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Amazonian rivers represent known barriers for avian dispersal, reducing gene flow and
enhancing differentiation. Despite the importance of rivers in the avian evolutionary
process, we have made only minor advances in understanding the limitations imposed
by rivers on flying birds. To fill that gap, we conducted dispersal-challenge experiments
over water, assessing the flying capabilities of 84 tropical bird species of 22 different
avian families. We mist-netted and released 484 birds from a stationary boat on the
Rio Branco, northern Amazonia, at increasing distances from the shore, including 249
individuals at 100; 219 at 200; 8 at 300; and 5 at 400 m. A successful trial was
represented by a bird reaching the riverbank, whereas a failure would refer to birds
not reaching the shore and landing on the water, when they were rescued by our
team. Our main goal was to understand if the outcome in the experiments could
be predicted by () phylogenetic constraints, (i) morphology (body mass and wing
shape), (iii) flight speed, (iv) ecological preferences (stratum, habitat, and river-island
specialization), and (v) psychological reluctance to fly. Nearly two thirds of the individuals
(832) were successful in reaching the riverbank, whereas 152 failed. We found significant
differences among lineages. Whereas seven avian families succeeded in all of the trials,
two families (antbirds and wrens) were particularly bad dispersers (<40% success). The
hand-wing index (HWI) was the single most powerful predictor of trial success. Flying
speed was also a significant predictor of success. Overall, ecological attributes had
a low explanatory power. Only forest stratum preference had a significant, although
weak, effect on dispersal ability: canopy- and ground-dwellers performed better than
understory birds. However, we found no effect of habitat preference or river-island
specialization on dispersal ability. Our speed estimates for 64 bird species are among
the first produced for the tropics and suggest slower flying speeds than those reported
from temperate migratory birds. Although birds showed behavioral differences when
presented with the opportunity to fly away from the boat, we found no evidence that their
reluctance to fly could predict the outcome in the experiments. This represents the first
experimental study evaluating the riverine effect through dispersal ability of Amazonian
birds, providing important insights to better understand dispersal limitations provided by
riverine barriers.
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INTRODUCTION

Given their ability to fly, birds are considered the most vagile
class of terrestrial vertebrates, evidenced by their capacity to
colonize even the most remote oceanic islands (Lees and Gilroy,
2014). However, it is well known that many avian taxa have river-
bounded distributions, particularly in the Amazon basin, where
dozens of avian lineages have morphologically and genetically
distinct close relatives separated by rivers (Haffer, 1992; Naka
et al., 2012). In fact, Amazonian rivers are known to represent
important biogeographical boundaries (Haffer, 1969) and are
traditionally used to delimit areas of endemism (Cracraft, 1985).
First described for primates and birds (Wallace, 1852; Ayres and
Clutton-Brock, 1992), the riverine effect on biodiversity has now
been documented in other groups, such as butterflies (Brown,
1982; Rosser et al., 2021), frogs (Fouquet et al., 2012), lizards
(Avila-Pires, 1995; Pirani et al., 2019), and plants (Nazareno et al.,
2021). However, it is among birds that this phenomenon is best
known and best documented. River-bounded pairs of taxa are
often represented by different subspecies in polytypic species
or by allospecies in species complexes. The riverine effect on
birds was first described for mighty Amazonian rivers such as
the Amazon itself and its larger tributaries, like the Madeira, or
the Negro, but we now know that even relatively small rivers,
such as the Branco, the Aripuand, and the Jiparana also define
the distributions of several pairs of avian taxa (Naka, 2011;
Fernandes et al., 2014).

Although the role of rivers as primary or secondary barriers in
the avian evolutionary process remains controversial (Naka and
Brumfield, 2018), the fact that rivers do somehow limit dispersal
and gene flow is well accepted (Haffer, 1992; Musher et al., 2022).
In the last three decades, we have advanced considerably in
gathering genetic evidence showing gene flow restrictions across
rivers (Capparella, 1988, 1991; Ribas et al., 2012), but we had
made only minor advances in understanding the real limitations
that current rivers impose on flying birds.

Dispersal is one of the main forces of evolution and a
key factor for understanding current and historic patterns
of gene flow and differentiation. Dispersal also may affect
community structure and composition of species assemblages.
Therefore, understanding the capacity of species to move
through the landscape can have direct implications for
both evolutionary biology and ecology, and can be used to
inform models of differentiation, community ecology, and
biological conservation. For instance, high dispersal ability
may provide the means to conquer new areas, stimulating
peripatric speciation, but it could also facilitate gene flow and
population homogenization, preventing species differentiation
(Claramunt et al., 2012). Dispersal ability can also define
which species colonize islands (MacArthur and Wilson, 1967;
Lees and Gilroy, 2014) or which species are able to persist
in fragmented landscapes (Burkey, 1989; Moore et al., 2008;
Lees and Peres, 2009). Likewise, population connectivity in
fragmented landscapes depends on species dispersal ability,
which are mostly unreported for most tropical bird species
(Hartfelder et al., 2020; Tourinho et al., 2022; Claramunt et al.,
2022).

Given the flying capacity of birds, it is often assumed that
features other than their flying apparatus should be involved
in limiting species dispersal (Diamond, 1981). For instance,
forest-interior species could be less prone to cross a river than
open habitat birds due to their inexperience in dealing with
heavily illuminated environments. In fact, some forest-interior
Amazonian species exhibit higher dispersal abilities than non-
specialized birds. Finally, behavioral reticence or reluctance to
even attempt gap-crossing flights may also play an important role
(Diamond, 1981; Laurance et al., 2004). From a bird’s perspective,
crossing an open gap of water may represent more than a
physical challenge, it may also mean venturing into a harsh,
hostile environment.

On the other hand, recent studies have shown that flight
capabilities and long-distance flight efficiency likely represent
a key aspect for avian dispersal and gap-crossing tendencies
(Moore et al., 2008; Ibarra-Macias et al., 2011; Claramunt et al.,
2012; Claramunt, 2021; Claramunt et al., 2022). Therefore, flight
speed could also represent an important variable, as faster birds
may be more prone to successfully cross a riverine barrier than
slower birds. Unfortunately, data on avian flying speed are not
only rare, but mostly restricted to temperate migratory non-
passerines (Alerstam et al., 2007; Pennycuick et al., 2013), and are
virtually non-existent for tropical birds. Therefore, while multiple
factors may be involved in determining a species ability to cross
an inhospitable barrier, it is important to evaluate both physical,
ecological, and behavioral constraints.

Moore et al. (2008) conducted one of the first experiments of
dispersal limitation in tropical birds, assessing the ability of 10
forest-dwelling species to fly over a known distance in a lake in
Panama. In that study, mist-netted birds were released at different
distances from the shore, and the trial outcomes (success or
failure) were correlated with species extinctions and colonization
in forest fragments. This novel experimental approach has
provided empirical evidence on the flight capabilities and
limitations of tropical forest birds.

In this study, we used dispersal-challenge experiments over
water to assess the barrier crossing capabilities of 84 tropical
bird species widely distributed throughout the avian tree of life.
Specifically, we aimed at understanding if success or failure in
the dispersal experiments could be predicted by (i) phylogenetic
constraints, (i) morphology (body mass and wing shape), (iii)
flight speed, (iv) habitat and microhabitat preferences, and (v)
psychological reluctance to fly. To answer these questions, we
mist-netted wild birds in riparian habitats along the Rio Branco,
a medium-sized river in northern Amazonia, and released them
from an anchored boat at known distances to the shore. We
assessed success or failure in the experiments, and measured
flight speed and an estimation of an individual’s reluctance to fly
once they were released. We described the experimental results,
evaluating differences among species and families, and correlated
those results with the potential effect of dispersal ability on
the evolutionary process. This represents the first experimental
study to evaluate the effect of a riverine barrier through the
dispersal ability of Amazonian birds and provides important
insights to better understand the limitations provided by riverine
barriers in the tropics.
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MATERIALS AND METHODS
Study Area

This study was conducted along the Rio Branco, located in
the Brazilian state of Roraima, northern Amazonia. Despite its
relatively short length (~550 km), the Rio Branco represents
the largest tributary of the Rio Negro (Goulding et al,
2003). The Rio Branco has a complicated hydrological setting,
with blackwater, whitewater and clearwater tributaries, but
generally it is considered a sediment-rich white-water river,
particularly during the rainy season (Rios-Villamizar et al,
2013). Geologically and biogeographically, the Rio Branco can
be divided in the lower and upper sections, which host different
avifaunas (Naka et al., 2007, 2020). All of our sampling was
conducted on riparian habitats on the lower Rio Branco, where
tall flooded forests, Cecropia-dominated riverine forests, and
sandbar scrub are all intermingled throughout the landscape
(Naka et al., 2020).

With over 430 bird species recorded, the avifauna of the Rio
Branco is possibly the best documented for any Amazonian river
(Naka et al., 2006, 2007, 2020; Laranjeiras et al., 2014, 2019, 2021).
The river has been referred to as a biogeographical and ecological
hotspot, due to the diversity of habitats along its margins and the
powerful biogeographical effect that this river has on the non-
flooded terra-firme forest avifauna (Naka et al., 2020). Phenotypic
and genotypic studies have shown that the river represents a
biogeographical barrier for at least 40 pairs of avian taxa (Naka,
2011; Naka et al., 2012; Naka and Brumfield, 2018), offering
a unique opportunity to test avian dispersal abilities in a real
biogeographical scenario.

Dispersal Experiments

We conducted dispersal experiments during two dry seasons
(October 2013 and September—October 2014) using 511 birds
(157 and 354, respectively). We adopted the ‘dispersal challenge’
approach used by Moore et al. (2008), where birds were captured
using mist-nets and released from a stationary boat at specified
distances from the shore (100, 200, 300, and 400 m). Only species
that succeeded at 100 m were challenged to cross 200 m and so
on. Only two species were used in trials at 300 and 400 m. These
distances (100-400 m) are conservative, as large Amazonian
rivers are generally much wider, but may account for the use of
river islands as stepping-stones to cross a riverine barrier.

We mist-netted birds in various riparian habitats, including
sandbar scrubs, Cecropia-dominated riverine forests, tall flooded
(vdrzea) forests, and tall transitional forest. We minimized bird
handling time to a minimum, checking mist-nets every 30 min
in shaded tall forests and every 15 min on more exposed river
islands. Upon capture, birds were identified, photographed, and
visually aged and sexed, when possible. Birds were manipulated
only to obtain photographs and measurements of body mass
and wingspan, and then placed in individual cloth bags. Birds
were marked by partially clipping the tip of one of the rectrices
to avoid using the same bird in subsequent trials. Birds were
transported to our release station (an anchored boat) within
30 min of capture. Prior to being released, birds were held in

a box for 1 min, and then were allowed to fly back to the
river bank. Upon release, at least two people followed the birds
with binoculars and a third member of the team recorded the
duration of flight with a digital stopwatch. Birds usually flew
straight to the closest bank. When this was not the case, and
birds covered longer distances, we measured the actual distance
flown with the aid of a GPS. A second (non-anchored boat) was
always ready to rescue birds that “failed” the dispersal trial and
landed on the water. Birds that showed obvious signs of stress
(weak, panting) were not used in the experiments. We measured
wing speed prior to each release session using a Instrutemp
Icel anemometer (model 3010), avoiding releasing birds under
strong wind conditions (> 3 m/sec). We measured flight speed
by quantifying flight duration over a known distance. For the
speed estimates, we excluded birds that (i) did not fly at all,
(ii) landed on the water, (iii) did not fly to the shore’s nearest
point, (iv) did not fly in a straight line (performed zigzags or
detours), (v) performed circles around the boat, or (vi) did not
go to the shore (for ex., swallows). Birds were captured and
released under a Research License granted to LNN by the Chico
Mendes Institute for Biodiversity Conservation (ICMBio) from
the Brazilian Ministry of the Environment (license no. 30112-1
and subsequent renewals).

Morphological Predictors
We obtained morphological measurements exclusively from
museum specimens. The overwhelming majority of specimens
measured for this study were collected from the Rio Branco,
minimizing geographical variation within species. Most of
these specimens are currently held at the Universidad Federal
de Pernambuco’s ornithological collection. To avoid potential
biases, a single person (BC) was responsible for measuring
all birds. In a few cases, for species with a single sample,
we included measurements from specimens held at the Royal
Ontario Museum, which were measured by SC and collaborators.
From these specimens we estimated the hand-wing index
(HWI), which reflects the degree of elongation of the distal
portion of the wing (Kipp, 1959; Claramunt and Wright, 2017).
The HWI is a proxy for the aspect ratio of the wing, and
thus reflects the energetic efficiency of forward flight in birds
(Norberg, 1990; Pennycuick, 2008). We calculated the HWT as
100"K/WL, where K is Kipp’s distance, the distance between
the tip of the longest primary and the tip of secondary 1
on the closed wing, and WL is the traditional wing length
measured from the carpal joint to the tip of the longest primary
(Claramunt and Wright, 2017). Alternatively, we estimated K
as WL - S1, where SI is the distance between the carpal joint
and the tip of the first secondary feather, the most distal flight
feather of the forearm, which produces very similar results
(Claramunt and Wright, 2017).

Ecological Predictors

We tested as ecological predictors: (i) foraging stratum, (ii)
habitat preference, and (iii) river-island specialization. Species
categorizations presented in Table 1 were obtained from our own
experience on riparian habitats on the Rio Branco, which we have
studied for over a decade (Naka et al., 2020). We understand
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that in a few cases, these may diverge from what species do
elsewhere in Amazonia, but to the best of our knowledge,
they represent the best categorization for this avifauna. We
obtained data on habitat preference from hundreds of point
counts conducted on the Rio Branco and its tributaries, which is
available in the Supplementary Material of our recent publication
(Naka et al., 2020).

Psychological Predictors

Upon release (i.e., opening the concealing box), not all birds
flew immediately. Whereas some birds flew immediately upon
the opening of the box, other individuals took their time. The
time that each bird took to fly off the boat differed among
individuals. We considered this waiting period as the reluctance
to fly (measured in seconds). This period ranged from 0 to 5 min.
When a bird refuse to take off after the 5-min period, the dispersal
experiment was canceled, and the bird was taken back to the
shore and released in its natural habitat.

Statistical Analyses

We estimated the phylogenetic signal or phylogenetic inertia
in variables using the phylosig function in the phytools 0.7
library (Revell, 2012). Phylogenetic signal is assessed through a
“lambda” transformation of internal branch lengths (Pagel, 1999).
Lambda approximates zero when there is no or low phylogenetic
signal and approximates to 1 when there is a high phylogenetic
signal, showing Brownian motion-like phylogenetic inertia. We
estimated lambda via maximum likelihood and present tests of
whether lambda is equal to 0, using likelihood ratio tests.

We analyzed the relationship between morphological and
ecological predictors and river-crossing success during the
dispersal experiments using phylogenetic logistic regression
models, which were implemented in the generalized estimating
equation function compar.gee (Paradis and Claude, 2002)
in the ape 54 R package (Paradis and Schliep, 2019). We
modeled the frequency of success and failure by specifying
a binomial distribution for the response and used a
phylogenetic correlation structure to model phylogenetic
non-independence among species.

The species phylogeny was obtained from birdtree.org using
the Hackett et al. (2008) backbone topology and the V2.iii
calibrations (Jetz et al, 2014). The final, maximum clade
credibility tree, was then obtained from the sample of 1000
trees using the function maxCladeCred in phangorn 2.6.3
(Schliep, 2011).

Phylogenetic non-independence was taken into account by
correlation structures that model the evolution of residuals along
the branches of the phylogeny. We evaluated the performance
of four phylogenetic correlation structures available in the
ape library, including Brownian, Lambda, Martins, and Grafen
(Grafen, 1989; Martins and Hansen, 1997; Pagel, 1999; Freckleton
et al., 2002). We chose the correlation structure that minimized
the quasi-likelihood information criterion (QIC, Paradis and
Claude, 2002). We also used QIC to evaluate the relative fit of
different models. To evaluate whether predictor coefficients were
different from zero, we used ¢ tests with phylogenetically adjusted
degrees of freedom (Paradis and Claude, 2002). As a measure

of absolute model fit, we estimated coeflicients of determination
based on squared correlation coefficients between the observed
frequency of success and the predicted probabilities estimated
by the models (Agresti, 2007), with weights determined by the
number of experiments done for each species.

For our speed estimates, we only used experiments at 100 and
200 m from the coast, which represented more than 95% of the
sample. Given that the average flight speeds were nearly identical
at 100 and 200 m, we lumped those results, obtaining a single
speed estimate per species, which is presented in Table 1.

RESULTS

Dispersal Experiments

We conducted dispersal experiments on 484 individuals,
representing 84 species, belonging to six avian orders and 22
families (Table 1). We captured an additional 27 birds, which
were excluded from the analyses for various reasons (explained
in section Materials and Methods), but mostly because they
refused to fly off the boat. Most of our sample (85%) was
composed of passerine birds of 16 different families. Six of
these families (Thamnophilidae, 130 spp; Thraupidae, 76 spp.;
Furnariidae, 63 spp.; Tyrannidae, 48 spp.; Pipridae, 41 spp. and
Dendrocolaptidae, 28 spp.) accounted for 75% (386 ind.) of the
trials. On average, we sampled 6.6 birds per species (£ 7.8),
with a median of 4 birds. Fifteen species were represented by
singletons and 14 by doubletons, whereas 30 species had at
least 5 replicates, and 5 species participated in more than 20
experiments (Table 1). A total of 249 birds of 68 species were
released 100 m from the shore, 219 of 58 species at 200 m, 8
of 2 species (Pipra filicauda and Ramphocelus carbo) at 300 m
and 4 individuals of a single species (Pipra filicauda) at 400 m
(Supplementary Table S1).

About two thirds of the birds (172 individuals of 56 species)
were successful in reaching the river bank at 100 m, whereas
the other third (77 individuals of 29 species) failed to do
so. An almost identical rate of success was apparent on the
200 m trials, where 146 individuals of 42 species managed
to cross the water gap and 73 of 30 species failed. All 13
birds that were released at 300 and 400 m were successful,
but they only represented two species. We found a clear
variation in trial success among species; a total of 36 bird
species (43%) succeeded in all their challenges, whereas 14
species (17%) failed in all of theirs (Table 1). On the other
hand, 34 species (40%) had both successes and failures
in the experiments. This variation was also evident at the
family level (Figure 1). Seven of the 22 avian families tested,
succeeded in 100% of the trials (Columbidae, Alcedinidae,
Galbulidae, Picidae, Formicariidae, Tytiridae, Hirundinidae,
and Parulidae), although two of these included less than 5 trials
(Formicariidae and Tytiridae). Seven families succeeded in
75-90% of the trials (Cuculidae, Trochilidae, Dendrocolaptidae,
Furnariidae, Tyrannidae, Pipridae, and Thraupidae). Another six
families succeeded in 50-70% of the trials (Onychorhynchidae,
Rhynchocyclidae, Columbidae, Vireonidae, Turdidae, and
Passerellidae), although the last four families had fewer than 5
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TABLE 1 | Eighty-four (84) bird species included in the dispersal experiments, including rates of success and failure, average speed, and main habitats, microhabitat and
stratum used based by each species (based on Naka et al., 2020). Numbers in parentheses after family names indicate the number of experiments per family.

Family/Species Succ-Fail Ave. speed (m/sec) Mass (g) Kipp’s index Stratum? Microhabitat and Habitats3
specialization?
Columbidae (3)
Patagioenas subvinacea 1-0 121 228 26.4 C F. edge GF VF Tr
Geotrygon montana 0-1 NA 130 28.7 G F. interior VF Tr
Leptotila rufaxilla 1-0 10.9 137 241 G F. edge S RFGF VFIg
Cuculidae (5)
Crotophaga ani 4-1 7.5 80.6 22.4 U Open habs. S GF RF VF
Trochilidae (16)
Glaucis hirsutus 4-0 12.8 5.1 56.6 u F. interior VFTr
Phaethornis rupurumii 7-3 10.1 2.5 62.5 U F. interior GF VF
Chlorestes notata 2-0 8.8 3.5 56.7 U F. edge RF VF Ig
Alcedinidae (7)
Chloroceryle aenea 7-0 8.6 14.5 22.9 U F. edge W VF
Galbulidae (2)
Galbula galbula 2-0 NA 19.4 20.4 U F. edge GF RF VF Ig
Picidae (2)
Celeus elegans 1-0 5.6 123.5 19.2 C F. interior VF Tr
Colaptes punctigula 1-0 9.9 63 174 C F. edge GF RF VF
Thamnophilidae (120)
Myrmotherula axillaris 4-5 6.6 125 13 U F. interior VF Trlg
Myrmotherula assimilis 0-1 NA 10 12.2 U F. interior (RI) VF Ig
Isleria guttata 0-1 NA 10.5 11.2 u F. interior Tr
Thamnomanes caesius 1-1 71 17.2 14 U F. interior VF Tr
Sakesphorus canadensis 1-3 NA 26.4 71 U F. edge S GFRFVFIg
Thamnophilus doliatus 0-1 NA 26.5 9.2 U F. edge S GF RFIg
Thamnophilus murinus 0-1 NA 17 1.6 U F. interior Tr
Thamnophilus punctatus 1-0 6.3 21 7.6 U F. interior Tr
Thamnophilus aethiops 1-3 9.4 26.2 9.8 0] F. interior Tr
Taraba major 1-0 NA 53 9.7 U F. edge GF RF VF
Hypocnemoides melanopogon 7-18 8.4 12.3 15.9 0] F. interior VF Ig
Hylophylax naevius 1-0 NA 12.3 NA 0] F. interior VF
Hylophylax punctulatus 14-8 7.9 11.5 12 U F. interior VF
Myrmoborus leucophrys 0-10 NA 18.5 121 U F. interior GF VF
Myrmoborus lugubris 3-5 7.9 20 12.3 U F. interior (RI) RF VF
Percnostola rufifrons 0-2 NA 29.7 10.1 U F. interior Trlg
Cercomacra carbonaria 5-13 5.5 14.7 13.3 U F. edge (RI) GF RF
Cercomacra tyrannina 1-2 6.3 16.8 12.3 0] F. interior VF Tr
Hypocnemis cantator 0-1 NA 12 9.7 U F. interior Tr
Hypocnemis flavescens 0-1 NA 12 10 0] F. interior Tr
Gymnopithys rufigula 3-1 52 29.5 121 0] F. interior Tr
Formicariidae (1)
Formicarius colma 1-0 8 55 135 G F. interior VF Tr
Dendrocolaptidae (27)
Glyphorynchus spirurus 1-0 55 12 22.5 0] F. interior Tr
Nasica longirostris 2-0 7.6 53.5 16.4 C F. edge GF RF VF Ig
Dendrocolaptes certhia 0-1 NA 63 16.6 C F. interior Tr
Xiphorhynchus obsoletus 11-2 7.8 29.2 18.9 0] F. interior RF VF Ig
Xiphorhynchus guttatus 7-2 7.9 46.5 16.7 C F. interior GF VF Tr
Dendroplex kienerii 1-0 6.7 42 19.6 C F. interior RF VF Ig
Furnariidae (60)
Furnarius leucopus 14-0 8 33.4 13.4 G F. edge S GF RF
(Continued)
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TABLE 1 | (Continued)

Family/Species Succ-Fail Ave. speed (m/sec) Mass (g) Kipp’s index Stratum? Microhabitat and Habitats3
specialization?
Philydor pyrrhodes 2-0 9.8 28 19.3 V] F. interior VFTr
Cranioleuca vulpina 5-1 8 16.1 16.8 U F. edge S RF VF
Mazaria propinqua 3-7 4.6 17.0 10 U F. edge (RI) S
Synallaxis gujanensis 21-7 7.3 16.2 12.3 G F. interior S RF VF
Onychorhynchidae (2)
Mlyiobius barbatus 1-1 5.9 13.5 14.5 V] F. interior VF
Pipridae (41)
Pipra filicauda 36-5 10.4 13.9 17.3 v] F. interior GF VF
Tityridae (5)
Schiffornis major 2-0 8.8 27.5 16.8 U F. interior VF
Pachyramphus rufus 3-0 7.8 17 18.5 v] F. edge GF RF
Rhynchocyclidae (22)
Mionectes oleagineus 5-4 5.6 9.7 14.8 U F. edge VF
Tolmomyias poliocephalus 1-1 7.5 13 12.44 C F. edge RF VF Tr g
Tolmomyias flaviventris 0-1 NA 11 13.5 C F. edge GF RF VF
Todirostrum maculatum 5-3 8 7 11.8 v] F. edge S GF RF VF Ig
Poecilotriccus sylvia 1-0 NA 8 13.3 v] F. interior GF VF
Lophotriccus galeatus 0-1 NA 7 18.2 C F. edge VF Tr
Tyrannidae (47)
Stigmatura napensis 3-1 6 10.1 121 V] F. interior (RI) S
Camptostoma obsoletum 0-1 NA 8 18.1 U F. interior S GF RF Ig
Elaenia spectabilis 1-0 6.8 14 19.02 U F. edge (RI) S
Myiopagis flavivertex 1-0 5.7 11.5 9.4 u F. interior VF Ig
Ramphotrigon ruficauda 1-2 4.6 17.7 24.3 U F. interior Tr
Myiarchus tuberculifer 3-0 5.6 24 11.6 U F. edge RF VF Ig
Pitangus sulphuratus 3-0 7 49.8 19.8 C Open habs. S GF RF Ig
Myiozetetes cayanensis 2-1 8.3 24.3 16.7 C Open habs. S GF RF Ig
Arundinicola leucocephala 1-0 6.3 11 1.9 U Open habs. (RI) W
Cnemotriccus fuscatus 25-2 7.5 13.7 14.7 V] F. interior (RI) RF
Vireonidae (4)
Cyclarhis gujanensis 2-0 6.9 25 13.3 C F. interior GF RF VF Ig
Hylophilus pectoralis 0-2 NA 10.5 11.2 C F. edge S GF RF VF
Hirundinidae (5)
Tachycineta albiventer 5-0 NA 14.4 52.1 NA Open habs. W B Ig
Troglodytidae (23)
Troglodytes musculus 1-0 6.4 10.5 8.5 U Open habs. S GF RF Ig
Phaegopedius coraya 5-4 11.2 12.0 9.4 V] F. interior Tr
Cantorchilus leucotis 3-10 6.9 17.7 9.5 u F. edge GF RF VF
Turdidae (2)
Turdus fumigatus 1-1 6.8 64 213 C F. interior VF
Passerellidae (19)
Ammodramus aurifrons 8-0 7 15.6 121 G Open habs. (RI) BS
Arremonops conirostris 5-6 7.5 29.0 10.8 G F. interior (RI) RF
Parulidae (2)
Setophaga petechia 2-0 5.3 9 27.9 C F. edge (RI) S GF RF
Thraupidae (71)
Saltator coerulescens 5-1 8 48 15.4 C F. edge GF RF
Eucometis penicillata 2-3 6.8 27 19 v] F. interior VF
Ramphocelus carbo 22-5 8.3 22.4 15,5 o] F. edge S GF RF VF
Sporophila lineola 4-0 7.7 1.5 23.8 V] Open habs. (RI) S
Sporophila intermedia 2-0 7.2 10.5 15.3 V] Open habs. (RI) GF S
Sporophila castaneiventris 4-0 6.9 9 1.7 U Open habs. (RI) S
(Continued)
Frontiers in Ecology and Evolution | www.frontiersin.org 6 July 2022 | Volume 10 | Article 846975


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Naka et al.

Avian Dispersal Experiments in Amazonia

TABLE 1 | (Continued)

Family/Species Succ-Fail Ave. speed (m/sec) Mass (g) Kipp’s index Stratum? Microhabitat and Habitats®
specialization?

Sporophila angolensis 4-1 7.2 1.8 14.6 U Open habs. (RI) GF VF S

Conirostrum bicolor 10-0 7.6 8.9 18.5 C F. edge (RI) S RF

Paroaria gularis 7-0 7.5 24.8 17.6 U Open habs. W GF RF VF S Ig

Thraupis episcopus 1-0 8.2 35.5 21 C Open habs. S GF RF Ig

River-island specialization refers exclusively for our study area. Taxonomy and systematic order follow Pacheco et al., 2021).

! Stratum G: ground; U: understory; C: canopy.

2Microhabitat and specialization: F. edge (forest edge); F. interior (forest interior); Open habs (Open habitats); Rl (River-island specialist).
SHabitat W: water (rivers and lakes); B: beaches and sandbars; S: Sandbar scrub; VF: Varzea Forest; RF: River-edge (or Cecropia-dominated) Forest; Ig: Black-water

lgapo Forest; Tr: Transitional Forest; GF: Gallery Forest.
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FIGURE 1 | General results of the dispersal trial experiments conducted in the
Rio Branco in northern Amazonia, grouped per family. Each bubble represents
one species within the family, whereas the size of the bubble represents the
number of individuals used in the experiments. The black cross marks the
family median, solid lines span the interquartile range, and dotted lines span
the total range.

samples. Finally, the antbirds (Thamnophilidae) and the wrens
(Troglodytidae) were particularly bad dispersers, attaining only
38 and 39% of success, respectively. Phylogenetic signal in
river-crossing success rate was relatively low (lambda = 0.34)
but significantly different from zero (Likelihood ratio = 12.8,
p=0.0003).

Morphological Predictors

We evaluated two morphological predictors of dispersal
success: the hand-wing index (HWI) and body mass. The
HWI ranged from 7.1 (Sakesphorus canadensis) to 62.5
(Phaethornis rupurumii), and had a very strong phylogenetic
signal (lambda = 0.99), significantly different from zero
(Likelihood ratio = 111.8, p < 0.001), suggesting a Brownian

motion mode of evolution. The HWI was a significant predictor
of trial success, both at the species level (R?> = 0.29, t = 3.5,
p = 0.0019; Figure 2A) and at the family level (R? = 0.60;
F = 22.5; p = 0.0004; Figure 2B), for which the predictive
power was particularly strong. In general, families with HWIs
higher than 15 were successful in more than 80% of the
trials, whereas those with lower values fared worse in the
dispersal experiments.

Body mass ranged from 2.5 g (Phaethornis rupurumii) to 228 g
(Patagioenas subvinacea), with a median of 16.9 g (Table 1). In
contrast to the HWI, we found no significant effect of mass on
trial success (R?> = 0.001, t = 0.36, p = 0.72); smaller birds had
the same chance of success, compared to larger ones, in the
experimental trials (Figure 3A).

Speed

We obtained flight speed estimates of 269 individuals of 64 bird
species (Table 1 and Supplementary Table S1). There was a
medium phylogenetic signal in speed (lambda = 0.53), which
was significantly different from zero (Likelihood ratio = 9.08,
p = 0.0002). Average flight speeds were nearly identical at 100
and 200 m, averaging 7.6 m/sec (Table 2). The two species that
were exposed to longer distances flew faster when crossing 300
and 400 m (Table 2). The slowest species in our sample that
managed to cross the river gap presented in the experiments
were the White-bellied Spinetail (Mazaria propinqua) and the
Rufous-tailed Flatbill (Ramphotrigon ruficauda) which flew at
4.6 m/s, both of which had more failures than successes (3-7
and 1-2, respectively). On the other hand, the fastest species was
a hummingbird, the Rufous-breasted Hermit (Glaucis hirsutus),
which flew at 12.8 m/s (Table 2). For the one species for
which we had trials at all distances, the Wire-tailed Manakin
(Pipra filicauda), we found a significant and positive effect on
distance over speed (R*> = 0.23; F = 9.54, p = 0.004), flying
faster when covering longer distances. We found that flight
speed is a significant predictor of trial success (R* = 0.138;
t = 2.62; p = 0.017, Figure 3B), with the caveat that speed was
only measured for species that successfully crossed the riverine
gap at least once.

Ecological Predictors
Most species involved in the experiments were from the
understory (57 species), followed by the canopy (19 species),
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FIGURE 2 | Rate of river-crossing success in the dispersal experiments on the Rio Branco in relation to the Hand-wing index at the species (A) and family (B) levels.
In panel (A), each circle represents one species, and its diameter represents the number of individuals for that species. In panel (B), each circle represents one
family, and its diameter represents the number of species for that family.
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FIGURE 3 | Rate of success in the dispersal experiments on the Rio Branco in relation to body mass (A), flight speed (B), habitat (C), Stratum (D), river island
specialization (E), and reluctance to fly (F). Each circle represents one species, and its diameter represents the number of individuals for that species.

the ground (7 species), and the open airspace (1 species) the experiments can be considered river-island specialists at
(Table 1). About half (42) of the species were typical of our study site (Table 1). We found a significant effect of
open habitats (20 species) or forest edge (22 species) and forest stratum preference on river-crossing success (R* = 0.052,
the other half (40 species) was represented by forest interior F = 4.2, p = 0.029) (Figure 3D), but not on habitat preferences
birds (Table 1). At least 15 of the 84 species subjected to (R? = 0.027, t = 1.5, p = 0.15) (Figure 3C), or river-island
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TABLE 2 | Summary of flight speed estimates obtained during the dispersal experiments on the Rio Branco.

Distance Number of individuals Number of species Average speed (SD) Median speed (m/sec) Slowest (m/sec) Fastest (m/sec)
100 152 53 7.5(1.6) 7.7 45 12.7

200 105 40 7.6(1.5) 7.5 4.7 12.7

300 8 2 12.7 (3.2) 12.7 12.7 12.7

400 4 1 11.8(1.7) 11.8 11.8 11.8

Total 269 64

specialization (R? < 0.001, t = 0.23, p = 0.81) (Figure 3E).
Contrary to our predictions, birds from open habitats and
the forest edge, and river-island specialists did not perform
better in the trials compared to forest-interior and non-
specialists of islands.

Psychological Predictors

We measured the reluctance to fly (measured in seconds) in 354
individuals of 65 species. Most individuals (256 or 72%) of 29
species flew immediately upon release, but nearly 30% of the
individuals took longer to fly or did not fly at all. Although
we didn’t find an effect of the time taken to take off and the
rate of success (R*> = 0.006, t = 0.67, p = 0.51, Figure 3F),
we observed that certain families where more reluctant to fly
than others. For example, individuals of eight species refused
to take off from the boat (staying for more than 5 min), six
of which were antbirds (Family Thamnophilidae), including
the Dot-backed Antbird (Hylophylax punctulatus, 2 ind.), the
Black-chinned Antbird (Hypocnemoides melanopogon, 2 ind.),
the Guianan Warbling Antbird (Hypocnemis cantator, 2 ind.),
the White-browed Antbird (Myrmoborus leucophrys, 3 ind.), the
Ash-breasted Antbird (Myrmoborus lugubris, 1 ind.), and the
Black-headed Antbird (Percnostola rufifrons, 1 ind.). The two
other individuals that refused to fly belonged to the Ochre-bellied
Flycatcher (Mionectes oleagineus (1 ind.) and the Coraya Wren
(Pheugopedius coraya, 1 ind.).

DISCUSSION

In this study, we present experimental evidence showing that
riverine barriers may represent significant obstacles to avian
dispersal. Our results are novel in several ways, representing
the first dispersal experiments on birds in Amazonia, the
first empirical dataset showing differences in the dispersal
abilities of species and families, and the first estimates of
avian flight speeds reported from the tropics. Despite the
many confounding factors that are inheritably present in
controlled experiments in the wild, several conclusions can
be drawn from this study. First and most importantly, we
have documented differences in the ability of bird species
to cross a body of water, where even relatively narrow gaps
(100 m) may represent an unsurmountable barrier for many
species of birds. This differential ability seems to be related
to flight performance, rather than body size or ecological and
psychological factors. Specifically, we found significant effects of
wing shape and flight speed on the ability of species to succeed

in the dispersal challenges, both of which have a significant
phylogenetic component. Among the ecological attributes tested,
only stratum preference was a significant, albeit weak, predictor,
whereas habitat preference and river island specialization did
not prove to be important factors. Behavioral reluctance to fly
is harder to evaluate in experimental conditions but deserves
further investigation.

Morphological Predictors of Cross-River

Dispersal

We assessed the effect of the hand-wind index (also known as
Kipp’s Index) and body mass in predicting species outcomes
in the dispersal experiments. The hand-wind index, which has
a very strong phylogenetic signal, was the strongest predictor
found in this study, both at the species and family levels.
These results are consistent with theoretical expectations of
increased long-distance flight efficiency with higher aspect
ratio wings (Norberg, 1990; Pennycuick, 2008) and adds to
the mounting evidence of the usefulness of the hand-wing
index as a proxy for avian dispersal ability (Claramunt et al,
2012, 2022; Claramunt and Wright, 2017; Sheard et al., 2020;
Claramunt, 2021).

On the other hand, we found no effect of body mass on
dispersal capacity within our sample. Prior expectations were
ambiguous. On the one hand, there are some empirical reasons to
expect that larger birds could have better dispersal abilities than
smaller birds, as predation and range size have been reported
to be size-dependent (Suhonen et al, 1994; Ottaviani et al,
2006). Although some studies reported significant effects of
body size on the capacity of tropical birds to move through
fragmented landscapes (Lees and Peres, 2008, 2009; Neuschulz
et al., 2013) these studies did not analyze indicators of flight
efficiency, potentially confounding these two factors. On the
other hand, recent phylogenetically controlled comparisons
found no effect of body mass on dispersal distances in Holarctic
birds (Claramunt, 2021) or in movements across habitat gaps
in Amazonian birds (Claramunt et al., 2022). It is possible
that our result is sample-dependent, as our sample lacks some
large birds such as raptors and parrots, which are expected
to be good flyers. But, we also lacked large nearly flightless
species such as tinamous and trumpeters that are expected to
have poor dispersal capabilities. Ultimately, dispersal abilities in
birds depend on their flight abilities, and long-distance flight
performance depends more on the morphology of the flight
apparatus than on body size. Strong-flying and mobile species
can be found along the entire spectrum of body sizes in birds
from the smallest species (hummingbirds, swifts) to the largest
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(albatrosses, condors), and the same is true for nearly flightless
sedentary species.

Flight Velocity and Dispersal Ability

Flight velocity was a significant predictor of species success in
the dispersal challenges. Faster species had a higher probability of
succeeding in the dispersal experiments. As with the HWI, flight
velocity can be considered a measurement of flight efficiency, and
both variables seem to be important in defining which species
were able to cross open gaps of water, suggesting that species
performance is directly related to their morphology.

Being the first large dataset on flight speeds ever produced for
tropical birds, there is little data warranting direct comparisons.
The best datasets available include those gathered using
ornithodolites on 38 non-passerine migratory birds in Sweden
(Pennycuick, 1982; Pennycuick et al., 2013) and radars on 138
species on migration in the Western Palearctic (Bruderer and
Boldt, 2001; Alerstam et al., 2007). Our flight speed estimates
seem low compared to those reported there, which ranged from
11 to 22 m/s in Sweden (Pennycuick et al., 2013) and from 8
to 23 m/s in the Western Palearctic (Bruderer and Boldt, 2001;
Alerstam et al., 2007). Our mean values were similar to the
slowest speeds in those studies, and our slowest values (4.6 m/s)
were nearly half the slowest species in the temperate region. These
values could indicate that flight speeds among tropical species is
comparatively low, but most species in available datasets included
many large non-passerine species such as ducks, swans, cranes,
and waders and only a handful of passerines. The genus Turdus,
however, was sampled both in the Palearctic and the Rio Branco,
and allows a direct comparison. The average speed of four
species of Palearctic thrushes averaged 12.3 m/s, whereas our only
flight speed estimate of a thrush (Turdus fumigatus) was nearly
half that (6.8 m/s).

These datasets, however, are not completely comparable, as
Bruderer and Boldt’s (2001) measurements were obtained on
migrating birds flying at constant speeds and using tracking
radar. Migratory flight speeds are inherently faster than short
distance flights, even for temperate birds. Furthermore, our
estimates include the acceleration phase, which is composed
of more powerful strokes, yet slower speeds, which would
necessarily bias our estimates to slower speed estimates. However,
having very similar estimates of 100 and 200 m suggests that this
acceleration phase does not account for such large differences.
Quite interestingly, Bruderer and Boldt (2001) mentioned that
released birds were apparently reluctant to depart with migratory
speed, flying at considerably lower speeds than migrating
conspecifics. These authors showed that whereas migrating
passerines fly at around 10-15 m/s, most released birds flew at a
speed of 5 to 10 m/s, which is quite close to our estimated ranges.

Our method for measuring flight speed relied on measuring
flight time over a known distance (i.e., shortest distance to
the riverbank). Despite representing a direct measurement,
our estimates are not devoid of potential biases. Although we
avoided releasing birds under strong winds (> 3 m/s), even
mild winds could influence speed estimates (Nilsson et al., 2014).
Furthermore, although we measured wind speed prior to each
release session, we did not note wind direction, which is an

obvious aspect to take into consideration. Despite these potential
biases, our measurements are quite consistent across species and
families. For instance, hummingbirds ranged from 8.8 to 12.8 m/s
and the four species of seedeaters tested, had very similar flying
speeds (6.9 to 7.7 m/s).

Ecological Traits Associated With

Dispersal

The role of ecological attributes on dispersal remains elusive.
Despite having clear predictions in terms of species success in
the dispersal experiments in relation to stratum and habitat
preference, and river-island specialization, none of the attributes
included in this study showed a strong effect of ecology. Favoring
one of our predictions, we found a significant, although weak,
effect of foraging stratum on the rate of success in the dispersal
experiments. Both canopy and ground-dwelling species were
more likely to succeed in reaching the river bank than understory
birds. This result is concordant with previous studies showing
lower genetic differentiation across rivers (Burney and Brumfield,
2009) and higher demographic connectivity across habitat gaps
(Bradfer-Lawrence et al., 2018) in canopy birds compared to
those from the understory. That ground dwelling birds may have
higher flight capabilities than understory birds is an interesting
result. This result is at odds with the Barro Colorado experience,
where many ground-dwelling species have disappeared from
islands and their populations have not been replenished (Willis,
1974). Although ground dwelling birds do not fly much during
foraging, strong flight capabilities may be important for escaping
predators and making larger-scale movements within the forest,
such as that documented for Geotrygon montana (Stouffer and
Bierregaard, 1993).

Empirical evidence suggests that forest-edge and open habitat
birds are more likely to cross forest gaps than forest-interior
species (Laurance et al., 2004; Lees and Peres, 2009). Birds of
the forest edge, which are often compared to birds from open-
habitats due to the high levels of solar irradiation (Foggo et al.,
2001), are also expected to have enhanced mobility, and were
expected to perform well in our dispersal experiments. However,
we found no effect of habitat preference (forest interior vs. forest-
edge and open areas) on crossing capabilities. This result is
likely due to the large variation found among forest-edge/open
areas birds, which includes some excellent flyers but also species
such as the Black-crested Antshrike (Sakesphorus canadensis),
the Plain-crowned Spinetail (Synallaxis gujanensis), and the Buff-
breasted Wren (Cantorchilus leucotis), which fared poorly in our
experiments likely because of their low flight performance.

Similarly, we hypothesized that river-island specialists should
demonstrate higher dispersal capabilities than birds that do
not need to relocate to other environments on a seasonal
basis due to the ephemeral nature of river islands (Rosenberg,
1990; Zimmer and Leisler, 2003). However, we found no
significant effect of this kind of specialization in relation to
their success in the experiments. Recent ecological data on
some of these river-island flooded forests specialists suggests
that birds do not necessarily relocate to unflooded forests. Quite
the contrary, they seem to perform vertical displacements along
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the vegetation, making use of the available space during the
flooding period, allowing them year-round territoriality without
major habitat shifts (Rowedder et al., 2021). These results do
agree with recent genetic data that found stronger population
structure among river island specialists, when compared to
floodplain specialists (Choueri et al., 2017; Thom et al., 2018),
which included some of our relatively bad dispersers (e.g.,
Myrmoborus lugubris).

Psychological Constraints

Empirical evidence suggests that the dispersal ability of birds may
be limited, at least in part, by psychological constraints. Data
from Amazonian forest fragments indicate that the dispersal of
forest-interior birds may be limited by tree-fall gaps, clearings or
relatively narrow roads (Stouffer and Bierregaard, 1995; Laurance
et al.,, 2004), a distance that is unlikely to represent a physical
challenge for a bird. Whether these limitations are related to
the “fear of flying” (Diamond, 1981) or a physical limitation
due to their sensory system (Ausprey et al.,, 2021) remains to
be tested. However, flying over an open gap of water represents
a very different challenge than crossing a forest gap or even a
road, as birds need to cover the entire distance in a single bout,
without pausing or resting along the way. We hypothesized that
birds that were more reluctant to fly would have a lower success
in the dispersal experiments. Although the time taken by each
bird to fly was unrelated to individual success, our empirical
data suggests that most species that refused to even attempt
crossing the water gap were represented by either antbirds or
other low success species. Those birds preferred to remain in
their boxes rather than venturing into the unknown. We suspect
that under natural circumstances, these species will likely avoid
crossing a river, which may have long-term effects on the genetic
structure of these populations. In fact, river crossing is clearly
not devoted of risks, even for those that can cross the gap of
water successfully. Among these dangers, we witnessed aerial
attacks on some species by White-winged Swallows (Tachycineta
albiventer), as birds were allegedly invading their aerial space, and
a predation event where a Rufous-throated Antbird (Gymopithys
rufigula) was attacked in flight and caught by a Bat Falcon
(Falco rufigularis) during what otherwise looked like a potentially
successful river crossing.

Dispersal Ability of Amazonian Birds

Results from experimental studies on dispersal could be readily
applied in at least two different fields, including biological
conservation and evolutionary biology. Recent studies have
successfully explored links between dispersal capacity and
fragment recolonization and extinctions (Bates, 2002; Moore
et al., 2008), but little has been done to bridge the gap between
dispersal ability and the avian evolutionary process, particularly
in Amazonia, where riverine barriers define the distribution
of multiple avian lineages. In fact, establishing a link between
dispersal ability and avian distribution patterns in Amazonia
has proven to be a challenging task. For example, nearly a
third of the species that occur in the terra-firme forests of the
Guiana Shield in northern Amazonia have taxon replacements
across the lower Rio Negro, and those include groups generally

considered to be good flyers, such as hummingbirds and
parrots (Naka et al., 2012). Furthermore, the woodcreepers
(Dendrocolaptidae), which responded very well to the dispersal
experiments with > 80% of success rate, have more taxon
replacements across the lower Rio Negro (73% of the species
have an allospecies or different subspecies) than the antbirds
(Thamnophilidae), which fared poorly in the experiments with
a low success rate (< 40%), but have a lower (58%) taxon
replacement across that same river (Naka and Brumfield,
2018).

There are few potential explanations behind these apparent
contradictions. On the one hand, our results are highly
conservative, because 100 or even 400 m represent a much lower
distance than most Amazonian rivers currently impose on birds.
On the other hand, at an evolutionary scale, the presence of river
islands as well as rare seasonal droughts or even reductions in
river discharge during dry Glacial cycles could make it easier
for poor dispersers to manage to cross a river gap. However,
simulations have shown that reduced dispersal across rivers can
maintain two species in allopatry for many generations, despite
repeated river crossings by few individuals (Santorelli et al.,
2022).

It is important to note that the riverine barrier effect is
best documented for terra-firme birds, which inhabit upland
forests that never get flooded by the seasonal flood pulse of
Amazonian rivers. These species demonstrate greater genetic
diversity and levels of divergence across the landscape than
floodplain species (Harvey et al., 2017). Therefore, although it
could be argued that our sample obtained in riparian habitats
may not be representative of the terra-firme forest avifauna,
we believe our results are important for this discussion. First,
nearly a third of our sample is represented by species which
also occur in terra-firme forests and are readily found on tall
transitional forests. Second, given the strong effect of morphology
on dispersal success and the pervasive effect of the phylogeny on
species dispersal abilities, it seems reasonable to expect similar
results when including a larger sample of terra-firme forest
species. In fact, our results seem to downplay the role of ecology
on dispersal, suggesting that avian morphology may be more
important than being a terra-firme or a flooded forest species.
Finally, although it is possible that bird handling had an effect
on flight capacity (mist-netted birds may be subject to temporary
wing-strain) which might explain some failures in species with
low sample sizes, we believe our large sample and consistent
results at the species and family levels are strong enough to show
a clear underlining pattern.

FINAL CONCLUSION

Our data shows that dispersal abilities are not homogeneous
across the avian tree of life, and some lineages are more likely to
successfully cross a riverine barrier than others. So far, variables
associated with flight performance, such as the hand-wing index
and flight speed, seem to be the best predictors of success
in dispersal-challenge experiments. Our results also show that
although there are good reasons for ecological attributes to
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have an effect, they do not seem to have a strong predictive
power, suggesting that flight efficiency may represent a much
more direct proxy to estimate species’ dispersal capabilities. We
foresee that experimental data on dispersal abilities can shed
light onto important aspects of avian ecology and evolution,
including patterns of gene flow and genetic differentiation, as well
as patterns of functional landscape connectivity in fragmented
habitats. These two different aspects of avian biology will broaden
our understanding on the role of riverine barriers in the evolution
of the Amazonian biota and the effect of dispersal in species
occupancy and recolonization in fragmented habitats.
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