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Resumen y Abstract Vi

Resumen

Respuestas fenotipicas en aves andinas a cambios ambientales operando a escalas

de tiempo contemporanea y evolutiva

El fenotipo como expresion visible resultante de la interaccion entre la informacion genética
y las condiciones ambientales, se manifiesta en multiples formas y escenarios, permitiendo
explorar la estabilidad y variabilidad de las especies en contextos ecoldgicos y evolutivos
especificos. En este trabajo se evaluan respuestas fenotipicas expresadas a diferentes
escalas temporales en aves andinas sometidas a diversas presiones ambientales, las cuales
han moldeado la diversidad que conocemos en la actualidad. Por un lado, se analizaron
rasgos morfométricos en una comunidad de aves de una misma area ubicada en la cordillera
Oriental, separada por 60 afios de transformaciones ambientales y paisajisticas. Mediante la
implementacion de modelos mixtos jerarquicos bayesianos, se identificaron tendencias
relevantes como la reduccién en la longitud del ala paralela al aumento en la longitud de la
cola, junto con otros cambios morfométricos en el pico y el cuerpo, los cuales se relacionan
con multiples presiones y causas potenciales que podrian estar estimulando dichos patrones.
Por otro lado, se realizé una evaluacién vocal del complejo de subespecies de Synallaxis
unirufa y sus especies hermanas Synallaxis fuscorufa y Synallaxis castanea, con el fin de
revisar si la estructura vocal del complejo presentaba una divergencia suficiente en
comparacion con los analisis genéticos previos. Este complejo ha estado expuesto a multiples
cambios topograficos y ambientales que han favorecido el aislamiento entre poblaciones, las
cuales, tras millones de anos, podrian estar mostrando diferencias contundentes que
sugieren la necesidad de una reestructuracion taxondmica que la clasificacién tradicional no

ha permitido visualizar con suficiente detalle.

Palabras clave: Morfometria, divergencia vocal, taxonomia, aislamiento geografico,

Synallaxis unirufa, plasticidad fenotipica.



VI Respuestas fenotipicas en aves andinas a cambios ambientales operando a escalas
de tiempo contemporanea y evolutiva

Abstract

Phenotypic responses in Andean birds to environmental change operating at

contemporary and evolutionary timescales

The phenotype, as the visible expression resulting from the interaction between genetic
information and environmental conditions, manifests itself in multiple forms and scenarios,
allowing us to explore the stability and variability of species in specific ecological and
evolutionary contexts. This study evaluates phenotypic responses expressed at different
temporal scales in Andean birds subjected to various environmental pressures, which have
shaped the diversity we know today. On the one hand, morphometric traits were analyzed in
a bird community from the same area located in the Eastern Cordillera, separated by 60 years
of environmental and landscape transformations. Through the implementation of Bayesian
hierarchical mixed models, relevant trends were identified, such as the reduction in wing
length parallel to the increase in tail length, along with other morphometric changes in the
beak and body, which are related to multiple pressures and potential causes that could be
stimulating these patterns. On the other hand, a vocal assessment of the Synallaxis unirufa
subspecies complex and its sister species Synallaxis fuscorufa and Synallaxis castanea was
carried out to review whether the vocal structure of the complex showed sufficient divergence
compared to previous genetic analyses. This complex has been exposed to multiple
topographical and environmental changes that have favored isolation between populations,
which, after millions of years, could be showing striking differences that suggest the need for
a taxonomic restructuring that traditional classification has not allowed to be visualized in

sufficient detail.

Keywords: Morphometry, vocal divergence, taxonomy, geographical isolation,
Synallaxis unirufa, phenotypic plasticity.
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General Introduction

The tropical Andes represent an exceptional natural laboratory in which evolution at different
spatial and temporal scales can be studied. The long orogenetic history, complex topography
and steep altitudinal gradients, characterized by climatic conditions and landscape dynamics,
have acted as drivers of speciation and extinction (Fjeldsa et al., 2012), creating a unique
diversification in this highly biodiverse system. One of the reasons for the high richness is
largely due to the long-term evolution of species as a result of several short-term adaptive

changes.

At the same time, phenotypic responses can be quite varied. On the one hand, from a
microevolutionary perspective of morphological changes driven by environmental pressures
in the Anthropocene, marked by accelerated degradation and transformation of the landscape
(Fletcher et al., 2023), evolutionary responses have been triggered on much shorter scales
(Moore et al., 2008; Desrochers, 2010). In just a few decades, some bird populations have
undergone morphological modifications (Van Buskirk et al., 2012; Jirinec et al., 2021) as a
consequence of a process of acclimatization and/or adaptation to climatic fluctuations and the
expansion of the human footprint that triggers new habitat conditions such as the expansion
of the forest edge effect and the reduction of the species' food supply (Didham & Lawton,
1999; Freeman & Beehler, 2018). Phenotypic plasticity and rapid adjustment mechanisms,
such as those proposed by West-Eberhard (2005), allow organisms to adapt to these new
conditions without requiring major genetic changes or lengthy evolutionary processes,

functioning as a first line of response to environmental change.

On the other hand, at the macroevolutionary scale since the Pliocene and Pleistocene,
orogenic uplift and climatic shifts drove population isolation and adaptive radiations, giving
rise to cryptic lineages (Fjeldsa et al., 2012; Isler et al., 2012; Lara et al., 2012; d’'Horta et al.,
2013; Cadena et al., 2020; Isler et al., 2020). Speciation in the Andes has been shaped by an
accumulation of phenotypic changes leading to the diversification of species complexes
characterized by high ecological specialization and fragmented distribution patterns (Hazzi et
al., 2018). Colonization processes from the northern mountains to the south of South America
through vicariance processes after the uplifting of the Andes (Gregory-Wodzicki, 2000) have

favored these populations, isolated for millions of years, to develop high vocal and genetic
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divergence, so that subordinate taxonomic entities may still exist from the point of view of

traditional taxonomy (Chaves et al., 2011; Valderrama et al., 2014).

From immediate morphological adjustments to long-term speciation processes, all these
responses are interconnected in an evolutionary continuum (Losos, 2010; Schluter, 2024).
Understanding the interplay between recent microevolutionary changes and historical
macroevolutionary processes in Andean birds not only allows us to decipher the mechanisms
of diversification, but also to assess the ability of species to persist in a changing world. These
hypotheses help us to address how evolution responds to environmental challenges at
different temporal and spatial scales, emphasizing the importance of integrating approaches

to the study of biodiversity.

In this master's thesis, | explored the phenotypic responses of birds from multiple
perspectives, spanning both contemporary and evolutionary time scales, implementing
complementary methodologies to answer different questions. In Chapter 1, | investigated how
birds respond to hostile and fluctuating environmental pressures, for which | performed
morphometric measurements in 16 species from a community in Cundinamarca, comparing
historical data from 60 years ago with those obtained in 2020. Through statistical analysis, |
identified multiple morphological modifications derived from phenotypic plasticity, possibly in
response to thermal and nutritional stress generated by the prolonged impact of human
activity and climate change in the region, among other reasons. Within this set of species,
Synallaxis unirufa, showed a decrease in body size over time, which created the link as a
subject of study for the following chapter. In Chapter 2, with the intention of learning more
about its evolutionary history, | addressed its diversification on a macroevolutionary scale,
examining phenotypic variations among its subspecies. For this purpose, | conducted a vocal
evaluation and combined the results with previous genetic data, contributing to the hypotheses
of specific delimitation of this complex widely distributed in the mountain ranges of the
Neotropics. This analysis revealed novel patterns that support the need for taxonomic
reclassification. The integration of multiscale studies that employ diverse methodologies and
analytical strategies, supported by historical and modern collections, offers a more complete
view of evolutionary processes. These approaches will be fundamental for future conservation
applications, whether in the protection of species affected by recent anthropogenic impacts or
in the preservation of those endemic species whose taxonomic recognition has been refined

through delimitation studies.






1.Chapter 1: Infer the morphological responses
of birds with populations subject to 60 years
of contemporary environmental changes.

1.1 Introduction

Landscape transformation and climate change impact ecosystems and organisms in complex
ways (Sala et al., 2000; Naya, 2010). These human-induced environmental pressures have
profound consequences across multiple biological scales, reshaping both ecological patterns
(Vitousek et al., 1997; Ellis, 2015) and evolutionary trajectories (Hendry & Kinnison, 1999;
Aguirre & Bell, 2012). At the community level, species distributions may shift, community
composition and functional groups may reorganize, and interaction networks may be altered
through local extinction and colonization events (Kattan et al., 1994; Cintra et al., 2013; Gédmez
et al., 2021). Simultaneously, populations that persist in modified landscapes may exhibit
demographic and phenotypic responses ranging from shifts in body size, shape and
proportions to adjustments in behavior, physiology and phenology (Woiwod, 1997; Inouye et
al., 2000; Cuervo & Restrepo, 2007; Abrahamczyk et al., 2022; Gutiérrez-Carrillo, 2024;
Neate-Clegg et al., 2024). Such responses can arise through various mechanisms, including
phenological mismatches (Visser & Gienapp, 2019), developmental plasticity, and choice
driving rapid microevolutionary transformation (Polak, 2003; Ghalambor et al., 2007; Gienapp
et al., 2007; Charmantier et al., 2008; Merila & Hendry, 2014). Studies across taxa suggest
that responses to anthropogenic pressures can arise rapidly (Hendry et al., 2007; Anderson
et al., 2012), though their adaptive significance stays unclear (Merila & Hendry, 2014).
Understanding phenotypic responses in species-rich, environmentally vulnerable biomes is
imperative for predicting the ecological and evolutionary outcomes of ongoing land cover and

climate warming.

Tropical montane avifauna are particularly vulnerable due to their exceptional richness and
steep species turnover along elevational gradients, consisting of high concentrations of
narrow elevational ranges (Janzen, 1967; Graves, 1985; Myers et al., 2000; Kattan et al.,
2006; Sonne & Rahbek, 2024). Along their steep environmental gradients, resident birds face
sharp dispersal limitations, potentially responding to changing climatic conditions, landscape

transformation, habitat loss and fragmentation at different biological scales (Restrepo et al.
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2009). Community-level responses may include the replacement of specialists by generalists,
local extinctions of native species (Cintra et al., 2013; Palacio et al., 2020; Tinoco et al., 2021),
and the establishment of novel colonists from adjacent regions (Kattan et al., 1994). At the
population-level, responses may involve phenotypic adaptations and morphological shifts,
especially in birds inhabiting modified landscapes (Carrién et al., 2022; Gienapp et al., 2007;
Jirinec et al., 2021; Van Buskirk et al.,, 2012). Recent physiological research proves that
different appendages play variable roles in heat exchange, with bills being particularly
susceptible to thermal variations due to differences in blood flow regulation (McQueen et al.,
2023). According to the heat exchange hypothesis, smaller bodies may be favored in warming
climates because they dissipate heat more efficiently, while larger appendages like bills or
tarsi can help heat loss (Gardner et al., 2011; Tattersall et al., 2017). Aside from
thermoregulatory adaptations, landscape fragmentation may disrupt developmental stability
(Polak, 2003), resulting in bilateral trait asymmetry of forest birds (Lens et al., 2002; Cuervo
& Restrepo, 2007).

The landmark work on Darwin’s finches (Grant & Grant, 2002; 2006) showed that birds can
undergo rapid morphological adaptation in response to variable climatic and food resource
pressures, challenging traditional views of evolutionary timeframes. This ability for phenotypic
shifts appears widespread but remarkably context-dependent, with recent studies revealing
contrasting patterns across ecogeographic regions. For example, in lowland Amazonian
rainforests, body mass across 77 resident species decreased over four decades, with
concurrent increases in wing length (Jirinec et al., 2021). These changes in mass-to-wing
ratios may optimize flight efficiency and reduce heat production in dynamic and challenging
environments. In the primary lowland pluvial forests of the Chocé biogeographic region, mixed
trends were documented over a century: decreasing body size in hummingbirds but increasing
dimensions in many other forest birds (Pérez-Amaya et al., 2025). By contrast, birds in the
Eastern Mountains of Africa exhibited systematic increases in body mass, averaging 4.1%
over 36 years (Neate-Clegg et al., 2024). These contrasting patterns extend beyond the
tropics, with studies from Mediterranean regions (Goodman et al., 2012), temperate forests
(Van Buskirk et al., 2010; Youngflesh et al., 2022), and semi-arid ecosystems (Dubiner &
Meiri, 2022) further highlighting the diverse phenotypic responses to environmental stressors

across different ecoregions and habitats.
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The variety of morphological responses highlights the complex interplay between
environmental drivers, developmental and physiological mechanisms, and their adaptive
significance. Phenotypic plasticity likely represents a critical strategy, enabling organisms to
respond rapidly to novel environmental conditions (West-Eberhard, 2005; Ghalambor et al.,
2007; Nijhout et al., 2021). These adaptive processes may have historically shaped
fundamental morphological patterns across geographic gradients, exemplified by
ecogeographic rules such as Bergmann'’s rule on body size (Bergmann, 1847), Allen’s rule of
appendage proportions (Allen, 1877), and Janzen’s seasonality hypothesis (Janzen, 1967).
However, phenotypic plasticity can be non-adaptive when environmental cues induce
responses that move phenotypes away from new fitness optima (Ghalambor et al., 2007;
Diamond & Martin, 2020; Zimova et al., 2023). Alternatively, microevolution reflects a gradual
and nuanced process of heritable genetic change, enabling species-specific evolutionary
responses that may lead to divergent morphological outcomes (Gienapp et al., 2007; Hendry
& Kinnison, 1999). Smaller-bodied species may show greater proportional morphological
shifts than larger ones, potentially due to shorter generation times and increased sensitivity to
environmental fluctuations (Zimova et al., 2023; Neate-Clegg et al., 2024). Documenting these
patterns through time requires historical baseline data, which are particularly scarce in tropical

regions, except through the lens of natural history collections.

Given the accelerating pace of environmental and biotic alterations, understanding
morphological responses at different temporal scales is essential, especially in the Andes.
The Colombian Andes have experienced significant climatic and landscape transformation in
recent decades, including rising temperatures, altered precipitation patterns, and an
expanding human footprint driven by habitat fragmentation and loss (Correa-Ayram et al.,
2020; Martinez-Villa et al., 2024). In this study, we measured seven morphometric traits from
specimens collected in two time periods to evaluate morphological changes across 16 bird
species inhabiting montane cloud forests of Cundinamarca, in the Eastern Andes of Colombia.
By analyzing bird specimens collected by ornithologists in the mid-twentieth century and
conducting a modern collecting expedition in the same region in 2020, we document patterns
of morphological variation and assess how diverse bird species phenotypically respond to
environmental disturbance over six decades. We predict morphological shifts consistent with
thermoregulatory responses to warming climate and with flight-related traits that optimize
locomotion in structurally altered, fragmented habitats. Specifically, we hypothesize

divergence in bill morphology and body size that may reflect shifts in dietary and climate
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conditions, modifications in wing and tail proportions associated with locomotion across
fragmented landscapes, and differences in bill and wing length that may be linked to thermal

regulation.

1.2 Methods

1.2.1 Study area

Our study region is located on the western slope of the Eastern Cordillera of the Andes,
spanning localities within the municipalities of Fusagasuga, Silvania, Sibaté and Pasca, in
Cundinamarca, Colombia. The area extends across an elevational range of 1800 to 3000 m,
encompassing a polygon of approximately 60 km2 (Fig. 1-1). Ecologically, the landscape
represents a complex gradient of humid montane forests, transitioning from premontane
coffee-growing regions like La Aguadita above Fusagasuga to upper montane cloud forests
of El Pefién and Filo Minoral between Sibaté and Pasca (Supplementary Material Table S1).
Vegetation structures vary with elevation, ranging from stratified tall forests in lower areas to
stunted cloud forests with scattered shrubs at higher elevations and ridgelines. Historically,
this region was traversed by pre-Columbian indigenous trails later adopted by Spanish
colonizers as the “Camino Real” connecting the Bogota region (Sabana de Bogota) to
Fusagasuga and the mid-Magdalena Valley, through El Pefién, Los Robles, and La Aguadita
(Supplementary Material Table S1). Early ornithological surveys (Chapman, 1917)
documented the regional avifauna during a period of minimal forest transformation (Stiles,
2013), accessing the area along the “Camino Real”, that we also revisited. By the mid-20th
century (1950-1960), agricultural expansion and road development began gradually altering

forest cover (Correa-Ayram et al., 2020).
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Figure 1- 1. Study area on the western slope of the Eastern Andes of Colombia. A) Map of
northwestern South America showing the location of the study area in the Eastern Andes. B)
Satellite image with sampling locations from both time periods: historical specimens collected
by ICN curator Antonio Olivares and personnel in the mid-twentieth century (yellow circles):
Agua Bonita in Silvania, San Miguel in Sibaté, La Aguadita and El Cucharal in Fusagasuga;
and contemporary specimens collected by the Colombian Resurvey Project in 2020 (red
circles): Cerro de Fusacatan in Pasca, Parque Verde y Agua and Los Robles in Fusagasuga,
El Penodn and Filo Minoral in Sibaté. C) Example photographs of present-day landscapes at

Los Robles and El Pefidn.
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Available local historical records in the ColOpenData package (Tavera-Cifuentes & Otero,
2025), from 1983 onwards indicate an increase in the average annual temperature from
15.9°C to 16.3°C in 2020, which represents an increase of 2.5%. However, these data also
reflect significant isolated fluctuations, such as low temperature peaks in 1996, the coldest
year on record with an annual average of 14.7°C, or high peaks in 2003, the warmest year
with an average temperature of 17.3°C. Precipitation data for the study area recorded since
1960 showed periodic fluctuations that could be associated with phenomena such as La Nina
or El Nifo, showing a dry period between 1960 and 1980 with an overall average of over 2.7
(I/m2), with 1977 being the year with the lowest annual average recorded in the entire time
frame with 1.8 (I/m2). Afterwards, heavy rains occurred between 1981 and 2000 with an
average of 3.8 (I/m2), whereas in the following years there were short periods of alternating
droughts and heavy rains, but reaching a maximum peak in 2011 of 5.7 (I/m2) in the annual
average for the entire time band studied. Similarly, data from Global Forest Watch show that,
over the past 20 years, the landscape of Sibaté and its surroundings has lost 10.5% of its total
tree cover, equivalent to 516 hectares, making it the municipality with the highest recorded
loss during this period. In Pasca, tree cover decreased by 4.5% (462 ha). Silvania lost 352 ha
(3.3%). The same is true of Fusagasuga, which lost 459 ha of total tree cover, equivalent to
3.3% of its area. This means that a total of 1,789 hectares were lost from the total area covered
by the study. These ecological and landscape transformations underscore the particular

climatic dynamics of this tropical montane region over the past six decades.

Our study leveraged specimens from the National Bird Collection at the Instituto de Ciencias
Naturales (ICN) of the Universidad Nacional de Colombia, Bogota. The historical dataset
comprised specimens collected by Antonio Olivares and his research team between 1942 and
1964 (Olivares, 1969). The contemporary dataset consisted of specimens we collected during
an expedition in October 2020 under the Colombia Resurvey Project, which were also
deposited at ICN. We selected species for study that had at least five individuals at each
collecting period to enable comparative morphometric analyses. In total, 347 specimens were
suitable for morphometric analyses (209 from the historical period and 138 from the
contemporary resurvey), representing 16 species with sufficient representation in both
sampling periods: seven hummingbirds (Trochilidae) and nine species from seven passerine

families (Fig. 1-2; Table 1-1; Supplementary Material Table S1).
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Figure 1- 2. Photographs of study species from Andean cloud forest of Fusagasuga, Sibaté,
and Pasca, Cundinamarca, arranged phylogenetically (see Table 1-1): (A) Heliangelus exortis
(Tourmaline Sunangel), (B) Adelomyia melanogenys (Speckled Hummingbird), (C)
Haplophaedia aureliae (Greenish Puffleg), (D) Eriocnemis vestita (Glowing Puffleg), (E)
Coeligena coeligena (Bronzy Inca), (F) Coeligena torquata (Collared Inca), (G) Coeligena
bonapartei (Golden-bellied Starfrontlet), (H) Scytalopus latrans (Blackish Tapaculo), (I)
Synallaxis unirufa (Rufous Spinetail), (J) Pipreola riefferii (Green-and-black Fruiteater), (K)
Cinnycerthia unirufa (Rufous Wren), (L) Henicorhina leucophrys (Gray-breasted Wood-Wren),
(M) Zonotrichia capensis (Rufous-collared Sparrow), (N) Myioborus miniatus (Slate-throated
Redstart), (O) Sporathraupis cyanocephala (Blue-capped Tanager), (P) Tangara vassorii
(Blue-and-black Tanager). All photos by AMC.
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Table 1- 1. Bird species examined from the western slope of the Eastern Andes,
Cundinamarca, Colombia (see Methods). Specimens were collected during two time periods
(1942-1964 and 2020) and are housed at the National Bird Collection, Instituto de Ciencias
Naturales, Universidad Nacional de Colombia. The dataset includes seven hummingbirds
(Trochilidae) and nine passerine species from seven families that persist in montane cloud
forests that have become warmer, increasingly fragmented and disturbed landscapes.
Subspecies identifications follow curatorial determinations at ICN. The last two columns

indicate sample sizes for each time period.

Historical Contemporary

Family Study taxon
(1960’s) (2020)
Trochilidae Heliangelus exortis (Tourmaline Sunangel) 12 19

Adelomyia m. melanogenys (Speckled

15 7
Hummingbird)
Haplophaedia a. aureliae (Greenish Puffleg) 5 8
Eriocnemis v. vestita (Glowing Puffleg) 12 6
Coeligena coeligena columbiana (Bronzy

7 3
Inca)
Coeligena t. torquata (Collared Inca) 22 11
Coeligena b. bonapartei (Golden-bellied

5 8

Starfrontlet)

Rhinocryptidae  Scytalopus latrans ssp. (Blackish Tapaculo) 14 5
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Furnariidae Synallaxis u. unirufa (Rufous Spinetail) 17 9
Pipreola r. riefferii (Green-and-black

Cotingidae 15 8
Fruiteater)

Troglodytidae  Cinnycerthia u. unirufa (Rufous Wren) 7 14
Henicorhina I. leucophrys (Gray-breasted

18 9

Wood-Wren)
Zonotrichia capensis costaricensis (Rufous-

Passerellidae 13 7
collared Sparrow)
Myioborus miniatus ballux (Slate-throated

Parulidae 11 5
Redstart)
Sporathraupis cyanocephala auricrissa

Thraupidae 18 9
(Blue-capped Tanager)
Tangara v. vassorii (Blue-and-black

18 10

Tanager)

1.2.2 Morphometric measurements

To assess morphological variation within each species and between sampling periods, one

of us (CVG) took seven morphometric measurements for each specimen with a Mitutoyo

digital steel caliper to the nearest 0.01 mm (largely following Baldwin et al. 1931): total culmen,

measured from the base of the bill to tip; nares-culmen, measured from the anterior edge of

nares to the tip bill; maxilla height and width at nares, and tarsus length, length between the

bony projection where the tibia and metatarsus articulate to the front of the last scale, before

the beginning of the fingers. In addition, we measured unflattened wing chord from wing bend
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at wrist to the tip of the longest primary feather; and tail length from the insertion of tail feathers
to the longest rectrices, using a 150 mm stop ruler to the nearest 1 mm. For hummingbirds
we excluded the tarsus. We excluded immature individuals and specimens with structural
irregularities, such as broken bill tips, poorly mounted wings, or worn or growing feathers. To
ensure measurement repeatability, CVG obtained three independent measurements for each
trait on every specimen blindly, without referencing previous measurement values. We
calculated the coefficient of variation to assess repeatability, with all variables for all species
showing a coefficient of variation below 10% (Supplementary Table 1), indicating high
measurement consistency and low intra-specimen variability (i.e., negligible measurement

error).

1.2.3 Statistical analysis

We standardized all morphometric variables to prevent biases when analyzing traits with
different units of measurement across varying sizes using the [standardize] function in R (R
Core Team, 2024). To assess differences between time periods, we implemented a Bayesian
hierarchical mixed model (Heath, 2012; McGlothlin & Viele, 2018) with species and sampling
periods as fixed effects, and species-specific morphological shifts between time periods as
random effects. We fitted models using the JAGS (Just Another Gibbs Sampler) program
(Plummer, 2003) through the [R2jags] package (Su & Yajima, 2024). Our modeling approach
incorporated: 1) normal distributions to model trait values of all individuals within each species,
with a linear structure for temporal and species-specific effects; 2) species-specific
parameters including alpha (species-specific intercept) and delta (specific change over time);
3) gamma distributions to accommodate variability among different species, given the diversity
of our data; and 4) vague prior distributions to account for initial uncertainty. We ran three
Markov Chain Monte Carlo (MCMC) chains, each with 50,000 iterations, discarding the first
10,000 iterations as burn-in, and thinning the remaining iterations by 40. We created and

modified plots using the [ggplot2] package (Wickham, 2016).

To analyze the measures under a more general approach with grouped and correlated
variables to reduce dimensionality, we performed a Principal Component Analysis (PCA) by
groups of variables. First, we used the R package [mice] (Van Buuren & Groothuis-
Oudshoorn, 2011) to impute the isolated missing values in specimens with structural damage

and avoid discarding the entire specimen. We then conducted separate PCAs on bill variables
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(total culmen, nares-culmen, bill height, and bill width) and body variables (tarsus length, wing
chord, and tail length). For hummingbirds, the body PCA excluded tarsus length, as this
measurement was not taken. We subsequently analyzed bill PC1 and body PC1 (which
explained most of the variance in each ftrait group) using the same Bayesian modeling

framework to assess combined morphological changes over time.

We could not evaluate sexual dimorphism effects because of insufficient and unequal
numbers of males and females. In addition, many specimens from the 1960’s lacked sex
information. All data were standardized from the beginning to avoid possible biases influenced

by size differences between sexes of the same species.

1.3 Results

Individual morphological traits exhibit diverse patterns of size change across species (Fig. 1-
3A). Total culmen length showed a slight positive trend overall (delta = 0.068), with four
hummingbird species and one wren (31,3% of total) exhibiting significant increases: Coeligena
coeligena, C. torquata, Heliangelus exortis, Eriocnemis vestita and Henicorhina leucophrys.
Conversely, two species (12.5%), a hummingbird (C. bonapartei) and a sparrow (Zonotrichia
capensis), showed significant decreases in total culmen. Other bill-related measurements
(nares-culmen, bill height, and bill width) displayed similar patterns in these same species

(Supplementary Material Fig. S1).

The wing chord exhibited a general decreasing trend (delta = -0.143), with five species
(31.3%) showing significant decreases (Fig. 1-3B) and no species showing significant
increases. In contrast, tail length increased in most species (delta: 0.139), with six species
(37.5%) showing significant increases (Fig. 1-3C). Among the nine passerine species for
which tarsus length was measured, two species (22.2%), Tangara vassorii and Cinnycerthia
unirufa, showed significant decreases, though the overall trend was only slightly negative

across species (-0.037) (Fig. 1-4).



18 Respuestas fenotipicas en aves andinas a cambios ambientales operando a escalas

de tiempo contemporanea y evolutiva

Figure 1- 3. Trends in morphometric changes in Andean birds between 1960’s and 2020.
Differences in: A) total culmen; B) wing chord and C) tail length are shown as delta change
between collecting periods. Red dotted lines indicate the overall mean delta change for each
trait across species. Black squares highlight species with statistically significant differences
(95% Bayesian credible intervals not overlapping zero). Box length represents the variance of
trait measurements across individuals of the same species. Species are arranged in

phylogenetic order (Table 1-1).
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Figure 1- 4. Trends in tarsus length changes in Andean birds between 1960’s and 2020. The
red dotted line indicates the overall mean delta change across species. Black squares denote
species with statistically significant differences (95% Bayesian credible intervals not
overlapping zero). Box length represents the trait measurement variance among individuals

of the same species. Species are arranged in phylogenetic order.
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Principal Component Analysis revealed mixed patterns when examining combined
morphological traits. For bill traits, PC1 explained 74.1% of the variance (delta = 0.019), with
six species (37.5%) exhibiting significant reductions in bill size (PC1) (Supplementary Material
Table S2; Fig. S2A), including two wrens (C. unirufa and Henicorhina leucophrys) and several
other passerines. Conversely, three species (18.7%) showed significant increases in bill size.
For body traits, we conducted separate PCAs for hummingbirds (excluding tarsus) and for
passerines. Hummingbird body size PC1 (explaining 80% of variance; Supplementary
Material Table S2; Fig. S2B) showed an overall slight positive trend (delta = 0.099), but with
contrasting species-specific patterns: H. exortis significantly decreased in body size while E.
vestita significantly increased (Fig. 1-5A). Similarly, passerine bird species showed no strong

directional trend in body size PC1 (delta = 0.129) though species-specific changes were clear
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(Fig. 1-5B) (Supplementary Material Table S2; Fig. S2C). Three of nine passerine species
(33%) exhibited significant decreases in body size: two tanagers (7. vassorii and
Sporathraupis cyanocephala) and the spinetail (Synallaxis unirufa). Conversely, three species
showed significant increases in body size: both wrens (C. unirufa and H. leucophrys) and the

sparrow (Z. capensis).

Figure 1- 5. Trends in body size (PC1) changes in Andean birds between 1960’s and 2020
for A) Hummingbirds (excluding tarsus) and B) passerine birds. The red dotted line shows the
overall mean delta change across species. Black squares indicate species with statistically
significant differences in size between collecting periods (95% Bayesian credible intervals not
overlapping zero). Box length represents the variance among individuals of the same species.

Species names in both panels are arranged in phylogenetic order (Table 1-1).
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1.4 Discussion

Our study revealed a diverse suite of morphological changes in Andean birds persisting in
fragmented cloud forests over six decades of landcover and climate change. The most
consistent trends included decreased wing length in five species, increased tail length in six,
and pronounced bill longitude increases in four hummingbirds. These shifts coincided with
rising temperatures, increased precipitation variability, and extensive landscape
transformation through deforestation and agricultural expansion (Correa-Ayram et al., 2020;
Martinez-Villa et al., 2024; Tavera-Cifuentes & Otero, 2025; Global Forest Watch, 2025).
These combined human pressures modified environments in ways that may drive
morphological shifts in birds thriving in disturbed landscapes. While the specific responses
varied among taxa, we propose some causes that suggest that these phenotypic adjustments
may be derived from multiple variables such as altered forest structure, resource availability,
or even thermal stress. These specific changes likely reflect each species’ ecological traits,
interaction networks, and habitat preferences playing important roles in shaping responses to
environmental disturbance. Tropical montane birds may be especially vulnerable to these
pressures compared to tropical lowland, temperate-zone, or migratory species, owing to their
narrower thermal tolerances and more specialized habitat requirements (Janzen, 1967;
Graves, 1985; Neate-Clegg et al., 2024). However, everything is based on theoretical

assumptions that we have compared according to the results found.

What mechanisms might explain these morphological shifts? While our findings point to
different possible factors, we believe that the relationship between landscape fragmentation
and thermal responses may play an important role in shaping these patterns (Allen, 1877;
Baldwin et al., 2023; Weeks et al., 2022). Decreasing wing length runs counter to expectations
under warming climates, which predict longer appendages (i.e., bills or tarsi) that facilitate
heat dissipation. Unlike bills and tarsi, flight feathers serve minimal thermoregulatory functions
(McQueen et al., 2023; Greenberg et al., 2012; Tattersall et al., 2017), suggesting the
widespread tail elongation addresses other selective pressures. These patterns appear to
predominantly reflect adjustments for flight performance in patchy habitats with altered
vegetation density and structure, though thermal considerations remain relevant in this
warming landscape. Fragmentation creates edge effects and alters forest microclimates
through increased temperature and reduced humidity within the forest after canopy loss
(Didham & Lawton, 1999), which simultaneously affects vegetation density and the habitable

space between plants sharing the same ecological stratum and niche, because of succession
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processes triggered by the loss of plant species sensitive to these changes (Echeverria et al.,
2007; Svenning & Sandel, 2013; Hermes et al., 2016; Fletcher et al., 2023). In these
structurally changed and increasingly fragmented habitats, especially in strata such as the
understory, shorter wings may enhance maneuverability within limited spaces (Hermes et al.,
2016; Fletcher et al., 2023; Lindhe Norberg & Ake Norberg, 2023), while longer tails improve
flight stability and directional control (Thomas & Balmford, 1995). These modifications
potentially increase energy efficiency during local movements in complex, fragmented habitats
(Kattan et al., 1994; Palacio et al., 2020), reducing metabolic costs that could otherwise impact
body condition and reproductive success (McKechnie & Dunn, 2019). While ecological drivers
appear most compelling, we cannot dismiss the possibility that longer tails may play a role in
sexual signaling in some of the species studied as has been documented by other researchers
(Fitzpatrick, 1998; Pryke et al., 2001), although how sexual selection interacts with rapid

habitat change remains poorly understood.

The morphological patterns highlight how different taxa may evolve distinct solutions to shared
environmental challenges. While most birds showed shorter wings and longer tails, these
shifts rarely occurred in combination within the same taxon, suggesting distinct response
trajectories. The taxonomic patterns we observed reveal intriguing ecological correlations.
Hummingbirds primarily showed wing reduction without tail elongation (e.g., H. exortis, H.
aureliae, C. torquata), while tanagers, wrens, and tapaculos had longer tails without
corresponding wing adjustments between periods. These differences likely reflect species-
specific foraging modes and locomotion strategies, as hummingbirds rely heavily on wing
maneuverability for hovering flight and nectar feeding in the understory. Perhaps most
revealing were the responses within the genus Coeligena, we found three distinct trajectories:
C. torquata had shorter wings without tail modification, C. bonapartei showed tail elongation
without wing length shifts, and C. coeligena maintained both traits unchanged. These
contrasting responses within a recently radiated genus (Parra et al., 2009) underscore how
rapid morphological responses may be shaped by species-specific developmental and
ecological conditions rather than phylogenetic constraints alone. Unlike hummingbirds,
understory insectivores such as wrens responded primarily through tail length increases,
reflecting their different locomotor ecology. Hummingbirds already have evolutionarily
shortened wings well suited for maneuvering through dense vegetation (Lindhe Norberg &

Ake Norberg, 2023). While their compact wings limit dispersal capability (Moore et al., 2008),
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this trait enhances agility in the structurally complex understory habitats they occupy
(Pearman, 2002). The observed tail elongation likely represents a complementary response
that enhances maneuverability without compromising their existing wing morphology. This
functional convergence suggests that environmental pressures can shape phenotypic
responses (West-Eberhard, 2005; Dubiner & Meiri, 2022).

Apart from wing and tail modifications, variation in bill morphology offers additional insights
into response mechanisms. Hummingbirds, with their specialized feeding ecology, showed
the most pronounced bill changes, with increases in length (averaging 6.8%) in C. coeligena,
C. torquata, H. exortis, and E. vestita. While these shifts might initially suggest
thermoregulatory responses, the evidence for this in small bills like those of hummingbirds’
points toward resource-driven explanations. Appendages like bills and tarsi can function as
thermoregulatory organs through regulated blood flow (McQueen et al., 2023; Krugler et al.,
2025), and Allen's rule (1877) predicts that endotherms in warmer climates develop longer
appendages to maximize heat dissipation. However, recent work suggests bills, being hollow
structures with limited mass, contribute less to heat transfer than previously thought (Baldwin
et al., 2023), especially in small bills like those of hummingbirds, making resource-driven
explanations more plausible. The tight relationship between hummingbird bills and their food
resources is well established, with robust evidence for coevolutionary processes between bill
structure and flower morphology (Grant & Grant, 2006; Dalsgaard et al., 2020; Sonne et al.,
2020). This "morphological correspondence" allows hummingbirds adjusting bill dimensions
to match the corollas of their preferred flowers (Maruyama et al., 2024). Fragmentation-driven
turnover in plant community composition and flowering phenology (Laurance et al., 2003) may
exert selection on bill morphology as hummingbirds adapt to novel patterns in abundance and
composition of floral resources. However, we need phenological studies comparing the
morphology of corollas from 60 years ago with those of today in the same region to better

understand this point of view.

While bill morphology shifts were most pronounced in hummingbirds, other aspects of body
size showed contrasting patterns across passerines. Among passerines, 33% (primarily
canopy tanagers) showed body size reduction, while another 33% (mostly understory
insectivores such as C. unirufa and H. leucophrys) increased in size, with S. unirufa being a
notable exception. The decrease in body size among the primarily frugivorous tanagers (which
are also insectivorous to some degree) may reflect nutritional constraints in fragmented

landscapes. Fruit resources are typically seasonal and vulnerable to habitat degradation
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(Blake & Loiselle, 2015; Palacio et al., 2020; Stouffer et al., 2021; Wilcox et al., 2024), while
insect prey is in decline globally, potentially subjecting these birds to greater nutritional stress
(Mota et al., 2022). Canopy-dwelling tanagers face added thermal challenges due to greater
exposure to ambient temperatures without the buffering effects of understory vegetation
(Barnagaud et al., 2017; Neate-Clegg et al., 2024), yet contrary to expectations from Allen’s
rule, we observed a significant decrease in tarsus length in T. vassorii. This unexpected
pattern suggests that factors unrelated to thermoregulation may be driving morphological

shifts in this canopy tanager.

Hummingbirds showed more individualistic body size responses than passerines, with 72%
maintaining unchanged body size while significant modifications occurred in two: E. vestita
increased and H. exortis decreased significantly. Both showed increased culmen length over
time, but E. vestita coupled this with increased body size while keeping wing size, whereas H.
exortis reduced both body size and wing length alongside bill enlargement. These contrasting
responses illustrate that even closely related species with similar ecologies may develop
distinct morphological adjustments under the same environmental pressure. The
morphological shifts in E. vestita likely represent ecological tracking of food resource
availability, with concomitant changes in body size and feeding apparatus. It remains to be
seen if this corresponds to a transition toward novel floral resources. In contrast, H. exortis
shows a more consistent pattern with thermal stress response, combining body size reduction

with bill size increases.

What mechanisms might explain these diverse and often contrasting morphological responses
across species? The relatively brief timeframe of our study (six decades) suggests that many
of the observed patterns likely reflect phenotypic plasticity rather than completed
microevolutionary modification. Such plastic responses are especially important during
periods of rapid habitat transformation, enabling populations to persist amid novel selective
pressures before genetic adaptation can occur (West-Eberhard, 2005; Weeks et al., 2022).
This developmental flexibility, often manifested as phenotypic accommodation, can
subsequently facilitate evolutionary change if selection favors and genetically assimilates
initially plastic traits (Ghalambor et al., 2007; Nijhout et al., 2021). The contrasting responses
we documented among closely related taxa, particularly within Coeligena hummingbirds,
provide compelling evidence that species-specific plasticity, rather than phylogenetically

constrained trajectories, is the primary driver of morphological divergence in this system. Our
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findings align with emerging perspectives that view phenotypic plasticity not merely as noise
around an adaptive mean but as a fundamental mechanism facilitating persistence, and
potentially directing evolutionary trajectories, in rapidly transforming environments (West-
Eberhard, 2005; Zimova et al., 2023).

Our findings underscore the complex, context-dependent nature of avian responses to
anthropogenic pressures in tropical montane ecosystems. While we cannot precisely quantify
the relative contributions of climate warming, landscape fragmentation, and altered resource
availability, our results reveal birds’ remarkable capacity to respond morphologically to
environmental disturbance. The patterns we documented in the Eastern Andean Cordillera of
Colombia differ markedly from those reported in other tropical regions. Amazonian lowland
birds showed consistent decreases in body mass with concurrent increases in wing length
(Jirinec et al., 2021), while Tanzanian montane birds demonstrated systematic increases in
body mass (Neate-Clegg et al., 2024). Our Andean birds, by contrast, exhibited mixed body
size trends alongside predominantly decreasing wing lengths. Notably, our observation of tail
elongation parallels findings from the Colombian Chocd, where tail length increased in 61%
of species over a century despite different landscape histories compared to our study area,
which has experienced substantial fragmentation, unlike the Chocd sites. Our results highlight
how local environmental filters may override global generalizations about morphological
responses to climate change, reinforcing the need for region-specific analyses. In our case,
the loss of tree cover and primary forest provides essential context for interpreting
morphological responses. Ongoing deforestation through agricultural expansion, deliberate
burning, and logging has increasingly fragmented the landscape, disrupting habitat
connectivity that serves as a buffer against environmental stress. This anthropogenic
transformation creates novel selective pressures that will likely intensify in coming decades,
testing the adaptive capacity of populations that have evolved in response to the complex

environmental gradients of the Andes.

Beyond documenting these morphological shifts, our study carries broader implications for
evolutionary ecology and conservation biology. Our results reveal diverse morphological
strategies that may enhance persistence under anthropogenic pressure, suggesting that some
species have greater adaptive capacity than previously recognized. As human activities
continue to transform Andean landscapes, understanding phenotypic assimilation and
developmental plasticity becomes crucial for predicting organismal responses to human-
induced evolutionary trajectories (Polak, 2003; West-Eberhard, 2005; Nijhout et al., 2021). To
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build on our findings, future research should integrate morphological analyses with broader
ecological approaches, including habitat assessments, elevational transects, and genetic
techniques to better understand the connections between range shifts, community turnover,
demographic dynamics, and the genetic basis of phenotypic adaptations (Gienapp et al.,
2007; Hermes et al., 2016; Pollock et al., 2021; Tinoco et al., 2021).

While much of this study focused on species exhibiting morphometric change, it is equally
important to consider those that did not, as morphological constancy may itself reflect adaptive
strategies under environmental change. The apparent stability in A. melanogenis and M.
miniatus may result from a combination of ecological plasticity, stabilizing selection, and broad
elevational distributions that buffer environmental pressures. Both species are known to
occupy wide elevational ranges (typically between 1000 and 3000 m in A. melanogenis and
500 to 2700 m in M. miniatus) which may expose them to diverse climatic and ecological
conditions without requiring morphological differentiation across microhabitats. Ecological
plasticity has been proposed as a mechanism that enables species to maintain functional traits
across heterogeneous environments, thereby minimizing directional selection on morphology
(Greenberg, 1990). In addition, stabilizing selection may also preserve optimal ftrait
configurations when deviations reduce fitness, particularly in traits linked to flight efficiency or
thermoregulation (Topfer, 2018). These mechanisms suggest that morphological stability
should not be interpreted as evolutionary stasis, but rather as evidence of successful

strategies for coping with environmental variability.

Finally, the value of natural history collections in documenting these changes cannot be
overstated. The novel patterns we documented in the Colombian Andes were made possible
by the meticulous efforts of mid-20th century researchers who built Colombia's most important
bird collection. Their foresight provides an irreplaceable baseline against which contemporary
impacts can be measured. While these findings illuminate potential mechanisms relevant
throughout the Andes with similar climatic and anthropogenic conditions, we caution against
broad extrapolation to other mountain systems. The contrasting patterns between our results
and those from African mountains (Neate-Clegg et al., 2024) highlight the need for additional
studies across diverse montane regions with varying fragmentation histories and climatic
trajectories. By investing in both historical collections and contemporary field collection and
research, we can contribute the comprehensive understanding needed to anticipate and

potentially mitigate the impacts of global change on tropical montane biodiversity.



2.Chapter 2: Evaluate the differentiation in
vocal signals among allopatric populations
of an Andean bird (Synallaxis unirufa)
subjected to thousands of years of
evolutionary isolation.

2.1 Introduction

Throughout the geological history of the Neotropics, changes in the landscape, such as the
uplift of mountain ranges and cordilleras, have played a key role in the delimitation of species
and the structuring of fauna and flora, favoring speciation processes in strategic areas of the
continent (Kattan et al., 2004). This dynamic is particularly evident in northern Colombia and
Venezuela, where the high degree of endemism in coastal mountains has resulted in
biodiversity that has evolved and specialized in response to local climatic and ecological
conditions (Hazzi et al., 2018). These mountainous regions function as biological reservoirs,
harboring species complexes that, after diversifying, have moved southward along biological
corridors, colonizing new areas with similar characteristics, such as the complex topography
of the Andes mountains (Haffer, 1967). Several studies have explored the colonization
patterns of species in different groups, including amphibians (Hutter et al., 2017),
invertebrates such as scorpions and butterflies (Ceccarelli et al., 2016; De-Silva et al., 2016)
and plants (Luebert & Weigend, 2014); revealing how Andean topography has shaped
biodiversity over time and space. Likewise, climatic fluctuations since historical eras have
traced a path of dispersal and expansion of species allowing colonization in a gradual manner
due mainly to the advance of ice masses, changes in altitudinal ranges, and the expansion
and retraction of wet and dry habitats (Fjeldsa et al., 2012). In general, the evidence suggests
that speciation processes in the Andes have been driven by an accelerated uplift of the
cordilleras, which has favored diversification in the highlands and the geographic isolation
generated by the inter-Andean valleys and mountain depressions (Chaves et al., 2011;
Valderrama et al., 2014; Benham et al., 2014; Hazzi et al., 2018).

In the same way, speciation mechanisms in birds have been extensively documented, with
notable examples illustrating how changes in landscape cover and mountain dynamics have

facilitated their diversification. In Metallura tyrianthina, Benham et al. (2014) evidenced how
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Pleistocene geoclimatic dynamism caused radical shifts in the ranges of this species and other
Andean bird clades, driving dispersal across topographic barriers key to their diversification.
Similarly, Chaves et al. (2011) demonstrated the relationship between the progressive uplift
of the Andes and the diversification of Adelomyia melanogenys in the early Pliocene,
influenced by displacements caused by climatic fluctuations. Likewise, Brumfield & Edwards
(2007) identified factors influencing diversification rates of lowland birds, focusing on the
Thamnophilus genus and its divergence between trans and cis Andean birds. Their findings
highlighted the crucial role of subsequent climatic fluctuations and Pliocene and Pleistocene
marine transgressions (Fjeldsa et al., 2012), which periodically disrupted and reconnected the
dispersal corridor in the far northern Andes, as well as revealing patterns associated with

intraspecific competition.

Similarly, taxonomic riddles associated with Neotropical understory birds that share modest
morphological variation — such as preserved plumages of gray, reddish and brownish tones —
, but with striking vocal divergence, reflect an evolutionary and phylogenetic history worth
telling. Remarkable examples such as Drymophila caudata (Isler et al., 2012), Scytalopus
latrans (Cadena et al., 2020), Grallaria rufula (Isler et al., 2020), Thryophilus (Lara et al., 2012)
or Sclerurus (d’Horta et al., 2013), evidence how diversity has been underestimated under the
traditional criteria of historical taxonomy. These findings reinforce the need to continue
deepening the study of the biodiversity of the Neotropics, unraveling the processes of

dispersal, colonization and settlement that have shaped the avifauna in the mountains.

A clear example of this phenomenon is the Synallaxis genus, a group of birds distributed over
a wide altitudinal range, which has colonized different thermal floors and ecosystems, and
whose populations have undergone a differentiation driven by these biogeographical
processes (O'Shea, 2009). In this context, the present study aims to contribute to the
taxonomic delimitation of the Synallaxis unirufa complex through an integrative approach that
combines genetic and bioacoustics analyses. This complex is a group of understory cryptic
taxonomic entities, but with a strongly marked vocal variation, favored by the geographic
isolation of populations distributed in the different mountain ranges of northern and central
South America. Through this approach, we examine the factors that have favored their
possible diversification and identify distinctive patterns that allow a better understanding of

their evolutionary history. Given the high degree of endemism and the vulnerability of these
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taxa to habitat degradation, it is essential to establish precise guidelines for their preservation

and to direct conservation efforts towards these recently identified populations.

2.2 Methods

2.2.1 Study area and focal species

We define the Synallaxis unirufa complex (Furnariidae) as consisting of six light-brown to
rufous-chestnut spinetails that form a monophyletic group (Derryberry et al., 2011) occurring
allopatrically in humid montane forests of northern South America (Fig. 2-1). Currently, three
species-level taxa are recognized, two of which are range-restricted and monotypic: S.
fuscorufa (Sclater, 1882) of the Sierra Nevada of Santa Marta, Colombia, and S. castanea
(Sclater, 1856) of the Cordillera de la Costa in northern Venezuela. The third species, S.
unirufa (Lafresnaye, 1843) is polytypic and widespread along the Andes from Colombia
southward to central Peru. Four subspecies are currently recognized in S. unirufa: S. u.
munoztebari (Phelps & Phelps, 1953) of the Sierra de Perija in northeastern Colombia and
northwestern Venezuela, S. u. meridana (Hartert & Goodson, 1917) of the Mérida Andes of
Venezuela, the Tama Massif, and northern end of the Eastern Cordillera of Colombia in Norte
de Santander, the nominate S. u. unirufa (Lafresnaye, 1843) of the western slope of the
Eastern Cordillera and the Western and Central Andes of Colombia to southern Ecuador and
extreme northern Peru to north and west of the Maranén river valley, and S. u. ochrogaster
(Zimmer, 1935) of the eastern slope of the Peruvian Andes south and east of the North

Peruvian Low, from Amazonas south to Cuzco along the Vilcabamba mountain range (Fig. 2-

1).
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Figure 2- 1. Phylogenetic map of the populations of the Synallaxis unirufa complex with the
points of the recordings obtained: S. u. meridana (yellow), S. u. munoztebari (purple), S. u.
unirufa (red) and S. u. ochrogaster (green) together with the sister species S. fuscorufa
(orange) and S. castanea (blue). Their vocal comparison is also shown in the lower right

corner.
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2.2.2 Song data collection and analysis

We searched for positively identified sound recordings of S. unirufa, S. castanea, and S.
fuscorufa from the Macaulay Library and Xeno-Canto sound archives. We selected the best
quality audio recordings where the focal individual song did not overlap with other signals.
Several recordings were also discarded because they were incomplete or had a low signal to
noise ratio that prevented accurate acoustic measurements from being taken. All the
recordings were in wav format, except for a few that were in mp3 format which did not hinder
the measurement. We identified homologous song types as those containing at least two

structurally consistent notes: a short penultimate note, in the shape of an inverted U or V
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(referred to throughout the text as a short note), and a long modulated final note (referred to
throughout the text as a long note), which was not present in S. castanea and S. u. meridana
but was added for methodological reasons (Fig. 2-2). These note types were consistently
present across taxa and were used to anchor comparisons. Thus, very agitated songs after
playback or short calls were not analyzed. Our analysis unit was the individual bird, so we
discarded duplicates and grouped multiple recordings of the same individual as one.
Ultimately, out of 467 songs collected, a total of 226 were used for measurements and
analysis: 71 S. fuscorufa and 40 S. castanea, 42 S. u. unirufa, 32 S. u. meridana, 35 S. u.
munoztebari, and six S. u. ochrogaster. We used Raven Pro 1.6 (Yang, 2024) with custom
visual settings Hann window, 512 sample size and 50% overlap, to take the following
measurements for the whole song and for the individual notes: total duration (i.e., 90%
duration, the interval containing the central 90% of energy); peak frequency, defined as the
point of highest maximum energy within the spectrogram; minimum frequency at 5%,
maximum frequency at 95%, making both adjustments to avoid visual distortion; and
frequency bandwidth, which is the calculated range of frequencies from the minimum to the
maximum point that the song or note can reach (Fig. 2-2). Given the presence of harmonics
(overtones), we choose to measure the note with higher energy (in the present case, the first

above the fundamental; Fig. 2-2).

Figure 2- 2. Spectrogram of representative sample of the typical song in Synallaxis unirufa
unirufa (ML430332021). Phrase sections (Full song, Short Note and Long Note) are indicated

by brackets along with the frequency and duration measurements taken for each section.
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After curating the bioacoustics measurements dataset in a matrix, we standardized the data
using the [scale] function in R (R Core Team, 2024) to avoid potential skews arising from
differences in time (seconds) and frequency (Hertz) units. We then subjected the data to a
linear discriminant analysis (LDA) to distinguish diagnosable song groups based on
established homologous sections, specifically the complete song, the penultimate short note
and the final long note. We conducted the analysis using the [Ida] function of the MASS library
(Venables & Ripley, 2002), along with the dplyr library (Wikham et al., 2023) to visualize the

results in a scatterplot.

Subsequently, we constructed Bayesian generalized linear mixed models (BGLMM) using the
Markov chain Monte Carlo (MCMC) technique via the [MCMCglmm] function (Hadfield, 2010),
partitioned by the three song sections and across the six taxa analyzed, combined with the
number of variables, resulting in a total of 90 models that were grouped in Supplementary
Material Table S3. Each model included a dependent variable corresponding to the analyzed
bioacoustics parameter. To define the necessary contrasts and establish the reference taxon
in each model, we applied the [relevel] function, differentiated across song sections.
Additionally, we incorporated random effects, represented either by individual identity or
independent songs, to account for intrinsic variability in the sampling. We ran a total number
of 13,000 iterations per model under the MCMC algorithm, selecting a sampling interval of
every 10 iterations to reduce autocorrelation; and finally, discarding 3,000 iterations that
correspond to the warm-up stage for the model to reach its initial convergence. As a result,
these are used to identify significant differences and the variables that most influence species
differentiation and the effect sizes associated with each. The other parameters of the model

were set to the default values of the function, defining the priors with a single MCMC chain.

2.2.3 Phylogeographic structure

Phylogeographic structure was examined across the range of the complex using 64 samples,
informed by phylogenetic hypotheses for the Furnariidae (Derryberry et al., 2011; Harvey et
al., 2020) and expanded sampling for Synallaxis unirufa and allies (Cuervo, 2013).
Representatives of all named forms were included: S. unirufa unirufa (23), S. u. ochrogaster
(16), S. u. meridana (7), S. u. munoztebari (7), S. fuscorufa (2), and S. castanea (6), along
with three outgroups: S. erythrothorax, S. cherriei, and S. rutilans. Total DNA was extracted

from vouchered tissue subsamples using commercial kits (detailed procedures in Cuervo
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2013, Martinez-Gomez et al., 2023). The mitochondrial gene NADH dehydrogenase subunit
2 (ND2, 1041 bp) was amplified and sequenced using primers L5215 (Hackett, 1996) and
H6313 (Johnson & Sorenson 1998), with internal sequencing primers L5758 and H5766
(Johnson & Sorenson, 1998; Brumfield et al., 2007).

Phylogenetic inference was implemented through both Bayesian methods in MrBayes 3.2.7
(Ronquist & Huelsenbeck, 2003) and maximum likelihood analyses in RAXML 8.2.12
(Stamatakis, 2014). MrBayes analyses employed four Markov Chain Monte Carlo (MCMC)
chains for 20 million steps, with samples taken every 1,000 cycles and the first 50% discarded
as burn-in. Convergence was assessed using Tracer 1.7.1 (Rambaut et al., 2018). RAxML
analyses utilized the rapid bootstrap algorithm generating 20,000 nonparametric bootstrap

replicates under the GTR+G model with 25 rate categories.

A time-calibrated gene tree was produced using BEAST 2.7.7 (Bouckaert et al., 2019),
applying log-normal priors and a relaxed uncorrelated lognormal molecular clock with a rate
of 0.0125 (2.5% per million years, SD=0.1) estimated for tropical passerine birds (Smith &
Klicka, 2010). Two independent BEAST analyses were conducted for 50 million generations,
sampling parameters every 1,000 steps. Convergence was confirmed through examination of
ESS values and traces in Tracer. Post-burnin parameters and trees (last 50%) were merged
using LogCombiner 1.7.4 (Rambaut & Drummond, 2007) and summarized as a maximum
clade credibility tree with mean node heights and a 0.5 posterior probability limit using
TreeAnnotator 2.6.3. Pairwise genetic differentiation among lineages within species were
calculated using ®ST statistics from a pairwise distance matrix among haplotypes using
Arlequin suite 3.5 (Excoffier & Lischer, 2010) (Fig. 2-1).

A Bayesian species delimitation method (bGMYC; Reid & Carstens, 2012) was used to
identify putative species groups based solely on genetic data. This approach identifies the
transition point between coalescent and phylogenetic variation, while accounting for tree
topology uncertainty and branch length error. bGMYC used 100 post-burn-in BEAST trees
applying the [bgmyc.multiphylo] function, running MCMC for 200,000 generations (sampling
every 100) and discarding the first 100,000 as burn-in. The three outgroups were included in
the analysis and a conservative posterior probability cut-off of 0.75 for lineage delimitation

was applied.
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2.3 Results

We found consistent visual differences in homologous songs among study taxa (Fig.2-3). Most
of the songs consist of short notes (1 to 5) and a single terminal, long note and contain more
than five harmonics (Fig. 8). Synallaxis fuscorufa songs begin with 1-4 repetitions of a short
note followed by 1-2 descending modulated notes with more than five harmonics (Fig. 8A).
The song of Synallaxis castanea consists of short notes of similar amplitude and structure,
with 3-8 notes depending on individual excitement (as in post-playback recordings; Fig. 8B).
Likewise, visual differences were also striking among subspecies within the polytypic S.
unirufa. Songs of S. u. meridana consist of only 2-5 identical short notes (Fig. 8C). By contrast,
S. u. munoztebari has two-note songs: a short note followed by a long ascending modulated
note (Fig. 8D). Similarly, S. u. unirufa songs contain 1-4 repetitions of a short note followed by
a long-modulated note (2-notes song the most common) (Fig. 8E), which sometimes occurs
alone as a call note. Lastly, songs by S. u. ochrogaster have only two notes, one short and
one long modulated note (Fig. 8F).

As for the temporal and spectral characteristics of the songs (Fig. 2-4), S. fuscorufa full song
duration ranges from 0.18 to 0.83 seconds, peak frequency from 3400-5000 Hz, minimum
frequency from 2670-4220 Hz and bandwidth ranges from 516-1890 Hz, as the specie with
the highest frequency values in full song section (Fig. 2-4). S. castanea with total duration of
0.33 to 0.83 s, peak frequency between 3100 and 4200 Hz, minimum frequency ranges from
2320-3280 Hz and bandwidth between 515-1460 Hz. Additionally, S. u. meridana with total
duration of 0.22 to 0.54 s, peak frequency ranges from 3100 to 4500 Hz, minimum frequency
between 2540-4120 Hz and bandwidth of 258-861 Hz. S. u. munoztebari songs last 0.31-0.43
s (Fig. 2-4A), with peak frequency between 3000-4650 Hz, minimum frequency of 1680-4100
Hz and bandwidth of 430-2430 Hz. S. u. unirufa, with total duration ranges from 0.18-0.71 s,
peak frequency between 1800-4300 Hz, minimum frequency of 1110-3560 Hz, reaching the
lowest frequency values (Fig. 2-4D), and bandwidth between 258-2150 Hz. And S. u.
ochrogaster with duration of 0.18-0.69 s, peak frequency of 3300-4200 Hz, minimum
frequency between 1680-3360 Hz and bandwidth of 430-1870 Hz. We also found that S. u.

munoztebari and S. u. unirufa have the widest bandwidth in full song (Fig. 2-4E).

Overall, short-note duration does not differ among species, ranging between 0.01 and 0.1 s

(Fig. 2-4A). In contrast, frequency spectra vary among species. The short note of S. fuscorufa
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has higher frequency values than all other taxa, with peak frequencies of 3700-4990 Hz, and
minimum frequencies of 3350-4560 Hz, the latter showing the greatest differentiation (Fig. 2-
4). All other taxa, except S. u. munoztebari have minimum frequencies below 4120 Hz. Indeed,
S. u. munoztebari delivers similarly high-pitched songs to those of S. fuscorufa, but with wider
variability especially in peak frequency (3180-4820 Hz) and minimum frequency (2810-4730
Hz) making it one of the species with the widest bandwidth second only to S. castanea (Fig.
2-4E). The remaining four taxa form two groups based on the similarity of their spectral
characteristics. One group includes S. castanea and S. u. meridana, which shows a close
relationship in some frequency variables such as peak (between 2800 and 4300 Hz) and
maximum (between 2900 and 4470 Hz) (Figs. 9B, C), although they differ slightly in the
minimum frequency, which is lower in S. castanea (3350 Hz) compared to S. u. meridana
(4120 Hz, Fig. 2-4D). The second group comprises two subspecies of the S. unirufa complex
(unirufa and ochrogaster), which share similar values of frequencies such as peak (S. u.
unirufa: 1460-3560 Hz; S. u. ochrogaster. 1870-3960 Hz), maximum (S. u. unirufa: 1460-3840
Hz; S. u. ochrogaster: 2250-4040 Hz) and minimum (S. u. unirufa: 1120-3190 Hz; S. u.
ochrogaster: 1680-3700 Hz), except that S. u. ochrogaster has a wider bandwidth (340-940

Hz, Fig. 2-4E) and variance, although it was the taxon with the smallest sample size.

Long note duration varied significantly among taxa, with S. u. unirufa and S. u. ochrogaster
being indistinguishable and producing the longest notes (0.15-0.35 s), followed by S. u.
munoztebari (<0.21 s) and S. fuscorufa (<0.13 s). Both S. castanea and S. u. meridana lack
long notes entirely, instead producing only short notes of consistent duration (Fig. 1-4A). Long
note frequencies show no differentiation among taxa, except for S. fuscorufa, which has
higher-pitched long notes than all other taxa, though not as distinct as in the short note (Fig.
2-4). However, S. u. munoztebari exhibits the widest ranges in all frequency variables,

including bandwidth, indicating greater vocal versatility in its long note.
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Figure 2- 3. Spectrograms of representative songs of the six taxa in the Synallaxis unirufa
complex: A) S. fuscorufa (ML211744), B) S. castanea (ML498847701), C) S. u. meridana
(ML502480771), D) S. u. munoztebari (ML204600), E) S. u. unirufa (ML430332021), F) S. u.
ochrogaster (ML73010821).
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To complement the analyses above, we performed linear discriminant analysis (LDA) for each
song section (full song, short note and long note), which corroborated our univariate findings.
With a priori probabilities ranging from 0.32 for S. fuscorufa to 0.0265 for S. u. ochrogaster
(proportional to sample sizes), we found significant vocal differentiation between taxa (Fig. 2-
5). For full songs, LD1 explained 89.9% of variance and was mostly influenced by peak
frequency and total duration, with S. fuscorufa showing the highest values for both variables
distinguishing it from other taxa. Similarly, in the short note analysis, where LD1 explained
87.0% of the variance, with peak frequency and maximum frequency contributing most
strongly, though these variables were correlated. This analysis identified S. fuscorufa and S.
u. munoztebari as the taxa with the most distinct short notes within the complex. For long
notes, LD1 explained 89.0% of variance, though variables generally contributed less,
supporting our finding of limited differentiation in long notes. However, the most relevant
variables were minimum frequency, with S. fuscorufa showing the most divergent values, and
total duration with S. u. unirufa and S. u. ochrogaster having the longest long notes (Fig. 2-
5C).

The GLMM results revealed significant differences among taxa for most acoustic variables
(Suplemmentary Material Table S3). For the total song, nearly all variables showed significant
differences in their species model, except for peak frequency in S. u. munoztebari (pMCMC =
0.63) or minimum frequency of S. u. ochrogaster (PMCMC = 0.12). Similarly, bandwidth was
only significant for S. u. meridana and S. u. munoztebari (both pMCMC < 0.001). For short
notes, most of the variables showed significant differences, although total duration was
marginally non-significant for S. fuscorufa (pMCMC = 0.042), and significant for S. u. meridana
and S. u. unirufa (both pMCMC <0.001). Bandwidth was significant only for S. castanea and
S. u. meridana (both pMCMC <0.001). Notably, minimum frequency showed no significant
differences for S. u. meridana only (PMCMC = 0.7). For long notes, duration showed
significant differences among all taxa. Similarly, S. fuscorufa and S. castanea differed
significantly in all variables, except for bandwidth ((MCMC = 0.46). In S. u. unirufa also
showed differences in all variables except in minimum frequency (PMCMC = 0.23). Additional

significant differences for the rest of acoustic variables are detailed in Table 2-1.
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Figure 2- 4. Quantitative acoustic differences among taxa in the Synallaxis unirufa complex
for the full song, short note, and long note. A) Duration; B) Peak Frequency; C) Maximum
Frequency; D) Minimum Frequency and E) Bandwidth. Color codes as in Fig. 2-1: S. u.

meridana (yellow), S. u. munoztebari (purple), S. u. unirufa (red), and S. u. ochrogaster

(green) together with the sister species S. fuscorufa (orange), and S. castanea (blue).
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Figure 2- 5. Linear discriminant analysis of acoustic variables for: A) full song, B) short note,

and C) long note in the Synallaxis unirufa complex. Color codes as in Fig. 2-1: S. u. meridana

(yellow), S. u. munoztebari (purple), S. u. unirufa (red) and S. u. ochrogaster (green) together
with the sister species S. fuscorufa (orange) and S. castanea (blue).
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2.3.1 Phylogeographic structure

Phylogenetic analyses revealed that S. fuscorufa is sister to all other members of the complex
with strong support, and notably, that Synallaxis unirufa is not monophyletic, with deep genetic
divergences mirroring the observed vocal patterns (Fig. 2-1). S. u. munoztebari forms a
strongly divergent group that is sister to a clade containing S. castanea and S. u. meridana.
One sample of S. u. meridana from Truijillo (the easternmost locality sampled) groups with

nearby populations of S. castanea.

The remaining two Andean S. unirufa subspecies form a strongly supported clade with clear
geographic structure. Instead of forming reciprocally monophyletic groups, populations of the
nominate subspecies S. u. unirufa and S. u. ochrogaster are intertwined. One group is formed
by samples from the Colombian Andes (unirufa), and another group has S. u. unirufa from
northernmost Peru and southern Ecuador clustering with S. ochrogaster populations from

south of the Marafion, thus making ochrogaster paraphyletic.

Genetic distances between the major lineages (Table 2-1) align with the phylogenetic results.
Uncorrected p-distances were highest between S. fuscorufa and all other taxa (5.0-5.7%),
with S. u. munoztebari also showing substantial divergence (4.1-5.5%). The distance between
S. castanea and S. u. meridana (2.5%) is notably lower than between either of these and other
S. unirufa subspecies (4.4-5.0%). All pairwise ®ST values among the major lineages were
statistically significant and high (0.721-0.985). BEAST divergence time estimates (Fig. 2-1)
suggest that the complex diverged from its outgroup around 4.5 Ma (95% highest posterior
density [HPD]). Four major clades diversified nearly simultaneously approximately 3 Ma,
corresponding to the MRCA of S. fuscorufa, S. u. munoztebari, the S. castanea + S. u.
meridana clade, and the S. u. unirufa + S. u. ochrogaster clade. Divergences within the latter
two groups occurred later, with the split between S. castanea and S. u. meridana estimated
at 1.43 Ma, and the split between S. u. unirufa and S. u. ochrogaster estimated at 1.45 Ma.
More recent diversification was inferred within Colombian S. unirufa and within Peruvian S. u.

ochrogaster populations (Fig. 2-1).



Chapter 2 41

Table 2- 1. Pairwise divergence between taxa groups in Synallaxis unirufa complex across its
range in the Andes and adjacent ranges. Above diagonal: average number of pairwise
differences (uncorrected p-distance). Diagonal elements: average number of pairwise

differences within groups. Below diagonal: pairwise ®ST; significant values in bold.

1 2 3 4 5 6
1. S. fuscorufa (Santa Marta) 0.005 0.057 0.051 0.050 0.055 0.054
2. S. u. munoztebari (Perija) 0.975 0.001 0.041 0.044 0.054 0.055
3. S. castanea (Cordillera de la Costa) 0.979 0.985 0.000 0.025 0.047 0.050
4. S. u. meridana (Tama/Mérida Andes) 0.821 0.877 0.785 0.010 0.044 0.045
5. S. u. unirufa (Northern Andes) 0.769 0.829 0.801 0.721 0.014 0.028
6. S. u. ochrogaster (Central Andes) 0.773 0.815 0.795 0.730 0.526 0.013

2.4 Discussion

Our results show that the Synallaxis unirufa complex represents a case of underestimated
diversity, where vocal and genetic analyses reveal multiple evolutionary lineages shaped by
geographic isolation in the Andes. Divergence time estimates suggest rapid radiation in the
late Pliocene, followed by population-level differentiation, particularly between S. fuscorufa,
S. u. munoztebari, S. castanea + S. u. meridana, and S. u. unirufa + S. u. ochrogaster.
Geographic barriers such as the Marafién River and various Andean depressions have played
a critical role in the speciation of these taxa, promoting vocal and genetic divergence.
Bioacoustics evidence highlights strong acoustic distinctions, with frequency and note
duration being key discriminatory factors, supporting taxonomic reclassification. Given these
findings, we propose recognizing S. u. munoztebari as an independent specie, positioning
itself as a new specie endemic to the Serrania del Perija, and reclassify S. u. meridana as a
subspecie of S. castanea, making it a near-endemic specie of Colombia and Venezuela, with
two allopatric but close populations. These taxonomic adjustments are crucial for
conservation, ensuring that geographically restricted populations receive appropriate
protection, particularly in biodiversity hotspots like the Andes, where speciation processes

remain an ongoing force in avian evolution.
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Traditional taxonomy based on diagnostic morphological characters such as plumage
coloration has been a fundamental starting point for the classification of cryptic diversity in
Andean birds. However, in recent decades, emerging tools such as genetics and bioacoustics
have allowed us to examine these generally reddish and brown plumage species complexes
in greater depth, revealing patterns invisible to classical taxonomy and significantly expanding
our knowledge of the group (Gwee, 2019; Areta & Monteleone, 2023). These studies have
confirmed that, although some populations may appear to be the same taxon that is distributed
and isolated in different geographic regions, they can represent biologically distinct entities

when analyzed under integrative methodologies.

This phenomenon is not exclusive to furnarids, such as spinetails or woodcreepers. A recent
case is that of the antpittas, where until 2020 the Grallaria rufula complex was broken down,
leading to the recognition of sixteen new species for South America (Isler et al., 2020).
Similarly, the study by Cadena et al. (2020) provided key evidence on tapaculos diversity,
redefining species boundaries within the Scytalopus latrans complex. Studies that integrate
multiple lines of evidence to resolve taxonomic puzzles, within the concept of integrative
taxonomy (Schlick-Steiner et al., 2010), allow the analysis of various aspects of the biology
and evolution of a taxon beyond its morphology. These tools have been applied in several
studies to understand the diversity of species complexes from a more precise and consistent
perspective. Examples such as Drymophila caudata (Isler et al., 2012), Premnoplex
brunnescens (Valderrama et al., 2014), Gallinago paraguaiae (Miller et al., 2020),
Pachyramphus albogriseus (Musher et al., 2023), Diglossa cyanea (Martinez-Gémez et al.,
2023), Scytalopus superciliaris and Scytalopus simonsi (Areta & Monteleone, 2023),
Schiffornis (Lima et al., 2024) and Camptostoma (Lima & Vaz, 2024), among others, have
evidenced that diversity in the tropics remains masked by a restricted species definition when
it comes to similar-looking taxa, requiring more detailed studies to understand its true

magnitude.

In this sense, the Synallaxis unirufa complex represents an excellent example for the analysis
of cryptic taxonomic groups, whose evolutionary history and geographic distribution include
the mountain ranges of northern South America as far as Peru. Synallaxis fuscorufa has the
most contrasting plumage of the entire complex, consisting of a bright reddish rufous color
with a dull grayish-olive back. Unlike Synallaxis castanea, whose plumage is also bright

rufous, but covering almost the entire body except for the throat, which is solid black,
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differentiating it from S. unirufa. Among the subspecies of Synallaxis unirufa, the nominal
subspecies S. u. unirufa is uniformly and brightly colored, almost entirely reddish rufous, with
a slightly paler forehead, a blackish sooty loral area and hidden feather bases in the center of
the throat too. S. u. meridana is slightly paler, the black bases of the throat feathers are more
visible, and the tail is slightly longer. S. u. munoztebari is the palest of all, with no black on the
throat and a pale beige supercilium and forehead. Finally, S. u. ochrogaster is also paler than

unirufa, but especially in the center of the belly.

The results obtained in this study evidence consistent vocal and genetic divergence but also
highlight the fundamental role of Andean topography in the population divergence of this
group. The findings suggest an origin in the northern mountains, followed by a recent
diversification and colonization toward the central Andes. This process would have been
driven by dispersion events associated with phases of Andean uplift, which generated multiple
geographical barriers throughout the complex's distribution, favoring geographical isolation
and allopatric speciation. For example, the Cesar depression separates S. fuscorufa from its
sister species, making it a species endemic to the Sierra Nevada de Santa Marta, with an
altitudinal range between 2000 and 3000 m. Similarly, the low pass of the Sierra de los
Motilones, where the Catatumbo River valley is located at an altitude of 200 to 300 m, marks
the separation of S. u. munoztebari, located in the Serrania del Perija at an altitude of more
than 3000 m, from its closest counterpart, S. u. meridana, located in the Cordillera de Mérida,

with an altitudinal range between 1300 and 2200 m.

In contrast, some barriers present greater permeability and flexibility, such as the Tachira and
Unare depressions, which allow some connectivity and probably contact between S. wu.
meridana and S. castanea, distributed in the coastal mountains of northern Venezuela. A
similar case occurs with the Maraindn River near Cajamarca - Peru, which separates the
Andean populations of S. u. unirufa and S. u. ochrogaster, although its effect as a barrier
seems to be less restrictive than originally believed. However, these statements are based
entirely on theoretical assumptions that attempt to provide a logical explanation for the
dynamics observed in the results; further geological studies are needed to determine the role

of barriers in the movement and diversification of these taxa.

Zazueta-Algara et al. (2022), in his study on Melanerpes formicivorus from northern and
central America, points out that acoustic divergence is influenced by several factors, such as

morphological adaptation, interspecies recognition, genetic differences, acoustic adaptation
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to habitat, competition for acoustic space, and even genetic drift. In this context, it is prudent
to think that the diversification of the complex has been driven by complementary factors such
as landscape topography and the aforementioned barriers, which is ultimately seen in the

acoustic and genetic divergence found here.

In line with these geographic barriers, divergence time estimates indicate that four deeply
divergent clades within the S. unirufa complex—S. fuscorufa (Sierra Nevada de Santa Marta),
S. u. munoztebari (Perija), S. castanea + S. u. meridana (Coastal Range and Mérida Andes),
and S. u. unirufa + S. u. ochrogaster (core Andean group)—began diverging in the late
Pliocene. Short internodes and low support at the base of the phylogenies (Fig. 2-1 and
Supplementary Material Fig. S3) suggest a near-simultaneous radiation of these four groups.
During the Pleistocene, castanea diverged from meridana, and the core Andean group
(unirufa—ochrogaster) also split geographically. Subsequent population-level differentiation
occurred more recently, including within Colombian populations of S. unirufa and Peruvian
populations of S. u. ochrogaster. These findings support a scenario of rapid speciation
followed by more recent population differentiation, likely driven by the complex topography
and ecological heterogeneity of the Andes, reflecting low morphological and vocal divergence,
at least based on these preliminary results. Future research should expand genomic sampling
and evaluate phenotypic and vocal distinctiveness in the geographically isolated S. wu.
ochrogaster population in Ayacucho, Pert, as well as potential structure among S. u. unirufa
populations across the Colombian cordilleras. Particularly intriguing is the divergence pattern
of S. unirufa populations from southernmost Ecuador and northernmost Peru, which cluster
with populations south of the Marafén River. Similar trans-Marafidn patterns have been
observed in Myoborus bairdi griseonuchus and M. melanocephalus malaris (Céspedes-Arias
et al., 2021). Past introgression or hybridization may explain that pattern, as well as the
placement of one S. u. meridana sample from Truijillo, the closest region to the western range
of S. castanea populations across the Unare Depression in Venezuela. A comparable pattern
of fine-scale structure within the Mérida Andes has also been reported in Scytalopus
meridanus (Cadena et al., 2020). These divergence patterns, shaped by historical landscape
changes and genetic introgression, raise important questions about how vocal differentiation

has evolved within the complex. To address this, we now turn to bioacoustics evidence.

Building on this evolutionary framework, our bioacoustics analysis revealed distinct song

characteristics that further support taxonomic differentiation within the complex. We found that
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the songs of S. fuscorufa are characterized by having at least two notes, with a final long note
that can be modulated downward and maintains significantly higher frequency registers
compared to other populations of the complex, allowing us to differentiate S. fuscorufa from
the rest of the group. The GLMM models evidenced a significant contrast in most of the
bioacoustics variables, except for the bandwidth in the long note since, although this note
presents a distinct and exclusive modulation, its frequency ranges remain similar to those of
other populations. In this way, we support the solid taxonomic differentiation established from
the beginning. Likewise, genetic analyses strongly confirm the early separation of the
complex, validating its classification as a monotypic species endemic to the Sierra Nevada de
Santa Marta.

On the other hand, S. u. munoztebari is a subspecies that, despite its geographic proximity to
S. u. meridana and S. fuscorufa, does not show consistent vocal similarity in any of the
analyses performed. This is possibly due to the lack of contact between populations, a product
of the previously mentioned geographical barriers, which have been strong and constant
enough to prevent gene flow. The song of S. u. munoztebari consists of only two notes, with
a long note modulated in an ascending manner, a characteristic unique among the populations
analyzed. This dynamic is also reflected in the genetic analyses (Fig. 2-1; Table 2-1;
Supplementary Material Fig. S2), which show an early separation of the S. unirufa clade. The
allopatric speciation of S. u. munoztebari, possibly driven by landscape transformations
occurring since the Pliocene, has facilitated its evolutionary divergence through a combination
of stochastic factors, such as topographic complexity, its reduced dispersal capacity and
sufficient time for environmental pressures to generate evolutionary changes in this taxon
(Martinez-Gémez et al., 2023). Therefore, in contrast to its current classification as a
subspecies of S. unirufa, we propose a new outlook for S. u. munoztebari, in which we
consider its reclassification as a monotypic species endemic to the Serrania del Perija, under

the name Synallaxis munoztebari.

In addition, we have identified an interesting relationship between S. castanea and S. u.
meridana. The first is characterized by a song structure consisting exclusively of short notes
(minimum three) with equal frequency values, which distinguishes it visually and hearing from
most of the other species. However, our results suggest a possible taxonomic discrepancy.
Although S. castanea is considered monotypic, genetic analyses position it with S. w.
meridana within the same clade (Fig. 2-1, Table 2-1; Supplementary Material Fig. S2),

revealing a particular genetic relatedness. Although the data indicates that they are not the
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same species, there is evidence that S. u. meridana may be more closely related to S.
castanea than to S. unirufa. Their geographic proximity also increases the likelihood of genetic
exchange if conditions permit. This is most clearly observed in a small population from Trujillo
- Venezuela, whose genetic relatedness to S. castanea is stronger. In addition, both species
are separated by apparently permeable geographical barriers, which in theory could facilitate
the flow of individuals or possible crossbreeding, but without sufficient data, these claims
remain only hypotheses that need to be evaluated in the future. Therefore, it would not be
unreasonable to consider excluding S. u. meridana from the S. unirufa complex, as it is
currently found, and reclassifying it as a subspecies of S. castanea according to the previously
mentioned parameters. This could make it a polytypic taxon, with a nominal population in the
highlands of coastal Venezuela (Synallaxis castanea castanea) and another in the Mérida
cordillera between Colombia and Venezuela (Synallaxis castanea meridana), making it a
near-endemic species to both countries. However, although the initial genetic analyses of this
study are sound, they are still an approximation. To strengthen or, failing that, refute this

approach, more comprehensive comparative genomic studies are needed.

Lastly, regarding S. u. unirufa and S. u. ochrogaster, both present a remarkable genetic and
vocal relationship, which allows us to identify S. u. ochrogaster as the only subspecies of
Synallaxis unirufa within this study, outside of the nominal population of the Andes of Colombia
and Ecuador (S. u. unirufa). This similarity is understandable, given that they are the only taxa
located in the Andes and share similar altitudinal ranges and ecological characteristics.
However, although the genetic results categorize them as closely related taxa, the number of
recordings registered for S. u. ochrogaster was considerably lower compared to other taxa.
Although this is a suboscine subspecies that should not vary considerably between nearby
populations (Catchpole & Slater, 2003), increasing vocal recordings is necessary to fully
evaluate its repertoire and deepen the bioacoustics analysis, particularly in Marafién basin

populations where inter-taxon contact remains unexplored.

This observed genetic and vocal relationship between S. u. unirufa and S. u. ochrogaster not
only reinforces their close affinity within the Synallaxis unirufa complex, but it also raises
questions about the evolutionary processes that have shaped their acoustic communication.
Vocalization, as a key phenotypic trait in birds, can be influenced by diverse factors such as
geographic isolation, landscape structural changes, and population dynamics (Fjeldsa et al.,

2012; Valderrama et al., 2014). Based on these principles, it is critical to explore how
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differences in song have emerged over time and what role they have played in speciation

within this group.

Communication through song plays a fundamental role in speciation processes, mainly in
birds with conserved plumages (O'Shea, 2009; Lima, 2024). This mechanism is key in
functions such as territorial defense, interspecific recognition and mate selection (Zazueta-
Algara, 2022; Lima, 2024). Podos (2001), identified that the relationship between morphology
and vocal capacity has significant implications in the speciation dynamics observed in
Darwin's finches, where beak morphology directly influences the production of complex notes
and songs. However, in cryptic suboscine species such as the furnarids evaluated in this
study, morphology does not provide sufficient robust variation for species delimitation and
taxonomic classification. In this context, vocal divergence acquires a primordial role, emerging
rapidly in the early stages of speciation (O'Shea, 2009). Thus, vocal variation among closely
related taxa functions as a prezygotic isolation mechanism, where long-separated populations

develop stable acoustic identities that limit genetic exchange in case of future contact.

These vocal variations arise from the modification of acoustic parameters, in our case, the
most important to discriminate between subspecies are mostly frequencies, where some
populations produce songs in higher ranges than others such as S. fuscorufa or S. u.
munoztebari; or in the duration of the long terminal note, which is shorter or not at all in entities
such as S. castanea and S. u. meridana. These differences may indicate prezygotic isolation,
preventing genetic exchange between populations that do not recognize each other as
conspecifics. However, researchers such as Bard et al. (2002) and Raposo & Hofling (2004),
mention the importance of not attributing all vocal divergence to mate selection. In their studies
they suggest that the songs we usually hear and record may be more related to territorial
defense than to reproductive purposes, since such close encounters are rarely observed and
recorded in the wild. Therefore, it is essential to continue collecting bioacoustics information
to expand the vocal repertoire of these species and better understand the diversity of
behaviors with which they may be associated. Furthermore, conducting vocal recognition
experiments with playback, in which songs from different populations are emitted to observe

the reaction of individuals, is an effective strategy to evaluate these hypotheses.

Considering all the above, bioacoustics in birds have proven to be fundamental for the
delimitation of species and the resolution of taxonomic enigmas. However, many mysteries

remain (Musher et al., 2023) that require the application of good practices in recording and
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collecting data from understudied populations. For example, in our analysis we faced the
limitation of having a few recordings of S. u. ochrogaster, because many of those available
were of poor quality. Maintaining strict guidelines in recording procedures allows us to enrich
the databases with optimal records, ensuring their future usefulness in species delimitation
studies and other taxonomic research. In addition, it is crucial to expand latitudinal sampling
to access more isolated populations with particular characteristics, such as the Trujillo
(Venezuela) population of S. u. meridana and its genetic relationship with S. castanea, or that
of Cajamarca (Peru), in the Maranén river basin, where S. u. unirufa could come into contact
with S. u. ochrogaster. These specific cases require additional studies, both vocal and genetic,
to deepen the preliminary findings presented here. The implementation of advanced tools,
such as comparative genomics or new gene flow and introgression studies, is essential to

consolidate these results and reach a definitive conclusion.

In this paper we propose taxonomic changes based on new lines of evidence that present
consistent characters, with the objective of contributing to the advancement of the
understanding of South American taxonomy and addressing its historical underestimation.
Under traditional guidelines, many species would remain anonymous, which could hinder
conservation efforts aimed at protecting new flagship species, increasingly better identified
thanks to the implementation of these additional tools. The taxonomic findings presented here
constitute a starting point for the implementation of conservation strategies in the populations
analyzed. On the one hand, S. fuscorufa, S. u. munoztebari, S. castanea and S. u. meridana
are flagship species and conservation targets due to their endemic nature, which makes them
vulnerable because they are geographically isolated in small territories. Likewise, S. u. unirufa
and S. u. ochrogaster represent key populations in strengthening the biodiversity of highly
intervened landscapes, such as the Andes cordillera, whose biological richness and degree
of endemism make it an ecosystem of great importance. Stretching across South America,
these mountain ranges are biological museums that have preserved ecological conditions for
millions of years, fostering biodiversity. Therefore, ensuring their preservation and promoting

the continuity of biodiversity in these ecosystems is a priority objective for the near future.

Finally, we emphasize the great importance of genetics and bioacoustics in the development
and expansion of global taxonomy, especially in the avifauna of the Neotropics. The findings
presented here are innovative, as they reveal an evolutionary history different from that

traditionally known. We propose that S. u. munoztebari, due to its strong vocal and genetic



Chapter 2 49

divergence, be considered a monotypic species endemic to the Serrania del Perija under the
name Synallaxis munoztebari. Likewise, we suggest that S. u. meridana be classified as a
subspecies of S. castanea, given its genetic and vocal relatedness, being an additional
population in the Mérida cordillera apart from the one found in the coastal mountains of
Venezuela, emerging as a near-endemic species shared with Colombia. These results
reinforce the need to continue with comprehensive studies with additional tools to better
understand the underestimated biodiversity of the South American tropics, determined by the
complex topography of the territory and the innumerable ecological and evolutionary dynamics

that have shaped the diversification of avifauna and species in general.






3.Conclusions y recommendations

3.1 General Conclusion

The phenotypic responses analyzed in this thesis illustrate the biological dynamics to which
species have been subjected over time. These variations, as a tangible expression of their
adaptive and evolutionary capacity, shape populations and allow them to cope with
environmental pressures, both those inherited from the past and those that represent new
threats in the future. Approaching these processes from a micro- and macroevolutionary
approach helps us to understand how species have persisted, adjusting to their environment
and expanding their ranges. The continuity of comparative studies at different time scales is
essential to deepen our knowledge of avifauna and the mechanisms that regulate their

diversification and adaptation.

In Chapter 1, we documented multiple morphological changes in birds resulting from a variety
of factors. This is a clear example of how bird anatomy modified to optimize thermoregulation
and compensate for key functions such as flight, foraging and dispersal, adjusting to the
capabilities and evolutionary trajectories of each species. However, the accelerated
degradation of the landscape, together with the advance of climate change, imposes new
pressures that threaten the permanence of these species in environments increasingly
intervened by human activity. Our research not only provides an assessment of morphological
shifts in Andean birds over the last six decades but also underscores the scientific value of
natural history collections and the importance of modern collecting expeditions in elucidating

evolutionary patterns and mechanisms of conservation importance.

Chapter 2 analyzed how certain phenotypic characters, particularly vocal divergence
supported by consistent genetic evidence, have motivated the need to revise and dismantle
the Synallaxis unirufa complex. This revision proposes a taxonomic restructuring that
highlights the case of S. u. munoztebari, whose substantial phenotypic differences justify its
reclassification as a possible independent species. Likewise, closer phylogenetic relationships
were identified between some subspecies and their sister species, such as S. u. meridana
with S. castanea, reinforcing the need to continue with specific delimitation processes. These

efforts are essential to reveal the true diversity of Neotropical avifauna, with the aim of
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designing more precise conservation strategies, especially in the case of endemic species

with high ecological value.

3.2 Recommendations

Chapter 1. Strengthen studies on morphological changes through robust landscape analysis
and climate studies to gain a clearer understanding of the environmental dynamics that are at
work in the landscape of the study area. Extend the time scale to understand the origin and
direct cause of morphological changes. In addition, conduct studies on vegetation, canopy
area, flower phenology, and other environmental conditions to understand the ecological

implications of ecosystem fragmentation.

Chapter 2. Use new genes and/or more robust genomic studies to strengthen the genetic
data presented here. Strengthen the analysis in areas with particularities such as those found
in Trujillo-Venezuela and the Marafnon in Peru, which are showing a different history.
Reinforce the studies with new genetic and bioacoustic samples that will allow us to increase

the amount of data.
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A. Supplementary Material: Tables

Table S1. List of specimens measured, along with their ICN code from the National Bird
Collection, Institute of Natural Sciences, National University of Colombia, the time to which it

refers (TIME 0O: Historical; TIME 1: Recent) and the locality where it was collected.

CODE STUDY TAXON TIME LOCALITY

4806 | Heliangelus exortis 0 Aguabonita, Silvania - Cundinamarca
4810 | Heliangelus exortis 0 Aguabonita, Silvania - Cundinamarca
7829 | Heliangelus exortis 0 Aguabonita, Silvania - Cundinamarca
4811 | Heliangelus exortis 0 Aguabonita, Silvania - Cundinamarca
4807 | Heliangelus exortis 0 Aguabonita, Silvania - Cundinamarca
7827 | Heliangelus exortis 0 San Miguel - Cundinamarca
7828 | Heliangelus exortis 0 San Miguel - Cundinamarca
7834 | Heliangelus exortis 0 La Aguadita - Cundinamarca
7826 | Heliangelus exortis 0 San Miguel - Cundinamarca
7832 | Heliangelus exortis 0 La Aguadita - Cundinamarca
7831 | Heliangelus exortis 0 Aguabonita, Silvania - Cundinamarca

27060 | Heliangelus exortis 0 Aguabonita, Silvania - Cundinamarca

40681 | Heliangelus exortis 1 Los Robles - El Pefion

40770 | Heliangelus exortis 1 Los Robles - El Pefién

40685 | Heliangelus exortis 1 Los Robles - El Pefion

40689 | Heliangelus exortis 1 Los Robles - El Pefién

40688 | Heliangelus exortis 1 Los Robles - El Pefion

40619 | Heliangelus exotrtis 1 Los Robles - El Pefién

40687 | Heliangelus exortis 1 Los Robles - El Pefion

40652 | Heliangelus exortis 1 Los Robles - El Pefién

40680 | Heliangelus exortis 1 Los Robles - El Pefion

40731 | Heliangelus exortis 1 Los Robles - El Pefién

40453 | Heliangelus exortis 1 Los Robles - El Pefion

40452 | Heliangelus exortis 1 Los Robles - El Pefién

40745 | Heliangelus exortis 1 Los Robles - El Pefion

40676 | Heliangelus exortis 1 Los Robles - El Pefién

40564 | Heliangelus exortis 1 Los Robles - El Pefion
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40568 | Heliangelus exortis Los Robles - El Pefion
40543 | Heliangelus exortis Los Robles - El Pefion
40498 | Heliangelus exortis Los Robles - El Pefion
40506 | Heliangelus exortis Los Robles - El Pefion

7764

Adelomyia melanogenys

La Aguadita - Cundinamarca

7757

Adelomyia melanogenys

La Aguadita - Cundinamarca

7754

Adelomyia melanogenys

La Aguadita - Cundinamarca

7755

Adelomyia melanogenys

La Aguadita - Cundinamarca

7756

Adelomyia melanogenys

La Aguadita - Cundinamarca

7758

Adelomyia melanogenys

La Aguadita - Cundinamarca

7759

Adelomyia melanogenys

La Aguadita - Cundinamarca

7761

Adelomyia melanogenys

La Aguadita - Cundinamarca

7763

Adelomyia melanogenys

La Aguadita - Cundinamarca

7762 | Adelomyia melanogenys La Aguadita - Cundinamarca

7760 | Adelomyia melanogenys La Aguadita - Cundinamarca

7765 | Adelomyia melanogenys La Aguadita - Cundinamarca

7766 | Adelomyia melanogenys La Aguadita - Cundinamarca

7752 | Adelomyia melanogenys La Aguadita - Cundinamarca

4777 | Adelomyia melanogenys Aguabonita, Silvania - Cundinamarca
40912 | Adelomyia melanogenys Parque Verde y Agua - Fusagasuga

40833

Adelomyia melanogenys

Cerro de Fusacatan - Pasca

40787

Adelomyia melanogenys

Cerro de Fusacatan - Pasca

40809

Adelomyia melanogenys

Cerro de Fusacatan - Pasca
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40789 | Adelomyia melanogenys Cerro de Fusacatan - Pasca
40831 | Adelomyia melanogenys Cerro de Fusacatan - Pasca
40911 | Adelomyia melanogenys Cerro de Fusacatan - Pasca
7888 | Haplophaedia aureliae La Aguadita - Cundinamarca
14536 | Haplophaedia aureliae La Aguadita - Cundinamarca
7887 | Haplophaedia aureliae Alrededores Fusagasuga - Cundinamarca
7889 | Haplophaedia aureliae La Aguadita - Cundinamarca
14535 | Haplophaedia aureliae La Aguadita - Cundinamarca
40823 | Haplophaedia aureliae Cerro de Fusacatan - Pasca
40923 | Haplophaedia aureliae Parque Verde y Agua - Fusagasuga
40914 | Haplophaedia aureliae Parque Verde y Agua - Fusagasuga
40919 | Haplophaedia aureliae Parque Verde y Agua - Fusagasuga
40907 | Haplophaedia aureliae Parque Verde y Agua - Fusagasuga
40909 | Haplophaedia aureliae Parque Verde y Agua - Fusagasuga
40822 | Haplophaedia aureliae Cerro de Fusacatan - Pasca
40905 | Haplophaedia aureliae Parque Verde y Agua - Fusagasuga
7774 | Eriocnemis vestita San Miguel - Cundinamarca
7777 | Eriocnemis vestita San Miguel - Cundinamarca
7773 | Eriocnemis vestita San Miguel - Cundinamarca
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7782 | Eriocnemis vestita San Miguel - Cundinamarca
7779 | Eriocnemis vestita San Miguel - Cundinamarca
7791 | Eriocnemis vestita San Miguel - Cundinamarca
7778 | Eriocnemis vestita San Miguel - Cundinamarca

7796

Eriocnemis vestita

San Miguel - Cundinamarca

7734

Eriocnemis vestita

San Miguel - Cundinamarca

7793

Eriocnemis vestita

San Miguel - Cundinamarca

0
0
0
0
0
0
0
7775 | Eriocnemis vestita 0 San Miguel - Cundinamarca
7776 | Eriocnemis vestita 0 San Miguel - Cundinamarca
40621 | Eriocnemis vestita 1 Los Robles - El Pefion
40643 | Eriocnemis vestita 1 Los Robles - El Pefion
40515 | Eriocnemis vestita 1 Los Robles - El Pefién
40480 | Eriocnemis vestita 1 Los Robles - El Pefion
40445 | Eriocnemis vestita 1 Los Robles - El Pefién
40571 | Eriocnemis vestita 1 Los Robles - El Pefion
7661 | Coeligena coeligena 0 La Aguadita - Cundinamarca
7662 | Coeligena coeligena 0 Alrededores Fusagasuga - Cundinamarca
7659 | Coeligena coeligena 0 La Aguadita - Cundinamarca
14665 | Coeligena coeligena 0 La Aguadita - Cundinamarca
7658 | Coeligena coeligena 0 La Aguadita - Cundinamarca
7660 | Coeligena coeligena 0 La Aguadita - Cundinamarca
Carretera entre La Aguadita y Fusagasuga -
14079 | Coeligena coeligena Cundinamarca

40920 | Coeligena coeligena Parque Verde y Agua - Fusagasuga

40978 | Coeligena coeligena Parque Verde y Agua - Fusagasuga

40991 | Coeligena coeligena Parque Verde y Agua - Fusagasuga

7672 | Coeligena torquata La Aguadita - Cundinamarca

4712 | Coeligena torquata Aguabonita, Silvania - Cundinamarca

4715 | Coeligena torquata Aguabonita, Silvania - Cundinamarca

7671

Coeligena torquata

La Aguadita - Cundinamarca

7663 | Coeligena torquata La Aguadita - Cundinamarca
7670 | Coeligena torquata La Aguadita - Cundinamarca
7671 | Coeligena torquata La Aguadita - Cundinamarca
7669 | Coeligena torquata La Aguadita - Cundinamarca
7673 | Coeligena torquata La Aguadita - Cundinamarca
7665 | Coeligena torquata Aguabonita, Silvania - Cundinamarca
7674 | Coeligena torquata La Aguadita - Cundinamarca

7675

Coeligena torquata

La Aguadita - Cundinamarca

7678

Coeligena torquata

La Aguadita - Cundinamarca

7682

Coeligena torquata

Aguabonita, Silvania - Cundinamarca

26114

Coeligena torquata

La Aguadita - Cundinamarca

4711

Coeligena torquata

Aguabonita, Silvania - Cundinamarca

4714

Coeligena torquata
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Aguabonita, Silvania - Cundinamarca




72

Respuestas fenotipicas en aves andinas a cambios ambientales operando a

escalas de tiempo contemporanea y evolutiva

4713 | Coeligena torquata Aguabonita, Silvania - Cundinamarca
7667 | Coeligena torquata Aguabonita, Silvania - Cundinamarca
7676 | Coeligena torquata La Aguadita - Cundinamarca

7666 | Coeligena torquata Aguabonita, Silvania - Cundinamarca

14537

Coeligena torquata

La Aguadita - Cundinamarca

40566

Coeligena torquata

Los Robles - El Pefién

40603

Coeligena torquata

Los Robles - El Pefidn

40444

Coeligena torquata

Los Robles - El Pefién

40613

Coeligena torquata

Los Robles - El Pefidn

40429

Coeligena torquata

Los Robles - El Pefién

40844

Coeligena torquata

Cerro de Fusacatan - Pasca

40426

Coeligena torquata

Los Robles - El Pefién

40461 | Coeligena torquata Los Robles - El Pefidn
40843 | Coeligena torquata Cerro de Fusacatan - Pasca
40546 | Coeligena torquata Los Robles - El Pefidn
40614 | Coeligena torquata Los Robles - El Pefion
7690 | Coeligena bonapartei San Miguel - Cundinamarca
7693 | Coeligena bonapartei San Miguel - Cundinamarca
7694 | Coeligena bonapartei San Miguel - Cundinamarca
7692 | Coeligena bonapartei San Miguel - Cundinamarca
7691 | Coeligena bonapartei San Miguel - Cundinamarca

40430

Coeligena bonapartei

Los Robles - El Pefidén

40524

Coeligena bonapartei

Los Robles - El Pefidn

40529

Coeligena bonapartei

Los Robles - El Pefidn

40427

Coeligena bonapartei

Los Robles - El Pefidn

40521

Coeligena bonapartei

Los Robles - El Pefidn

40525

Coeligena bonapartei

Los Robles - El Pefidn

40653

Coeligena bonapartei

Los Robles - El Pefidn

40464

Coeligena bonapartei

Los Robles - El Pefidn

11993 | Scytalopus latrans San Miguel - Cundinamarca
11991 | Scytalopus latrans San Miguel - Cundinamarca
11997 | Scytalopus latrans San Miguel - Cundinamarca
11996 | Scytalopus latrans San Miguel - Cundinamarca
4763 | Scytalopus latrans Aguabonita, Silvania - Cundinamarca
12000 | Scytalopus latrans Aguabonita, Silvania - Cundinamarca

12968

Scytalopus latrans

Aguabonita, Silvania - Cundinamarca

11998

Scytalopus latrans

Aguabonita, Silvania - Cundinamarca

11989

Scytalopus latrans

San Miguel - Cundinamarca

4767

Scytalopus latrans

Aguabonita, Silvania - Cundinamarca

4766

Scytalopus latrans

Aguabonita, Silvania - Cundinamarca

11990

Scytalopus latrans

San Miguel - Cundinamarca

4764

Scytalopus latrans

oo~~~ 00O ||~~~ |O|O|O|O|O

Aguabonita, Silvania - Cundinamarca
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11995 | Scytalopus latrans 0 San Miguel - Cundinamarca
40767 | Scytalopus latrans 1 Los Robles - El Pefion
40762 | Scytalopus latrans 1 Los Robles - El Pefion
40763 | Scytalopus latrans 1 Los Robles - El Pefion
40473 | Scytalopus latrans 1 Los Robles - El Pefion
40768 | Scytalopus latrans 1 Los Robles - El Pefion
4725 | Synallaxis unirufa 0 Aguabonita, Silvania - Cundinamarca
4727 | Synallaxis unirufa 0 Aguabonita, Silvania - Cundinamarca
4728 | Synallaxis unirufa 0 Aguabonita, Silvania - Cundinamarca
12265 | Synallaxis unirufa 0 San Miguel - Cundinamarca
12267 | Synallaxis unirufa 0 San Miguel - Cundinamarca
12268 | Synallaxis unirufa 0 San Miguel - Cundinamarca
12965 | Synallaxis unirufa 0 Aguabonita, Silvania - Cundinamarca
12270 | Synallaxis unirufa 0 San Miguel - Cundinamarca
12266 | Synallaxis unirufa 0 San Miguel - Cundinamarca
4722 | Synallaxis unirufa 0 Aguabonita, Silvania - Cundinamarca
4724 | Synallaxis unirufa 0 Aguabonita, Silvania - Cundinamarca
12269 | Synallaxis unirufa 0 San Miguel - Cundinamarca
4723 | Synallaxis unirufa 0 Aguabonita, Silvania - Cundinamarca
12264 | Synallaxis unirufa 0 San Miguel - Cundinamarca
4726 | Synallaxis unirufa 0 Aguabonita, Silvania - Cundinamarca
12271 | Synallaxis unirufa 0 San Miguel - Cundinamarca
4721 | Synallaxis unirufa 0 Aguabonita, Silvania - Cundinamarca
40882 | Synallaxis unirufa 1 Cerro de Fusacatan - Pasca
40448 | Synallaxis unirufa 1 Los Robles - El Pefion
40591 | Synallaxis unirufa 1 Los Robles - El Pefién
40646 | Synallaxis unirufa 1 Los Robles - El Pefion
40616 | Synallaxis unirufa 1 Los Robles - El Pefién
40623 | Synallaxis unirufa 1 Los Robles - El Pefion
40666 | Synallaxis unirufa 1 Los Robles - El Pefién
40649 | Synallaxis unirufa 1 Los Robles - El Pefion
40465 | Synallaxis unirufa 1 Los Robles - El Pefién
8329 | Pipreola riefferii 0 La Aguadita - Cundinamarca
4758 | Pipreola riefferii 0 Aguabonita, Silvania - Cundinamarca
8326 | Pipreola riefferii 0 La Aguadita - Cundinamarca
8323 | Pipreola riefferii 0 Alrededores Fusagasuga - Cundinamarca
4757 | Pipreola riefferii 0 Aguabonita, Silvania - Cundinamarca
4762 | Pipreola riefferii 0 Aguabonita, Silvania - Cundinamarca
8322 | Pipreola riefferii 0 Alrededores Fusagasuga - Cundinamarca
8330 | Pipreola riefferii 0 La Aguadita - Cundinamarca
8333 | Pipreola riefferii 0 La Aguadita - Cundinamarca
8331 | Pipreola riefferii 0 La Aguadita - Cundinamarca
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8332 | Pipreola riefferii 0 La Aguadita - Cundinamarca
8325 | Pipreola riefferii 0 La Aguadita - Cundinamarca
4760 | Pipreola riefferii 0 Aguabonita, Silvania - Cundinamarca
4759 | Pipreola riefferii 0 Aguabonita, Silvania - Cundinamarca
4761 | Pipreola riefferii 0 Aguabonita, Silvania - Cundinamarca
40904 | Pipreola riefferii 1 Cerro de Fusacatan - Pasca
40872 | Pipreola riefferii 1 Cerro de Fusacatan - Pasca
40532 | Pipreola riefferii 1 Los Robles - El Pefién
40548 | Pipreola riefferii 1 Los Robles - El Pefidon
40937 | Pipreola riefferii 1 Parque Verde y Agua - Fusagasuga
40590 | Pipreola riefferii 1 Los Robles - El Pefidn
40593 | Pipreola riefferii 1 Los Robles - El Pefion
40847 | Pipreola riefferii 1 Cerro de Fusacatan - Pasca
11896 | Cinnycerthia unirufa 0 San Miguel - Cundinamarca
11899 | Cinnycerthia unirufa 0 San Miguel - Cundinamarca
11897 | Cinnycerthia unirufa 0 San Miguel - Cundinamarca
4223 | Cinnycerthia unirufa 0 San Miguel - Cundinamarca
11898 | Cinnycerthia unirufa 0 San Miguel - Cundinamarca
11901 | Cinnycerthia unirufa 0 San Miguel - Cundinamarca
11900 | Cinnycerthia unirufa 0 San Miguel - Cundinamarca
40536 | Cinnycerthia unirufa 1 Los Robles - El Pefion
40450 | Cinnycerthia unirufa 1 Los Robles - El Pefion
40455 | Cinnycerthia unirufa 1 Los Robles - El Pefién
40483 | Cinnycerthia unirufa 1 Los Robles - El Pefion
40534 | Cinnycerthia unirufa 1 Los Robles - El Pefién
40505 | Cinnycerthia unirufa 1 Los Robles - El Pefion
40508 | Cinnycerthia unirufa 1 Los Robles - El Pefién
40482 | Cinnycerthia unirufa 1 Los Robles - El Pefion
40475 | Cinnycerthia unirufa 1 Los Robles - El Pefién
40485 | Cinnycerthia unirufa 1 Los Robles - El Pefion
40484 | Cinnycerthia unirufa 1 Los Robles - El Pefién
40595 | Cinnycerthia unirufa 1 Los Robles - El Pefion
40486 | Cinnycerthia unirufa 1 Los Robles - El Pefién
40446 | Cinnycerthia unirufa 1 Los Robles - El Pefion
3410 | Henicorhina leucophrys 0 La Aguadita - Cundinamarca
4172 | Henicorhina leucophrys 0 La Aguadita - Cundinamarca
4731 | Henicorhina leucophrys 0 Aguabonita, Silvania - Cundinamarca
4174 | Henicorhina leucophrys 0 La Aguadita - Cundinamarca
11881 | Henicorhina leucophrys 0 Alrededores Fusagasuga - Cundinamarca
12966 | Henicorhina leucophrys 0 Aguabonita, Silvania - Cundinamarca
0
0

4729

Henicorhina leucophrys

Alrededores Fusagasuga - Cundinamarca
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11879 | Henicorhina leucophrys 0 Alrededores Fusagasuga - Cundinamarca
4169 | Henicorhina leucophrys 0 La Aguadita - Cundinamarca
4175 | Henicorhina leucophrys 0 La Aguadita - Cundinamarca
4171 | Henicorhina leucophrys 0 La Aguadita - Cundinamarca
4170 | Henicorhina leucophrys 0 La Aguadita - Cundinamarca
11880 | Henicorhina leucophrys 0 Alrededores Fusagasuga - Cundinamarca
4732 | Henicorhina leucophrys 0 Aguabonita, Silvania - Cundinamarca
13795 | Henicorhina leucophrys 0 Alrededores Fusagasuga - Cundinamarca
4730 | Henicorhina leucophrys 0 Aguabonita, Silvania - Cundinamarca
4173 | Henicorhina leucophrys 0 La Aguadita - Cundinamarca
40928 | Henicorhina leucophrys 1 Parque Verde y Agua - Fusagasuga
40927 | Henicorhina leucophrys 1 Parque Verde y Agua - Fusagasuga
40491 | Henicorhina leucophrys 1 Los Robles - El Pefion
40574 | Henicorhina leucophrys 1 Los Robles - El Pefidn
40788 | Henicorhina leucophrys 1 Cerro de Fusacatan - Pasca
40510 | Henicorhina leucophrys 1 Los Robles - El Pefidn
40695 | Henicorhina leucophrys 1 Los Robles - El Pefion
40696 | Henicorhina leucophrys 1 Los Robles - El Pefidn
40627 | Henicorhina leucophrys 1 Los Robles - El Pefion
4184 | Zonotrichia capensis 0 La Aguadita - Cundinamarca
4182 | Zonotrichia capensis 0 La Aguadita - Cundinamarca
4187 | Zonotrichia capensis 0 La Aguadita - Cundinamarca
4186 | Zonotrichia capensis 0 La Aguadita - Cundinamarca
1881 | Zonotrichia capensis 0 Fusagasuga - Cundinamarca
Vda. El Cucharal - Fusagasuga,
14362 | Zonotrichia capensis 0 Cundinamarca
4188 | Zonotrichia capensis 0 La Aguadita - Cundinamarca
945 | Zonotrichia capensis 0 La Aguadita - Cundinamarca
4185 | Zonotrichia capensis 0 La Aguadita - Cundinamarca
941 | Zonotrichia capensis 0 San Miguel - Cundinamarca
1879 | Zonotrichia capensis 0 Fusagasuga - Cundinamarca
1880 | Zonotrichia capensis 0 Fusagasuga - Cundinamarca
Vda. El Cucharal - Fusagasuga,
14312 | Zonotrichia capensis 0 Cundinamarca
40759 | Zonotrichia capensis 1 Los Robles - El Pefion
40708 | Zonotrichia capensis 1 Los Robles - El Pefién
40606 | Zonotrichia capensis 1 Los Robles - El Pefion
40706 | Zonotrichia capensis 1 Los Robles - El Pefién
40469 | Zonotrichia capensis 1 Los Robles - El Pefion
40709 | Zonotrichia capensis 1 Los Robles - El Pefién
40459 | Zonotrichia capensis 1 Los Robles - El Pefion
5341 | Myioborus miniatus 0 La Aguadita - Cundinamarca
5336 | Myioborus miniatus 0 La Aguadita - Cundinamarca
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5334 | Myioborus miniatus 0 La Aguadita - Cundinamarca
5340 | Myioborus miniatus 0 La Aguadita - Cundinamarca
5333 | Myioborus miniatus 0 La Aguadita - Cundinamarca
5332 | Myioborus miniatus 0 La Aguadita - Cundinamarca

Carretera entre La Aguadita y Fusagasuga -

14057 | Myioborus miniatus 0 Cundinamarca
5335 | Myioborus miniatus 0 La Aguadita - Cundinamarca
14058 | Myioborus miniatus 0 La Aguadita - Cundinamarca
5339 | Myioborus miniatus 0 La Aguadita - Cundinamarca
5337 | Myioborus miniatus 0 La Aguadita - Cundinamarca
40895 | Myioborus miniatus 1 Cerro de Fusacatan - Pasca
40961 | Myioborus miniatus 1 Cerro de Fusacatan - Pasca
40855 | Myioborus miniatus 1 Cerro de Fusacatan - Pasca
42002 | Myioborus miniatus 1 Cerro de Fusacatan - Pasca
40826 | Myioborus miniatus 1 Cerro de Fusacatan - Pasca
6148 | Sporathraupis cyanocephala |0 Alrededores Fusagasuga - Cundinamarca
3704 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
2296 | Sporathraupis cyanocephala |0 Fusagasuga - Cundinamarca
3556 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
3553 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
3925 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
3554 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
5351 | Sporathraupis cyanocephala |0 Aguabonita, Silvania - Cundinamarca
6147 | Sporathraupis cyanocephala |0 Alrededores Fusagasuga - Cundinamarca
3703 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
3923 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
3705 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
Carretera entre La Aguadita y Fusagasuga -
13912 | Sporathraupis cyanocephala |0 Cundinamarca
3558 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
3924 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
4845 | Sporathraupis cyanocephala |0 Aguabonita, Silvania - Cundinamarca
3555 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
3559 | Sporathraupis cyanocephala |0 La Aguadita - Cundinamarca
40622 | Sporathraupis cyanocephala 1 Los Robles - El Pefién
40723 | Sporathraupis cyanocephala 1 Los Robles - El Pefion
40807 | Sporathraupis cyanocephala 1 Cerro de Fusacatan - Pasca
40582 | Sporathraupis cyanocephala 1 Los Robles - El Pefion
40618 | Sporathraupis cyanocephala 1 Los Robles - El Pefién
40526 | Sporathraupis cyanocephala 1 Los Robles - El Pefion
40760 | Sporathraupis cyanocephala 1 Los Robles - El Pefién
40811 | Sporathraupis cyanocephala 1 Cerro de Fusacatan - Pasca
40612 | Sporathraupis cyanocephala 1 Los Robles - El Pefién
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3696 | Tangara vassorii 0 La Aguadita - Cundinamarca
3545 | Tangara vassorii 0 La Aguadita - Cundinamarca
6115 | Tangara vassorii 0 Alrededores Fusagasuga - Cundinamarca
3550 | Tangara vassorii 0 La Aguadita - Cundinamarca
3548 | Tangara vassorii 0 La Aguadita - Cundinamarca
6114 | Tangara vassorii 0 Aguabonita, Silvania - Cundinamarca
3544 | Tangara vassorii 0 La Aguadita - Cundinamarca
3546 | Tangara vassorii 0 La Aguadita - Cundinamarca
3561 | Tangara vassorii 0 La Aguadita - Cundinamarca
3547 | Tangara vassorii 0 La Aguadita - Cundinamarca
3551 | Tangara vassorii 0 La Aguadita - Cundinamarca
Carretera entre La Aguadita y Fusagasuga -
14037 | Tangara vassorii 0 Cundinamarca
4780 | Tangara vassorii 0 Aguabonita, Silvania - Cundinamarca
3918 | Tangara vassorii 0 La Aguadita - Cundinamarca
4202 | Tangara vassorii 0 La Aguadita - Cundinamarca
3698 | Tangara vassorii 0 La Aguadita - Cundinamarca
3919 | Tangara vassorii 0 La Aguadita - Cundinamarca
6118 | Tangara vassorii 0 Alrededores Fusagasuga - Cundinamarca
40791 | Tangara vassorii 1 Cerro de Fusacatan - Pasca
40635 | Tangara vassorii 1 Los Robles - El Pefion
40744 | Tangara vassorii 1 Los Robles - El Pefidn
40554 | Tangara vassorii 1 Los Robles - El Pefion
40495 | Tangara vassotii 1 Los Robles - El Pefién
40555 | Tangara vassorii 1 Los Robles - El Pefion
40813 | Tangara vassotii 1 Cerro de Fusacatan - Pasca
40620 | Tangara vassorii 1 Los Robles - El Pefion
40636 | Tangara vassotii 1 Los Robles - El Pefién
40784 | Tangara vassorii 1 Cerro de Fusacatan - Pasca
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Table S2. Summary of the rotation values of each component for all principal component

analyses performed by group of variables for the bill, the body for passerine birds, and the

body for hummingbirds.
PC1 PC2 PC3
Culmen 0.4939085 -0.525904 0.0760074
BILL PCA LongNar 0.5139278 -0.462263 -0.162861
Max_Height -0.4814648 -0.547469 0.6685541
Max_Width -0.5100238 -0.458275 -0.72162
PC1 PC2 PC3
BODY PCA BIRDS Tgrsus -0.2704012 0.9218602 -0.277591
Wing_chord -0.6523988 -0.387491 -0.651327
Long_Tail -0.7079964 0.0049806 0.7061985
PC1 PC2 -
BODY PCA HUMMINGBIRDS Wing_chord  0.7071068 -0.707107 -
Long_Tail 0.7071068 0.7071068 -
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Table S3. Summary of all models performed by song section for each variable and taxon. The

species column illustrates the taxonomic entity that was used as a reference in relation to the

others in the complex and its sister species. The estimated coefficient shows how much the

other species differs in relation to the reference specie; positive values mean higher values

than the reference species and negative values mean lower values than the reference specie.

The confidence interval shows the uncertainty in the intercept estimate. If the interval does

not cross zero, the difference is statistically relevant. The pMCMC exposes the significance

value of how different the values of that taxon variable are in comparison with the others.

Values equal to or greater than 0.05 are not significant for the model, therefore, it does not

show clear differences.

Estimated Coefficient

Section Variable Species (Intercept) Cl (Intercept) p MCMC
S. fuscorufa 0.69 0.49100.89 <0.001
S. castanea 0.46 0.22t00.72 <0.001
Duration S. u. meridana -0.77 (-1.04) to (-0.50) <0.001
S. u. munoztebari -0.33 (-0.60) to (-0.06) 0.02
S. u. unirufa -0.65 (-0.88) to (-0.40) <0.001
S. u. ochrogaster -0.73 (-1.33) to (-0.03) 0.04
S. fuscorufa 1.00 0.84t01.18 <0.001
S. castanea -0.83 (-1.04) to (-0.61) <0.001
Peak S. u. meridana -0.46 (-0.70) to (-0.22) <0.001
Frequency | S. u. munoztebari 0.06 (-0.17) t0 0.29 0.63
S. u. unirufa -0.53 (-0.72) to (-0.31) <0.001
S. u. ochrogaster -0.43 (-1.00) to 0.11 0.12
S. fuscorufa 1.01 0.86t0 1.16 <0.001
S. castanea -0.96 (-1.16) to (-0.78) <0.001
Full Maximum S. u. meridana -0.58 (-0.81) to (-0.37) <0.001
Song Frequency | S. u. munoztebari 0.23 0.03 to 0.46 0.03
S. u. unirufa -0.46 (-0.64) to (-0.27) <0.001
S. u. ochrogaster -0.59 (-1.06) to (-0.03) 0.03
S. fuscorufa 0.83 0.65 to 1.01 <0.001
S. castanea -0.75 (-0.98) to (-0.50) <0.001
Minimum S. u. meridana 0.29 0.02 to 0.56 0.03
Frequency | S. u. munoztebari -0.30 (-0.54) to (-0.02) 0.01
S. u. unirufa -0.58 (-0.82) to (-0.35) <0.001
S. u. ochrogaster -0.51 (-1.18) t0 0.12 0.12
S. fuscorufa 0.14 (-0.08) to 0.34 0.21
S. castanea -0.17 (-0.42) to 0.11 0.21
. S. u. meridana -1.04 -1.32) to (-0.76 <0.001
Bandwidth | 5, munoztebari 0.63 ( 0.33). to E).go ) <0.001
S. u. unirufa 0.19 (-0.10) to 0.44 0.18
S. u. ochrogaster -0.04 (-0.72) to 0.63 0.93
S. fuscorufa -0.21 (-0.42) to (-0.02) 0.04
S. castanea 0.20 (-0.07) to 0.47 0.15
Duration S. u. meridana ‘ 1.21 0.91to 1.50 <0.001
Short S. u. munoztebari -0.28 (-0.59) to (-0.01) 0.06
Note S. u. unirufa -0.53 (-0.77) to (-0.30) <0.001
S. u. ochrogaster -0.03 (-0.70) to 0.64 0.94
S. fuscorufa 1.01 0.89t0 1.12 <0.001
Erooak S. castanea 037 (-0.53) to (-0.23) <0.001
requency )
S. u. meridana -0.22 (-0.41) to (-0.03) 0.02
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S. u. munoztebari 0.40 0.24 t0 0.56 <0.001
S. u. unirufa -1.38 (-1.55) to (-1.24) <0.001
S. u. ochrogaster -0.89 (-1.28) to (-0.51) <0.001
S. fuscorufa 1.01 0.89t01.13 <0.001
S. castanea -0.41 (-0.56) to (-0.26) <0.001
Maximum S. u. meridana -0.27 (-0.43) to (-0.08) 0.00
Frequency | S. u. munoztebari 0.43 0.27 to 0.60 <0.001
S. u. unirufa -1.37 (-1.53) to (-1.22) <0.001
S. u. ochrogaster -0.80 (-1.20) to (-0.43) 0.00
S. fuscorufa 0.92 0.80 to 1.05 <0.001
S. castanea -0.66 (-0.85) to (-0.5) <0.001
Minimum S. u. meridana 0.04 (-0.16) to 0.25 0.70
Frequency | S. u. munoztebari 0.52 0.331t00.71 0.00
S. u. unirufa -1.27 (-1.42) to (-1.10) <0.001
S. u. ochrogaster -0.93 (-1.35) to (-0.46) <0.001
S. fuscorufa 0.22 (-0.02) to 0.42 0.07
S. castanea 0.62 0.371t00.93 <0.001
. S. u. meridana -0.76 (-1.06) to (-0.44) <0.001
Bandwidth | o\ munoztebar -0.23 (-0.55) to 0.06 0.14
S. u. unirufa -0.25 (-0.50) to 0.06 0.08
S. u. ochrogaster 0.35 (-0.37) to 1.07 0.35
S. fuscorufa -0.39 (-0.48) to (-0.30) <0.001
S. castanea -0.90 (-1.01) to (-0.77) <0.001
Duration S. u. meridana -0.67 (-0.81) to (-0.55) <0.001
S. u. munoztebari 0.13 0.003 to 0.25 0.04
S. u. unirufa 1.75 1.65t0 1.86 <0.001
S. u. ochrogaster 1.19 0.90 to 1.49 <0.001
S. fuscorufa 0.62 0.39t00.82 <0.001
S. castanea -0.69 (-0.98) to (-0.45) <0.001
Peak S. u. meridana -0.27 (-0.56) to 0.056 0.09
Frequency | S. u. munoztebari 0.21 (-0.09) to 0.49 0.16
S. u. unirufa -0.32 (-0.57) to (-0.02) 0.02
S. u. ochrogaster -0.19 (-0.88) to 0.52 0.62
S. fuscorufa 0.53 0.33t00.72 <0.001
S. castanea -0.83 (-1.09) to (-0.53) <0.001
Long Maximum S. u. meridana -0.35 (-0.66) to (-0.05) 0.02
Note Frequency | S. u. munoztebari 0.45 0.16t0 0.74 0.00
S. u. unirufa -0.16 (-0.42) to 0.09 0.23
S. u. ochrogaster -0.38 (-1.07) to 0.32 0.25
S. fuscorufa 0.91 0.73t0 1.07 <0.001
S. castanea -0.76 (-0.98) to (-0.51) <0.001
Minimum S. u. meridana 0.20 (-0.06) to 0.45 0.14
Frequency | S. u. munoztebari -0.61 (-0.87) to (-0.41) <0.001
S. u. unirufa -0.41 (-0.62) to (-0.19) <0.001
S. u. ochrogaster -0.26 (-0.86) to 0.33 0.39
S. fuscorufa -0.58 (-0.76) to (-0.40) <0.001
S. castanea 0.10 (-0.14) t0 0.36 0.46
. S. u. meridana -0.59 (-0.86) to (-0.31) <0.001
Bandwidth | 5, munoztebari 1.20 0.91to 1.46 <0.001
S. u. unirufa 0.34 0.13t0 0.59 0.01
S. u. ochrogaster -0.08 (-0.74) to 0.46 0.82
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Figure S1. Trends in beak size (PC1) changes in Andean birds between 1960’s and 2020.

The red dotted line shows the overall mean delta change across species. Black squares

indicate species with statistically significant differences in size between collecting periods

(95% Bayesian credible intervals not overlapping zero). Box length represents the variance

among individuals of the same species. Species names in both panels are arranged in
phylogenetic order (Table 1-1).
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Figure S2. Contribution of each variable by principal component analysis, specifically for
component one. The red dotted line shows the contribution cutoff for the variables; the
columns of variables that cross this line show a significant contribution.
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