteri@hotmail.com.

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest.

Human and animal rights All applicable institutional and/or national
guidelines for the care and use of animals were followed.

References

Aronson MFJ, La SFA, Nilon CH, Katti M, Goddard MA, Lepczyk
CA, Warren PS, Williams NSG, Cilliers S, Clarkson B, Dobbs C,
Dolan R, Hedblom M, Klotz S, Kooijmans JL, Macgregor-Fors I,
Mcdonnell M, Mortberg U, Pysek P, Siebert S, Werner P, Winter
M, Williams SG, Sushinsky J (2014) A global analysis of the
impacts of urbanization on bird and plant diversity reveals key
anthropogenic drivers. Proc Royal Soc B 281:20133330. https://
doi.org/10.1098/rspb.2013.3330

Awade M, Candia-Gallardo C, Cornelius C, Metzger JP (2017) High
emigration propensity and low mortality on transfer drives female-
biased dispersal of Pyriglena leucoptera in fragmented landscapes.
PLoS ONE 12(1):1-22. https://doi.org/10.1371/journal.pone.
0170493

Baldwin SP, Oberholser HC, Worley LG (1931) Measurements of Birds
(Volume II). Scientific Publications of the Cleveland Museum of
Natural History

Bicudo T, Ancides M, Benchimol M, Peres CA, Simodes PI (2016)
Insularization effects on acoustic signals of 2 suboscine Amazo-
nian birds. Behav Ecol 27(5):1480-1490. https://doi.org/10.1093/
beheco/arw070


https://doi.org/10.1007/s00442-021-04976-x
https://doi.org/10.1098/rspb.2013.3330
https://doi.org/10.1098/rspb.2013.3330
https://doi.org/10.1371/journal.pone.0170493
https://doi.org/10.1371/journal.pone.0170493
https://doi.org/10.1093/beheco/arw070
https://doi.org/10.1093/beheco/arw070

Oecologia (2021) 196:763-779

777

Bierregaard RO, Lovejoy TE (1989) Effects of forest fragmentation on
Amazonian understory bird communities. Acta Amazon 19:215-
241. https://doi.org/10.1590/1809-43921989191241

Bosse M, Spurgin LG, Laine VN, Cole EF, Firth JA, Gienapp P, Gosler
AG, McMabhon K, Poissant J, Verhagen I, Groenen MAM, Van
Oers K, Sheldon BC, Visser ME, Slate J (2017) Recent natural
selection causes adaptive evolution of an avian polygenic trait.
Science 358(6361):365-368. https://doi.org/10.1126/science.
aal3298

Brown CR, Brown MB (2013) Where has all the road kill gone? Curr
Biol 23(6):R233-R234. https://doi.org/10.1016/j.cub.2013.02.023

Burnham KP, Anderson DR (2002) Model selection and multimodel
inference: a practical information-theoretic approach, 2nd edn.
Springer

Cahill JRA, Merckx T, Van Dyck H, Fernandez M, Matthysen E
(2021) Lower density of arthropod biomass in small high-Andes
Polylepis fragments affects habitat use in insectivorous birds.
Ecosphere. https://doi.org/10.1002/ecs2.3401

Carrascal LM, Moreno E, Mozetich IM (1995) Ecological plastic-
ity of morphological design: and experimental analysis with tit
species. Canadian J Zool 73(11):2005-2009

Carter AJ, Feeney WE, Marshall HH, Cowlishaw G, Heinsohn R
(2013) Animal personality: what are behavioural ecologists
measuring? Biol Rev 88(2):465-475. https://doi.org/10.1111/
brv.12007

Charmantier A, Demeyrier V, Lambrechts M, Perret S, Grégoire A
(2017) Urbanization is associated with divergence in pace-of-life
in great tits. Front Ecol Evol 5:1-13. https://doi.org/10.3389/fevo.
2017.00053

Cheptou PO, Hargreaves AL, Bonte D, Jacquemyn H (2017) Adapta-
tion to fragmentation: evolutionary dynamics driven by human
influences. Philos Trans Royal Soc B Biol Sci. https://doi.org/10.
1098/rstb.2016.0037

Claramunt S, Derryberry EP, Remsen JV, Brumfield RT (2012) High
dispersal ability inhibits speciation in a continental radiation of
passerine birds. Proc Royal Soc Biol Sci 279(1733):1567-1574.
https://doi.org/10.1098/rspb.2011.1922

Clobert J, Baguette M, Benton TG, Bullock JM (2012) Dispersal ecol-
ogy and evolution. In: Clobert J, Baguette M, Benton TG, Bullock
IM (eds) First Edit. Oxford University Press

Conceicdo BS, Padrdes de ocorréncia de aves de floresta como indi-
cadores para a identificacdo de fragmentos florestais urbanos
prioritdrios para a conserva¢do em Manaus. Conceigdo, B. S
(2013) Master Gestao de Areas Protegidas na Amazonia. Instituto
Nacional de Pesquisas da Amazdnia

Cornelius C, Awade M, Candia-Gallardo C, Sieving KE, Metzger JP
(2017) Habitat fragmentation drives inter-population variation in
dispersal behavior in a Neotropical rainforest bird. Perspect Ecol
Conserv 15(1):3-9. https://doi.org/10.1016/j.pecon.2017.02.002

Corsini M, Scholl EM, Di Lecce I, Chatelain M, Dubiec A, Szulkin M
(2021) Growing in the city: urban evolutionary ecology of avian
growth rates. Evol Appl 14(1):69-84. https://doi.org/10.1111/eva.
13081

Cote J, Bestion E, Jacob S, Travis J, Legrand D, Baguette M (2017)
Evolution of dispersal strategies and dispersal syndromes in frag-
mented landscapes. Ecography 40(1):56-73. https://doi.org/10.
1111/ecog.02538

Darrah AJ, Smith KG (2013) Comparison of foraging behaviors and
movement patterns of the wedge-billed woodcreeper (Glyphoryn-
chus spirurus) traveling alone and in mixed-species flocks in ama-
zonian ecuador. Auk 130(4):629-636. https://doi.org/10.1525/auk.
2013.13088

Dawideit BA, Phillimore AB, Laube I, Leisler B, Bohning-Gaese K
(2009) Ecomorphological predictors of natal dispersal distances
in birds. J Anim Ecol 78(2):388-395. https://doi.org/10.1111/j.
1365-2656.2008.01504.x

de Barbosa KVC, Rodewald AD, Ribeiro MC, Jahn AE (2020) Noise
level and water distance drive resident and migratory bird species
richness within a Neotropical megacity. Landscape Urban Plan
197:103769. https://doi.org/10.1016/j.Jandurbplan.2020.103769

Develey PF, Stouffer PC (2001) Effects of roads on movements by
understory birds in mixed-species flocks in Central Amazonian
Brazil. Conserv Biol 15(5):1416-1422. https://doi.org/10.1046/j.
1523-1739.2001.00170.x

Dingemanse NJ, Réale D (2005) Natural selection and animal personal-
ity. Behaviour 142(9):1159-1184. https://doi.org/10.1163/15685
3905774539445

Dingemanse NJ, Wolf M (2010) Recent models for adaptive person-
ality differences: a review. Philos Trans Royal Soc B Biol Sci
365(1560):3947-3958. https://doi.org/10.1098/rstb.2010.0221

Dingemanse NJ, Both C, Drent PJ, Van Oers K, Van Noordwijk AJ
(2002) Repeatability and heritability of exploratory behaviour in
great tits from the wild. Anim Behav 64(6):929-938. https://doi.
org/10.1006/anbe.2002.2006

Dingemanse NJ, Both C, Van Noordwijk AJ, Rutten AL, Drent PJ
(2003) Natal dispersal and personalities in great tits (Parus
major). Proc Royal Soc Biol Sci 270(1516):741-747. https://doi.
org/10.1098/rspb.2002.2300

Dingemanse NJ, Both C, Drent PJ, Tinbergen JM (2004) Fitness conse-
quences of avian personalities in a fluctuating environment. Proc
Royal Soc B Biol Sci 271(1541):847-852. https://doi.org/10.1098/
rspb.2004.2680

Fagan WF, Holmes EE (2006) Quantifying the extinction vortex.
Ecol Lett 9(1):51-60. https://doi.org/10.1111/j.1461-0248.2005.
00845.x

Fahrig L (2003) Effects of habitat fragmentation on biodiversity. Rev
Literat Arts Am 34(2003):487-515. https://doi.org/10.1146/
132419

Fahrig L (2007) Non-optimal animal movement in human-altered land-
scapes. Funct Ecol 21(6):1003-1015. https://doi.org/10.1111/j.
1365-2435.2007.01326.x

Fernandes AM, Gonzalez J, Wink M, Aleixo A (2013) Multilocus phy-
logeography of the Wedge-billed Woodcreeper Glyphorynchus
spirurus (Aves, Furnariidae) in lowland Amazonia: Widespread
cryptic diversity and paraphyly reveal a complex diversification
pattern. Mol Phylogenet Evol 66(1):270-282. https://doi.org/10.
1016/j.ympev.2012.09.033

Fox GA (2001) Chapter failure analysis. In: Scheiner SM, Gurevitch
J (eds) Design and analysis of ecological experiments samuel m
scheiner jessica gurevitch. Oxford University Press, pp 235-296

Fox RJ, Donelson JM, Schunter C, Ravasi T, Gaitan-Espitia JD (2019)
Beyond buying time: the role of plasticity in phenotypic adapta-
tion to rapid environmental change. Philosop Trans Royal Soc B
Biol Sci. https://doi.org/10.1098/rstb.2018.0174

Friard O, Gamba M (2016) BORIS: a free, versatile open-source event-
logging software for video/audio coding and live observations.
Methods Ecol Evol 7(11):1325-1330. https://doi.org/10.1111/
2041-210X.12584

Fuller RA, Warren PH, Gaston KJ (2007) Daytime noise predicts noc-
turnal singing in urban robins. Biol Let 3(4):368-370. https://doi.
org/10.1098/rsbl.2007.0134

Groothuis TGG, Carere C (2005) Avian personalities: characterization
and epigenesis. Neurosci Biobehav Rev 29(1):137-150. https://
doi.org/10.1016/j.neubiorev.2004.06.010

Haddad NM, Brudvig LA, Clobert J, Davies KF, Gonzalez A, Holt
RD, Lovejoy TE, Sexton JO, Austin MP, Collins CD, Cook WM,
Damschen EI, Ewers RM, Foster BL, Jenkins CN, King AJ, Laur-
ance WF, Levey DJ, Margules CR, Melbourne BA, Nicholis AO,
Orrock JL, Song DX, Townshend JR (2015) Habitat fragmentation
and its lasting impact on Earth’s ecosystems. Sci Adv 1(2):1-10.
https://doi.org/10.1126/sciadv.1500052

@ Springer


https://doi.org/10.1590/1809-43921989191241
https://doi.org/10.1126/science.aal3298
https://doi.org/10.1126/science.aal3298
https://doi.org/10.1016/j.cub.2013.02.023
https://doi.org/10.1002/ecs2.3401
https://doi.org/10.1111/brv.12007
https://doi.org/10.1111/brv.12007
https://doi.org/10.3389/fevo.2017.00053
https://doi.org/10.3389/fevo.2017.00053
https://doi.org/10.1098/rstb.2016.0037
https://doi.org/10.1098/rstb.2016.0037
https://doi.org/10.1098/rspb.2011.1922
https://doi.org/10.1016/j.pecon.2017.02.002
https://doi.org/10.1111/eva.13081
https://doi.org/10.1111/eva.13081
https://doi.org/10.1111/ecog.02538
https://doi.org/10.1111/ecog.02538
https://doi.org/10.1525/auk.2013.13088
https://doi.org/10.1525/auk.2013.13088
https://doi.org/10.1111/j.1365-2656.2008.01504.x
https://doi.org/10.1111/j.1365-2656.2008.01504.x
https://doi.org/10.1016/j.landurbplan.2020.103769
https://doi.org/10.1046/j.1523-1739.2001.00170.x
https://doi.org/10.1046/j.1523-1739.2001.00170.x
https://doi.org/10.1163/156853905774539445
https://doi.org/10.1163/156853905774539445
https://doi.org/10.1098/rstb.2010.0221
https://doi.org/10.1006/anbe.2002.2006
https://doi.org/10.1006/anbe.2002.2006
https://doi.org/10.1098/rspb.2002.2300
https://doi.org/10.1098/rspb.2002.2300
https://doi.org/10.1098/rspb.2004.2680
https://doi.org/10.1098/rspb.2004.2680
https://doi.org/10.1111/j.1461-0248.2005.00845.x
https://doi.org/10.1111/j.1461-0248.2005.00845.x
https://doi.org/10.1146/132419
https://doi.org/10.1146/132419
https://doi.org/10.1111/j.1365-2435.2007.01326.x
https://doi.org/10.1111/j.1365-2435.2007.01326.x
https://doi.org/10.1016/j.ympev.2012.09.033
https://doi.org/10.1016/j.ympev.2012.09.033
https://doi.org/10.1098/rstb.2018.0174
https://doi.org/10.1111/2041-210X.12584
https://doi.org/10.1111/2041-210X.12584
https://doi.org/10.1098/rsbl.2007.0134
https://doi.org/10.1098/rsbl.2007.0134
https://doi.org/10.1016/j.neubiorev.2004.06.010
https://doi.org/10.1016/j.neubiorev.2004.06.010
https://doi.org/10.1126/sciadv.1500052

778

Oecologia (2021) 196:763-779

Huang P, Kerman K, Sieving KE, Mary CM (2015) Evaluating the
novel-environment test for measurement of exploration by
bird species. J Ethol 34(1):45-51. https://doi.org/10.1007/
$10164-015-0444-6

Johnson MTJ, Munshi-South J (2017) Evolution of life in urban envi-
ronments. Science. https://doi.org/10.1126/science.aam8327

Kaplan EL, Meier P (1958) Nonparametric estimation from incomplete
observations. Am Statist Assoc 53(282):457-481. https://doi.org/
10.2307/2281868

Laurance WF, Camargo JLC, Luizao RCC, Laurance SG, Pimm SL,
Bruna EM, Stouffer PC, Bruce Williamson G, Benitez-Malvido
J, Vasconcelos HL, Van Houtan KS, Zartman CE, Boyle SA, Did-
ham RK, Andrade A, Lovejoy TE (2011) The fate of amazonian
forest fragments: a 32-year investigation. Biol Cons 144(1):56-67.
https://doi.org/10.1016/j.biocon.2010.09.021

Laurance WF, Camargo JLC, Fearnside PM, Lovejoy TE, William-
son GB, Mesquita RCG, Meyer CFJ, Bobrowiec PED, Laurance
SGW (2018) An Amazonian rainforest and its fragments as a
laboratory of global change. Biol Rev 93(1):223-247. https://
doi.org/10.1111/brv.12343

Lees AC, Peres CA (2008) Avian life-history determinants of local
extinction risk in a hyper-fragmented neotropical forest land-
scape. Anim Conserv 11(2):128-137. https://doi.org/10.1111/j.
1469-1795.2008.00162.x

Liu J, Coomes DA, Hu G, Liu J, YuJ, Luo Y, Yu M (2019) Larger
fragments have more late-successional species of woody plants
than smaller fragments after 50 years of secondary succession.
J Ecol. https://doi.org/10.1111/1365-2745.13071

Magnusson WE, Lima AP, Luizdo R, Luizdo F, Costa FRC, Cas-
tilho CV, Kinupp VF (2005) RAPELD: modification of the
gentry method for biodiversity surveys in long-term ecological
research sites. Biota Neotrop 5(2):1-6

Marantz CA, Aleixo A, Bevier LR, Patten MA, Christie DA (2020)
Wedge-billed Woodcreeper (Glyphorynchus spirurus), version
1.0. In Birds of the World. In: del Hoyo J, Elliott A, Sargatal
J, Christie DA, de Juana E (eds) Cornell Lab of Ornithology,
Ithaca. https://doi.org/10.2173/bow.webwoo1.01

Martin AE, Desrochers A, Fahrig L (2017) Homogenization of
dispersal ability across bird species in response to landscape
change. Oikos 126(7):996-1003. https://doi.org/10.1111/oik.
03859

Merckx T, Van Dyck H (2006) Landscape structure and phenotypic
plasticity in flight morphology in the butterfly Pararge aegeria.
Oikos 113(2):226-232

Merckx T, Van Dyck H, Karlsson B, Leimar O (2003) The evolution of
movements and behaviour at boundaries in different landscapes: a
common arena experiment with butterflies. Proc Royal Soc Biol
Sci 270(1526):1815-1821. https://doi.org/10.1098/rspb.2003.
2459

Merckx T, Kaiser A, Van Dyck H (2018a) Increased body size along
urbanization gradients at both community and intraspecific level
in macro-moths. Glob Change Biol 24(8):3837-3848. https://doi.
org/10.1111/gcb.14151

Merckx T, Souffreau C, Kaiser A, Baardsen LF, Backeljau T, Bonte D,
Brans KI, Cours M, Dahirel M, Debortoli N, De Wolf K, Engelen
JMT, Fontaneto D, Gianuca AT, Govaert L, Hendrickx F, Higuti
J, Lens L, Martens K, Van Dyck H (2018b) Body-size shifts in
aquatic and terrestrial urban communities. Nature 558(7708):113—
116. https://doi.org/10.1038/s41586-018-0140-0

Mettke-Hofmann C, Rowe KC, Hayden TJ, Canoine V (2006) Effects
of experience and object complexity on exploration in garden war-
blers (Sylvia borin). J Zool 268(4):405-413. https://doi.org/10.
1111/5.1469-7998.2005.00037.x

Mil4 B, Wayne RK, Fitze P, Smith TB (2009) Divergence with gene
flow and fine-scale phylogeographical structure in the Wedge-
billed Woodcreeper (Glyphorynchus spirurus), a neotropical

@ Springer

rainforest bird. Mol Ecol 18(14):2979-2995. https://doi.org/10.
1111/j.1365-294X.2009.04251.x

Norberg UM (1979) Morphology of wings, legs and tail of three conif-
erous forest tits, the goldcrest, and the treecreeper in relation to
locomotor pattern and feeding station selection. Philos Trans R
Soc Lond 287(1019):131-165. https://doi.org/10.1098/rstb.1979.
0054

Olden JD, Rooney TP (2006) On defining and quantifying biotic
homogenization. Glob Ecol Biogeogr 15(2):113-120. https://doi.
org/10.1111/.1466-822X.2006.00214.x

Paradis E, Baillie SR, Sutherland WIJ, Gregory RD (1998) Patterns of
natal and breeding dispersal in birds. J Anim Ecol 67(4):518-536.
https://doi.org/10.1046/j.1365-2656.1998.00215.x

Parra-Sanchez E, Banks-Leite C (2020) The magnitude and extent
of edge effects on vascular epiphytes across the Brazilian
Atlantic Forest. Sci Rep 10(1):1-11. https://doi.org/10.1038/
$41598-020-75970-1

Parris KM (2016) Ecology of urban environments. John Wiley and
Sons Ltd

Patankar S, Jambhekar R, Suryawanshi KR, Nagendra H (2021) Which
traits influence bird survival in the city? Rev Land 10(2):1-23.
https://doi.org/10.3390/1and 10020092

Piano E, Souffreau C, Merckx T, Baardsen LF, Backeljau T, Bonte
D, Brans KI, Cours M, Dahirel M, Debortoli N, Decaestecker E,
De Wolf K, Engelen JMT, Fontaneto D, Gianuca AT, Govaert L,
Hanashiro FTT, Higuti J, Lens L, Hendrickx F (2020) Urbaniza-
tion drives cross-taxon declines in abundance and diversity at mul-
tiple spatial scales. Glob Change Biol 26(3):1196-1211. https://
doi.org/10.1111/gcb.14934

Poblete Y, Gutiérrez V, Cid V, Newsome SD, Sabat P, Vasquez RA
(2018) Intraspecific variation in exploratory behavior and ele-
vational affinity in a widely distributed songbird. Oecologia
186(4):931-938. https://doi.org/10.1007/s00442-018-4076-8

Powell LL, Wolfe JD, Johnson EI, Hines JE, Nichols JD, Stouffer PC
(2015) Heterogeneous movement of insectivorous Amazonian
birds through primary and secondary forest: a case study using
multistate models with radiotelemetry data. Biol Cons 188:100—
108. https://doi.org/10.1016/j.biocon.2015.01.028

Piittker T, Crouzeilles R, Almeida-Gomes M, Schmoeller M, Mau-
renza D, Alves-Pinto H, Pardini R, Vieira MV, Banks-Leite C,
Fonseca CR, Metzger JP, Accacio GM, Alexandrino ER, Barros
CS, Bogoni JA, Boscolo D, Brancalion PHS, Bueno AA, Cambui
ECB, Prevedello JA (2020) Indirect effects of habitat loss via
habitat fragmentation: a cross-taxa analysis of forest-dependent
species. Biol Conserv 241:108368. https://doi.org/10.1016/j.bio-
con.2019.108368

R Core Team (2018) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. https://www.R-project.org/.

Sekercioglu CH, Ehrlich PR, Daily GC, Aygen D, Goehring DM,
Sandi RFRF, Sekercioglu CH, Ehrlich PR, Daily GC, Aygen D,
Goehring DM, Sandi RFRF (2002) Disappearance of insectivo-
rous birds from tropical forest fragments. Proc Natl Acad Sci USA
99(1):263-267. https://doi.org/10.1073/pnas.012616199

Senar JC, Garamszegi LZ, Tilgar V, Biard C, Moreno-Rueda G,
Salmén P, Rivas JM, Sprau P, Dingemanse NJ, Charmantier A,
Demeyrier V, Navalpotro H, Isaksson C (2017) Urban great tits
(Parus major) show higher distress calling and pecking rates than
rural birds across Europe. Front Ecol Evolution 5:1-10. https://
doi.org/10.3389/fevo.2017.00163

Slade EM, Merckx T, Riutta T, Bebber DP, Redhead D, Riordan P,
Macdonald DW (2013) Life-history traits and landscape charac-
teristics predict macro-moth responses to forest fragmentation.
Ecology 94(7):1519-1530. https://doi.org/10.1890/12-1366.1

Sprau P, Dingemanse NJ (2017) An approach to distinguish between
plasticity and non-random distributions of behavioral types along


https://doi.org/10.1007/s10164-015-0444-6
https://doi.org/10.1007/s10164-015-0444-6
https://doi.org/10.1126/science.aam8327
https://doi.org/10.2307/2281868
https://doi.org/10.2307/2281868
https://doi.org/10.1016/j.biocon.2010.09.021
https://doi.org/10.1111/brv.12343
https://doi.org/10.1111/brv.12343
https://doi.org/10.1111/j.1469-1795.2008.00162.x
https://doi.org/10.1111/j.1469-1795.2008.00162.x
https://doi.org/10.1111/1365-2745.13071
https://doi.org/10.2173/bow.webwoo1.01
https://doi.org/10.1111/oik.03859
https://doi.org/10.1111/oik.03859
https://doi.org/10.1098/rspb.2003.2459
https://doi.org/10.1098/rspb.2003.2459
https://doi.org/10.1111/gcb.14151
https://doi.org/10.1111/gcb.14151
https://doi.org/10.1038/s41586-018-0140-0
https://doi.org/10.1111/j.1469-7998.2005.00037.x
https://doi.org/10.1111/j.1469-7998.2005.00037.x
https://doi.org/10.1111/j.1365-294X.2009.04251.x
https://doi.org/10.1111/j.1365-294X.2009.04251.x
https://doi.org/10.1098/rstb.1979.0054
https://doi.org/10.1098/rstb.1979.0054
https://doi.org/10.1111/j.1466-822X.2006.00214.x
https://doi.org/10.1111/j.1466-822X.2006.00214.x
https://doi.org/10.1046/j.1365-2656.1998.00215.x
https://doi.org/10.1038/s41598-020-75970-1
https://doi.org/10.1038/s41598-020-75970-1
https://doi.org/10.3390/land10020092
https://doi.org/10.1111/gcb.14934
https://doi.org/10.1111/gcb.14934
https://doi.org/10.1007/s00442-018-4076-8
https://doi.org/10.1016/j.biocon.2015.01.028
https://doi.org/10.1016/j.biocon.2019.108368
https://doi.org/10.1016/j.biocon.2019.108368
https://www.R-project.org/
https://doi.org/10.1073/pnas.012616199
https://doi.org/10.3389/fevo.2017.00163
https://doi.org/10.3389/fevo.2017.00163
https://doi.org/10.1890/12-1366.1

Oecologia (2021) 196:763-779

779

urban gradients in a wild passerine bird. Front Ecol Evolution
5:1-8. https://doi.org/10.3389/fevo.2017.00092

Stouffer PC, Johnson EI, Bierregaard RO (2013) Breeding seasonal-
ity in central Amazonian rainforest birds. Auk 130(3):529-540.
https://doi.org/10.1525/auk.2013.12179

Stuber EF, Araya-Ajoy YG, Mathot KJ, Mutzel A, Nicolaus M, Wij-
menga JJ, Mueller JC, Dingemanse NJ (2013) Slow explorers take
less risk: a problem of sampling bias in ecological studies. Behav
Ecol 24(5):1092-1098. https://doi.org/10.1093/beheco/art035

Tubaro PL, Lijtmaer DA, Palacios MG, Kopuchian C (2002) Adaptive
modification of tail structure in relation to body mass and buck-
ling in woodcreepers. Condor 104(2):281-296. https://doi.org/10.
1650/0010-5422(2002)104[0281: AMOTSI]2.0.CO;2

Van Houtan KS, Pimm SL, Halley JM, Bierregaard RO, Lovejoy TE
(2007) Dispersal of Amazonian birds in continuous and frag-
mented forest. Ecol Lett 10(3):219-229. https://doi.org/10.1111/j.
1461-0248.2007.01004.x

Van Oers K, Drent PJ, De Goede P, Van Noordwijk AJ (2004) Realized
heritability and repeatability of risk-taking behaviour in relation to

avian personalities. Proc Royal Soc B Biol Sci 271(1534):65-73.
https://doi.org/10.1098/rspb.2003.2518

Verbeek MEM (1998) Bold or cautious: behavioural characteristics and
dominance in great tits. University of Wageningen

Verbeek MEM, Drent PJ, Wiepkema PR (1994) Consistent individual
differences in early exploratory behaviour of male great tits. Anim
Behav 48(5):1113-1121. https://doi.org/10.1006/anbe.1994.1344

Verbeek MEM, Boon A, Drent PJ (1996) Exploration, aggressive
behavior and dominance in pair-wise confrontations of juvenile
male great tits. Behavior 133(11-12):945-963. https://doi.org/10.
1163/156853996X00314

Warzecha D, Diekotter T, Wolters V, Jauker F (2016) Intraspecific
body size increases with habitat fragmentation in wild bee pollina-
tors. Landscape Ecol 31(7):1449-1455. https://doi.org/10.1007/
$10980-016-0349-y

Zefter A, Norberg UML (2003) Leg morphology and locomotion in
birds: requirements for force and speed during ankle flexion. J
Exp Biol 206(6):1085-1097. https://doi.org/10.1242/jeb.00208

@ Springer


https://doi.org/10.3389/fevo.2017.00092
https://doi.org/10.1525/auk.2013.12179
https://doi.org/10.1093/beheco/art035
https://doi.org/10.1650/0010-5422(2002)104[0281:AMOTSI]2.0.CO;2
https://doi.org/10.1650/0010-5422(2002)104[0281:AMOTSI]2.0.CO;2
https://doi.org/10.1111/j.1461-0248.2007.01004.x
https://doi.org/10.1111/j.1461-0248.2007.01004.x
https://doi.org/10.1098/rspb.2003.2518
https://doi.org/10.1006/anbe.1994.1344
https://doi.org/10.1163/156853996X00314
https://doi.org/10.1163/156853996X00314
https://doi.org/10.1007/s10980-016-0349-y
https://doi.org/10.1007/s10980-016-0349-y
https://doi.org/10.1242/jeb.00208

	Phenotypic variation in a neotropical understory bird driven by environmental change in an urbanizing Amazonian landscape
	Abstract
	Introduction
	Adjustments in behavioral phenotype
	Adjustments in morphological phenotype
	Objectives

	Methods
	Study site and experimental design
	Novel environment test and behavioral traits
	Morphological traits
	Statistical analyses
	Variation of behavioral and morphological traits
	Variation in latency times


	Results
	Exploratory behavior and morphology
	Latency times

	Discussion
	Behavioral differences
	Morphological differences
	Limitations and sampling bias

	Conclusion
	Acknowledgements 
	References




