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Morphological attributes are important in determining the success of

ecological interactions, such as the interactions between fleshy fruited plants

and their seed dispersers. Morphological traits can present high levels of

intraspecific variation both within and across populations. Such variation will

not only mediate which interactions can be established locally but also the

potential for populations to respond to perturbations and selective pressure.

Here, we investigated patterns of morphological variation (body weight

and beaks’ traits) among different populations of blue manakin (Chiroxiphia

caudata), in the highly fragmented Atlantic Forest, Brazil, both in terms of

mean trait values – that might mediate interactions locally – and in their

habitat-level variation which influences their evolutionary potential. Using

metrics of evolutionary potential derived from quantitative genetics theory,

we hypothesized that ecological stress would lead to a decline in the overall

evolutionary potential in manakin populations. We found that populations

differ slightly in their mean morphological attributes, with the exception of

a population that occurs in temperate Araucaria forests. Nevertheless, we

found a striking difference in the evolutionary potential of populations from

different vegetation types. Specifically, populations that occur in ecological

stress areas, Araucaria forests, and forest fragments immersed in savanna

presented a smaller overall and conditional evolvability, suggesting their

lower ability to respond in the direction of selection. This pattern might

have important implications for the role of this species as seed disperser, as

populations under stress may lack morphological variation (and covariation)

that can be important to allow a given population to disperse seeds of multiple

types of fruits. Moreover, a smaller evolvability might impact the potential of

these populations to persist and perform their ecosystem services in face of

environmental changes.
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Introduction

The evolutionary potential is the ability of a given
population to respond to selective pressures (Hansen and
Houle, 2008; Teplitsky et al., 2014; Milot et al., 2020).
This ability depends upon available genetic (co)variance, as
higher variation in a population makes the presence of
specific and benefic trait combinations more likely (Walsh
and Lynch, 2018). Moreover, the presence of a range of
trait combinations within populations could also facilitate
the establishment of a diverse set of ecological interactions
(Bolnick et al., 2011), with consequences for ecosystem service
provision. The structure of genetic and phenotypic (co)variance
within populations, however, may be strongly affected by
habitat fragmentation, which may isolate populations with
contrasting phenotypes and evolutionary potentials. As a
result, populations in fragmented landscapes could present
contrasting ecological roles and abilities to respond to current
and future selective pressures. In this sense, understanding
how the morphology and evolutionary potential of populations
are distributed in highly fragmented landscapes will help
us to assess the conservation status of these systems and
predict the ability of species to track future environmental
disturbance.

The genetic architecture of traits is the amount of additive
genetic variance of a given trait and the covariation among
traits (Lande, 1979). Thus, the response of a population to
selection depends not only upon selection – its direction
and magnitude – but also upon the population-level genetic
architecture underlying traits (Assis et al., 2016b; Milot
et al., 2020). The nature of the association between traits,
i.e., the strength and sign of the association, may impact
not only the ability of a population to respond to diversified
selective pressures but also their ability to interact with a
diversity of other species. For instance, populations with a
loose association among traits occupy a higher portion of
the morphospace (Figure 1D), increasing the population’s
ability to interact with a higher diversity of ecological partners
that possess different morphologies (Dehling et al., 2016).
Instead, populations with a tight association among traits will
present lower morphological variation which could restrict
their ecological interactions (Figure 1C). Morphological
variation within populations, therefore, has implications
both to the persistence of populations and potentially
to their ecological role and contribution to ecosystem
services.

An essential ecosystem service provided by animals
is seed dispersal (Jordano, 2000). Among animals, birds
are a major component of frugivore diversity (Fricke and
Svenning, 2020), with their high levels of functional diversity
being mapped accordingly in a broad range of ecological
roles (Pigot et al., 2016). Birds’ gape size and body mass are
important functional traits for frugivores, as they mediate

birds’ abilities to interact with fruits and to disperse their
seeds (Dehling et al., 2016): while small-gaped bird species
are limited to a smaller range of fruit sizes and, consequently,
species (Figure 1A), large-gaped birds are able to exploit
a wide range of species and are the only ones to disperse
species with larger seeds (Wheelwright, 1985; Levey, 1987)
(Figure 1B). Our understanding on the relationships
between functional diversity and plant-bird interactions
is mostly restricted to the species level (but see Crestani
et al., 2019). But there is mounting evidence showing that
individual level diet preference might impact the species
that a frugivore interacts with, for example, the helmeted
manakin, which is a generalist species, presents varying degree
of specialization among individuals (Pires and de Melo,
2020). In this sense, we can also expect trait variation across
bird individuals to mediate the ecological and evolutionary
consequences of plant-bird interactions (Guimarães, 2020),
as particular trait combinations may constrain the fruits
individual birds can eat (Figure 1). Understanding how
birds’ traits are distributed across and within populations is,
therefore, an essential step toward a better understanding
on how phenotypic diversity shapes ecological interactions
across different levels of ecological organization (Guimarães,
2020).

Manakins (Pipridae) are an endemic bird family from the
Neotropical region and a dominant frugivore family in many
forested communities (Terborgh et al., 1990). In the Brazilian
Atlantic Forest, the blue manakin, Chiroxiphia caudata, is an
important seed disperser of several plant species, feeding on
a wide variety of fruits with different morphological attributes
(Hasui et al., 2009). This species occurs throughout the Atlantic
Forest, across several vegetation types but mainly associated
with forest habitats. A study with four different populations
found relatively stable and small effective population sizes,
moderate population structure and very low distance-dependent
gene flow among populations, suggesting that the neutral
genetic variation in this species is in equilibrium (Francisco
et al., 2007). Its habitat, however, is severely threatened
as the Atlantic Forest – one of the world’s biodiversity
hotspots (Myers et al., 2000) – currently occupies 28% of
its biome area (Rezende et al., 2018). Even if higher when
compared to previous estimates of habitat cover (11–16%,
Ribeiro et al., 2009), older native forest is being replaced by
secondary forest (Rosa et al., 2021), and most of its area is
currently distributed across thousands of small, isolated and
severely disturbed fragments (Ribeiro et al., 2009; Rosa et al.,
2021).

Habitat loss and fragmentation have disrupted the
movement of manakins (Hansbauer et al., 2008; Barbosa
et al., 2017) affecting gene flow among populations (Francisco
et al., 2007). If the blue manakin were now a collection of
isolated populations, we would expect to observe (1) variation
in the genetic structure across populations, and (2) variation
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FIGURE 1

Theoretical examples on how differences in trait mean and variation may affect bird-fruit interactions. Plots in first column depicting beak length
on X-axis and beak height on Y-axis, dots represent individuals. Matrices in the second column represent the covariance matrix exemplifying the
differences in covariance structure (we assume trait variance to be 1). Third column exemplifies the occupancy of morphospace by birds and
the last column exemplifies the variation of fruits a given occupancy of morphospace allows a frugivore to consume. Two populations that
possess the same patterns of covariance between traits might present different mean population trait values (A,B). These difference in mean
may impact the plant species a given bird might interact with. Where populations with larger trait values (B) might consume larger fruits.
Conversely, (C,D) two populations may possess the same mean values for two traits, but still present different underlying patterns of covariance
between the two traits, so that in one population the two traits are tightly correlated (C) while in the other the traits are loosely correlated (D), as
represented on the left by the ellipses (the patterns of covariation in the population). In a population with a tight correlation between beak
height and length (C) individuals with larger beak height necessarily present larger beak length, while a loose correlation between beak height
and length results in a population with individuals presenting different combinations of the two traits (D). Differences in the population-level
covariance structure might impact the patterns of interaction with plant species (the diversity of fruit types a population can eat).

in morphological traits. Moreover, different vegetation types
might impose distinct selective pressures that could result
in both different mean phenotypes through local adaptation,
different patterns of genetic covariation, and different levels
of evolutionary potential. In fact, local adaptation and
variable selective pressures can produce strong phenotypic
differentiation among populations, even in the presence of
high gene flow (Thompson, 2005; Fitzpatrick et al., 2015).
This indicates that even in the presence of high gene flow, the
morphological attributes and evolutionary potential [i.e., the
degree of genetic (co)variance] of populations might strikingly
differ among populations, which can have cascading effects in
the ecosystem services these populations provide.

Here, we investigated whether populations of blue manakin
occurring in different vegetation types of the Atlantic Forest
presented different mean morphological attributes of beak
and body size. Moreover, we investigated whether populations
occurring at different vegetation types presented different levels
of evolutionary potential which might impact their potential
to respond to novel selective pressures and their ability to
perform their role as seed dispersers in both current and future
ecological scenarios. To do so, we investigated the patterns
of phenotypic variance and covariance among traits across
distinct vegetation types. We hypothesized that populations
of blue manakin under ecological stress would have lower
evolutionary potential.
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Materials and methods

Sampling procedures

We used trait data from C. caudata specimens derived from
the Atlantic Birds dataset (Rodrigues et al., 2019), a dataset of
morphological georeferenced bird specimens from the Atlantic
Forest of Brazil. From the 1,661 specimens available we selected
the specimens of C. caudata that had a complete description
of the following morphological traits: body size (in grams),
beak width, length and height (in mm). We chose these traits
because they are important functional traits, mediating fruit
consumption by C. caudata individuals, as beak shape and size
directly impacts the plant species a bird can eat and, therefore,
the seed dispersal services provided by C. caudata individuals
(Jordano, 2000; Galetti et al., 2013). We also chose body size
because body size is an important determinant of ecological
interactions (Eklöf et al., 2013), and in several species it has
been reported as a response trait to fragmentation (Warzecha
et al., 2016; Tuff et al., 2019). We also restricted our sample to
specimens that had reliable information on the specimen locality
(Figure 2 and Supplementary Table 1). All the specimens used
were collected between 1998 and 2001, which guarantees that
the conditions they experienced on fragmentation and the forest
distribution were similar to the observed nowadays.

Vegetation types
We divided the specimens according to the vegetation type

where the specimen was sampled, using categories defined in
Ribeiro et al. (2009). C. caudata is present in six different
vegetation types: (1) ecological stress area, which are areas under
ecological stress such as fragmentation (2) deciduous forest;
(3) semi-deciduous forest, (4) tropical rainforest, (5) Araucaria
Forest, and (6) savanna (Cerrado). Ecological stress areas
are areas under strong fragmentation pressure and ecotones
between two different vegetation types (Ribeiro et al., 2009).
It is important to note that even when the specimen was
collected in savanna it was sampled in the associate forest
patch, since C. caudata is a strict forest specialist (Barbosa
et al., 2017). Due to the small sample size in deciduous forest
(2 specimens), we removed these specimens and vegetation
type from subsequent analyses (total number of individuals
for subsequent analyses 237). We then compared the mean
morphological traits across vegetation types to understand
whether and how habitat and morphology are associated. This
comparison was made using a multivariate One-Way-Manova,
and subsequent differences were investigated using Tukey
post hoc test to disentangle which groups significantly differed.
Also, we used a principal component analysis to compare
overall morphology across vegetation types. To do so, we first
standardized traits in z-scores to remove scaling effects, and
plotted individuals in a two principal component analysis graph.
We also separated the populations in each vegetation types

according to geographic distance for all analyses to investigate
whether the patterns we observed comparing vegetation types
was also reproduced in smaller geographical scales. Because
C. caudata is an understory species, that does not disperse very
far (Francisco et al., 2007), we assigned to a given population
individuals that were collected less than 20 km from each other
(see Supplementary material) and analyzed populations that
contained more than 10 individuals for the comparisons among
means (ESA = 1 population, SDF = 1 population, TR = 6
populations, AF = 1 population, Sav = 2 populations) and more
than 15 individuals for the analyses that required the estimation
of covariance matrices (ESA = 1 population, SDF = 1 population,
TR = 3 populations, AF = 1 population, Sav = 1 population)
(Supplementary Figures 3, 4).

Estimation of covariance matrices

All evolutionary potential metrics are dependent upon the
estimation of covariance matrices. Therefore, after comparing
the mean traits in each vegetation type, we estimated covariance
matrices among traits for each vegetation type with the aim to
investigate whether habitat type is associated with evolutionary
potential in this species. In a covariance matrix each row and
column represent a trait, in the diagonal we have the variance
of each trait and in the off-diagonal the covariance among
the two traits. While ideally one should have the estimation
of G-matrices (i.e., additive genetic covariance matrices) when
studying the potential response to selection, estimation of
G-matrices in the wild are hampered by the difficulty in
obtaining pedigreed samples, as they are necessary to estimate
the genetic parameters (Wilson et al., 2010). Therefore, we used
P-matrices, i.e., the phenotypic variance/covariance matrices,
as surrogates (Marroig and Cheverud, 2001; de Oliveira et al.,
2009; Shirai and Marroig, 2010; Rossoni et al., 2017). P-matrices
are a good approximation of G-matrices in multiple systems,
especially for vertebrate morphological traits, as G and P
matrices tend to be proportional (Marroig and Cheverud, 2001;
de Oliveira et al., 2009; Rossoni et al., 2019). For the estimation
of the phenotypic covariance matrices we calculated the cubic
root of the body size, to make body size into the same scale
as the other morphological measurements. We then estimated
the covariance matrices for the whole populations for each
habitat, resulting in five different matrices. We performed
a MonteCarlo resampling to estimate samples of covariance
matrices, considering the sample size of 30 individuals to
estimate the dispersion in the estimation of all evolutionary
potential metrics.

Evolutionary potential metrics

In order to compare the evolutionary potential in each
vegetation type we estimated five different metrics. First, we
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FIGURE 2

Map displaying the localities from sampled Chiroxiphia caudata individuals used in this study, different colors represent different forest
vegetation types.

compared in a pairwise way each covariance matrix using
Random Skewers to gauge how structurally similar they are.
This metric uses Lande’s response to selection equation to
calculate how similar (in terms of direction) would a response
to selection be when comparing two populations. We also
estimated evolvability and conditional evolvability (Hansen and
Houle, 2008) which are metrics that measure the amount
of the response to selection that would be in the direction
being selected, considering only a directional selection scenario
(evolvability) or with the other traits under stabilizing selection
(conditional evolvability). Finally, we also measured the mean
squared correlation (r2) which calculates the mean value of
correlation observed for all traits and flexibility that measures
the angle between the selection vector and response to selection
to gauge how biased the response to selection would be
(Table 1).

Random skewers
First we estimated whether the covariance matrices in

different vegetation types were structurally similar. To do this,
we used the metric Random Skewers which is based in the
Lande’s multivariate response to selection equation (Lande,
1979). This metric is calculated by applying 10,000 selection
gradients randomly sampled from a normal distribution
(simulating selection in random directions of the morphospace)
to different covariance matrices. Thus, it is a pairwise

comparison to compare the response to selection to the same
set of selection vectors from one population to the other. This
comparison is made by calculating the angle of the response
to selection from one population and the other population
in a pairwise way (Marroig and Cheverud, 2001). The mean
value of the 10,000 angles between response vectors describes
how similarly two populations respond to selection and is an
indication of the overall similarity between the two covariance
matrices. The smaller the angle, the higher is the similarity in
the potential evolutionary response between both populations.
Because matrices are estimated with error due to sampling,
we calculated the matrix repeatability, to adjust the similarity
between two matrices given the repeatability of a matrix, as
done in Cheverud and Marroig (2007). Matrix repeatability is
a form of correcting for sample size biases, as it is known
that covariance matrices estimation are impacted by small
sample sizes. This correction is done by estimating the similarity
between matrices from the same population estimated using
resampling (which should theoretically be equal 1, as they derive
from the same population). Therefore, adjusted by repeatability
matrices can have values greater than one.

Evolvability
Next, we estimated the mean evolvability, a measure of the

amount of the response to selection that was in the direction
of selection (Hansen and Houle, 2008; Assis et al., 2016a).
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TABLE 1 Evolutionary potential metrics, their respective mathematical formulation and biological meaning.

Evolutionary metric Mathematical formulation Biological meaning

Flexibility Correlation between the normalized vectors of β and
response vector (1z).

Measures how similar is the response to selection to the selection
pressure.

R2 Mean value of squared correlation indices of a
correlation matrix (coefficient of determination).

Measure how tightly correlated are the traits, which might constrain
responding to variable selective pressures.

Evolvability E = βT Pβ How much of the response of selection was in the direction of the
selective pressure.

Conditional evolvability Ec =
(
βT PβT P−1β

)−1 How much of a response of selection was in the direction of the
selective pressure, when all but one trait is under stabilizing
selection.

Evolvability, E, is estimated as the projection of the response
vector on the selection vector. The equation used to estimate
evolvability is E = βTPβ, where β is the selection gradient,
T denotes transposition and P is the covariance matrix (the
phenotypic covariance matrix in each habitat). This equation
gives us the value of evolvability respective to a given selection
gradient (β) (Hansen and Houle, 2008). Therefore, to have
an estimate of mean evolvability, we calculated the mean
evolvability by simulating 1,000 different selection gradients
for each MonteCarlo resampled matrix and habitats. These
selection gradients were sampled from a normal distribution,
with mean zero and standard deviation one. Then the selection
vectors were normalized to one before being multiplied by the
covariance matrices (equation above), estimating evolvability to
each habitat.

Conditional evolvability
In addition to a measure of evolvability we also estimated

a measure of conditional evolvability. This metric computes
the length of the response to selection in a given direction
considering the other directions in morphospace to be under
stabilizing selection, i.e., how free to change in the direction of
selection is the trait when the traits not directly under directional
selection are under stabilizing selection. This was measured by
calculating Ec =

(
βTPβTP−1β

)−1 for a given selection gradient
(β), in which T denotes transposition and −1 the inverse
of a given matrix (Hansen and Houle, 2008). As with the
evolvability measure we sampled the selection gradient from
a normal distribution and the vector was normalized to one,
and estimated the conditional evolvability for each habitat and
resampled MonteCarlo matrices.

Mean squared correlation R2

This metric measures the mean correlation of a given
correlation matrix, and therefore gives us a measurement of
how tight the correlations between traits are, and in this sense
how much of a given selection gradient in one trait would result
in change in other traits. A correlation matrix is a normalized
covariance matrix in which the diagonal is equal to one (as
by definition a trait is perfectly correlated with itself), and

the off diagonal presents the correlation between two traits
ranging from −1 to 1. The higher the value of the R2 the
tighter is the correlations in the matrix (Marroig and Cheverud,
2005; Marroig et al., 2009; Shirai and Marroig, 2010; Assis
et al., 2016a). To calculate this, we transformed the MonteCarlo
resample covariance matrices into correlation matrices and
estimated the average of the square of the correlations in the
correlation matrix.

Flexibility
Flexibility measures how aligned to selection a given

population can respond, suggesting how flexible a population
is to respond to selection (Marroig et al., 2009). We calculated
it by estimating the average correlation between 1,000 simulated
selection gradient vectors and the respective predicted response
to selection. The selection gradient was drawn from a normal
distribution and normalized to norm 1.

All evolutionary potential metrics might be influenced by
sample size, as sample size impacts the estimation of the
covariance and correlation matrices. Therefore, to evaluate
the impact of sample sizes in our metric estimations we
performed a rarefaction analysis for each metric, in each habitat
(Supplementary Figures 5–8).

Results

We analyzed 237 specimens, 30 from Ecological stress
areas, 33 from semi-deciduous forests, 122 from tropical
rainforests, 27 from Araucaria forests, and 39 from savanna-
associated forests (Supplementary Table 1). Araucaria forest
blue manakins presented a smaller beak morphology in all
three beak traits (Table 2 and Supplementary Figure 2), when
compared with the other habitats (Figure 3 and Table 2).
Savanna’s blue manakins present a smaller body size than the
rest of the habitats (Figure 3). The one-way-MANOVA analysis
showed that the different vegetation types differed in their
mean values significantly (Pillai’s trace = 0.77, F16,928 = 13.84,
p < 0.001). The post hoc Tukey test showed several pairwise
differences in each trait and vegetation types (Figure 3). When
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considered together in a principal component analysis the
different habitats overlap in the space of the two first principal
components (Figure 4), with their centroid slightly shifted
between the different populations, especially the Araucaria
forest. The first principal component represents an allometric
size component (with all traits loadings in the same direction)
and explains 46.3% of the total variance (with loadings equal
beak depth = 0.49, length = 0.60, width = 0.61, and body
size = 0.07), and the second principal component is mainly
associated with body size (with loadings equal beak depth = 0.05,
length = 0.02, width = 0.05, body size = −0.99), and explains
24.8% of the total variance).

The matrices comparisons using Random Skewers showed
that the matrices derived from all habitats were highly similar,
with a mean value of 0.90 among all comparisons for the
adjusted by repeatability matrices, and the lowest similarities
were observed among the comparisons including the Araucaria
forest habitat (Table 3). All comparisons were significant
indicating that the similarity among the matrices was higher
than expected by chance. These high values of matrix similarity
indicate that the populations in each habitat tend to respond
to selection in a similar way, and their matrix structures are
similar. Despite their structural similarities, our next results
show that populations from different habitats present important
differences in their evolutionary potential.

Evolvability, was higher for the populations from tropical
rainforests, with a mean value of 2.19 and 95% confidence
interval from the resampled matrices ranging from 1.35 to
3.11 (Figure 5A). Semi-deciduous forests populations also
presented a high mean value of evolvability of 1.60 (95% CI
from 1.12–2.22). The other habitats presented much lower
values of evolvability, with the mean value for savanna being
0.56 (95% CI: 0.38–0.78), mean value for ecological stress
areas being 0.37 (95% CI: 0.25–0.52) and mean value for
Araucaria forest being 0.22 (95% CI: 0.15–0.32), indicating
that populations from these habitats present a lower ability
to respond in the direction of selection. The same pattern
was observed for conditional evolvability (Figure 5B), with
Araucaria forest population presenting the lowest values of
conditional evolvability (mean = 0.03, 95% CI = 0.02–0.04),
followed by savanna (mean = 0.07, 95% CI: 0.04–0.09), and
ecological stress areas (mean = 0.08, 95% CI: 0.05–0.10).

The values for the other two metrics, flexibility and r2

(Figures 5C,D), were similar across populations. Populations
from all vegetation types presented similar patterns of flexibility
to respond to selection. Ecological stress areas (mean = 0.72,
95% CI: 0.66–0.77), semi-deciduous forests (mean = 0.70, 95%
CI: 0.63–0.75), Araucaria forests (mean = 0.69, 95% CI: 0.64–
0.75), savanna populations (mean = 0.73 95% CI: 0.65–0.79),
and tropical rainforests (mean = 0.64, 95% CI: 0.58–0.70)
had similar flexibility indexes, as their confidence intervals of
populations from different habitats overlap. Finally, populations
from different vegetation types had similar r2 values, with

populations from tropical rainforests and Araucaria forests
having higher overall correlation among traits (rainforest:
mean = 0.09, 95% CI: 0.03–0.18; Araucaria: mean = 0.13,
95% CI: 0.06–0.22), while populations from ecological stress
areas (mean = 0.05, 95% CI: 0.01–0.12), semi-deciduous forests
(mean = 0.05, 95% CI: 0.01–0.11) and savannas (mean = 0.04,
95% CI: 0.01–0.09) presented lower overall correlation among
traits. The r2 index for all populations overlapped in their
confidence intervals.

Discussion

The Brazilian Atlantic Forest is a biodiversity hotspot,
holding high levels of endemism in its reduced and fragmented
area (Myers et al., 2000). Thus, understanding the distribution
in this fragmented landscape of morphological diversity and the
evolutionary potential of a key seed disperser has important
implications: it helps us to elucidate a mechanism through
which habitat loss and fragmentation erodes diversity, it can
shed light on the conservation status of this species, and it
will help us to predict the ability of the forest to both resist
and regenerate in future environmental scenarios. Specifically,
we investigated differences in morphological attributes of a
widely distributed frugivorous bird species from the Brazilian
Atlantic Forest, the blue manakin, which occurs in different
habitat types. We also investigated how the relationship –
variance and covariance – among these morphological traits
might influences the potential of this species’ populations,
occurring in different habitats types, to respond to selection.
We found that blue manakins from different vegetation
types have only slightly different average morphologies, while
occupying different portions of the morphospace. Despite the
relatively similar morphology, we found that populations at
different vegetation types present strikingly different patterns
of evolutionary potential, which might impact their ability to
respond to selection in a changing environment.

Our results show that the most different population in
mean morphological attributes is the population of Araucaria
forests. Araucaria forest is a high elevation formation from the
southern part of the Atlantic Forest (500–1,600 m above sea-
level) (Ribeiro et al., 2011), characterized by mixed vegetation
of conifers and broad-leaved trees. It has been shown that
fruit diameter decreases toward higher elevation in the Atlantic
Forest (Almeida-Neto et al., 2008), which coincides with our
observation that blue manakins in the Araucaria forest are
smaller in all beak traits – the ones directly associated with
fruit consumption (Wheelwright, 1985) – but not in body size.
Even if we have not tested whether our observed pattern of
smaller beaks in Araucaria forests is due to local adaptation or
simply generated by drift or plasticity, the association of smaller
beaks with smaller fruits indicates the potential role of local
adaptation, reinforcing the importance of understanding the
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TABLE 2 Mean value ± standard error of each morphological trait.

Bill depth Bill length Bill width Body size

Ecological stress area 5.31± 0.06 8.85± 0.13 7.67± 0.17 2.93± 0.02

Semi-deciduous forest 4.99± 0.11 9.38± 0.27 7.38± 0.36 2.86± 0.02

Tropical rainforest 5.18± 0.05 10.1± 0.16 9.04± 0.22 2.93± 0.01

Araucaria forest 4.49± 0.07 7.79± 0.15 4.06± 0.09 2.93± 0.01

Savanna 4.8± 0.08 8.73± 0.12 7.42± 0.19 2.81± 0.01

Body size was transformed to its cubic root.

FIGURE 3

Boxplots depicting traits distribution for each habitat analyzed. (A) Bill length, (B) bill depth, (C) bill width, (D) body size. The boxplot represents
the median values, boxes are 50% distribution, whiskers are 75% distribution and points are outliers. Letters on top of each graph represent the
groups formed by Tukey pairwise tests. ESA, ecological stress areas; SDF, semi-deciduous forest; TR, tropical forest; AF, Araucaria forest; Sav,
savanna.

potential of these traits for seed dispersal and their potential
to continue to respond to further selection. It is important
to note that because morphological functional traits tend to
be shaped more strongly by selection over genetic drift, and
because they present a complex genetic basis, the effective
population size of these populations tend to have a small
effect in the overall phenotypic variance (as long as there
is no genetic inbreeding, which is the case here Francisco
et al., 2007). Geographical morphological variation is a well-
documented pattern in different kinds of organisms (Schluter
and Grant, 1984; Hereford, 2009) and disentangling the specific

mechanisms responsible for this morphological variation, either
plasticity, genetic drift and/or local adaptation, is a hard task
beyond the scope of our work. But more importantly, the
documented pattern, irrespective of the specific mechanism that
generated it, show that there are conspicuous morphological
differences among different vegetation types, which might
influence how those different populations interact with other
species. This observed pattern has consequences to persistence
and ecosystem services. Moving forward, it would be important
to investigate at a finer geographical scale resolution whether the
reported patterns are replicated in different sites, especially, the
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FIGURE 4

PCA plot of the morphological traits used. The first principal component is an allometric size component, while the second principal
component is mainly a body size component. Each dot represents a projection of one individual in this principle component space. Polygons
represent the total morphospace occupation of populations from each vegetation type and arrows show the loadings of the different traits.

TABLE 3 Random Skewers results, where below the diagonal is the mean of the response to selection vectors correlations in the raw matrices and
above diagonal we estimated the correlation between pairwise covariance matrices taking into account the repeatability of the matrix.

Ecological stress areas Semi-deciduous forest Tropical rainforest Araucaria forest Savanna

Ecological stress areas 0.97 1.01 0.96 0.84 0.99

Semi-deciduous forest 0.99 0.98 0.99 0.81 0.99

Tropical rainforest 0.95 0.98 0.99 0.76 0.91

Araucaria forest 0.82 0.79 0.75 0.97 0.75

Savanna 0.97 0.96 0.90 0.73 0.98

The diagonal represents the repeatability of the matrix for a given habitat. Note that adjusted repeatability values can reach values higher than one.

patterns observed for Araucaria Forest, since our sampling for
this particular habitat all come from the same site.

Intra-populational variation has important consequences
at the community level, since the higher the population-
level variance, the higher its potential to interact with other
species and with the ecosystem in different ways (Bolnick
et al., 2011). Inter-individual differences in how seed dispersers
interact with plants can be associated with individuals’ sex, body
size, behavior or individual specialization, all of which with
pervasive consequences for plant communities as individuals
may prefer specific plant traits, and disperse different quantities
of seeds to different distances and locations (Zwolak, 2018).
In fact, seemingly generalist populations can be composed

of specialist individuals feeding on different resources (Pires
and de Melo, 2020). Because morphology is an important
factor shaping frugivory at the species level (Dehling et al.,
2016), and species are aggregates of individuals - the true
interacting unit, morphology could also be an important
factor shaping interactions within populations (Jung, 1992;
Guimarães, 2020). Therefore, despite the similar manakin trait
averages observed across vegetation types, the distinct levels
of morphological variation across populations (Figures 4, 5A)
could lead to conspicuous differences in the patterns of frugivory
and seed dispersal across manakin populations. Therefore,
if morphology shapes individual-level interactions, we expect
the manakin populations in savanna, Araucaria forests and
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FIGURE 5

Evolutionary potential results. Each box represents a given metric for a given habitat, estimated from 100 resampled covariance matrices using
MonteCarlo resampling. (A) Evolvability, (B) conditional evolvability, (C) flexibility, (D) R2. The bar represents the median of the metric estimate,
boxes represent 50% distribution, whiskers 75% and points are outliers estimates. ESA, ecological stress areas; SDF, semi-deciduous forest; TR,
tropical forest; AF, Araucaria forest, Sav, savanna.

ecological stress areas (smallest occupation of the morphospace,
Figure 4) to be able to disperse a narrower diversity of plant
morphologies within and across species than those in areas of
rainforest.

The potential to respond to selection is essential for
populations occurring in ecosystems and natural environments
under change (Milot et al., 2020). Understanding how adaptive
potential is distributed across populations of a given species
will enable us to predict their resilience to ongoing and future
threats. We used several metrics intended to gauge different
aspects of the evolutionary potential in blue manakins. First,
we investigated total evolvability – a measure of the amount of
phenotypic (co)variance (Hansen and Houle, 2008) – in the four
traits analyzed. Populations from Araucaria forests, ecological
stress areas and savannas presented a much lower evolvability
when compared to the other habitats. The same pattern was
observed for conditional evolvability with populations from
these three areas (ecological stress area, Araucaria forests and
savanna) presenting lower values than other habitat types. The

rationale behind conditional evolvability is that if a population is
at equilibrium most traits will be adapted to current conditions,
so that a correlated trait under selection will have a constrained
response due to the stabilizing selection in the other traits
(Hansen et al., 2019). Therefore, evolvability and conditional
evolvability capture the generation-to-generation potential of
populations to respond to selection. Response to any selective
pressure is contingent on genetic variation, and the lower
phenotypic variance presented by manakins in these three
habitats may indicate lower resilience to sustained selective
pressures, increasing extinction risk (Bürger and Lynch, 1995).

The second set of evolutionary potential metrics – flexibility
and r2 – measures how tight are the correlations among different
traits (Figure 1C vs. Figure 1D) (Olson and Miller, 1958).
Tighter correlations imply a biased response to selection, as this
response will be deflected in the direction of the correlation,
which is not necessarily the direction of selection (Schluter,
1996). These biases can lead to maladaptation in a generation-
to-generation response, which can further hamper the potential
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of a given population to track evolutionary optima, and have
profound impacts on the macroevolutionary patterns of a
clade (Marroig and Cheverud, 2005; Machado, 2020). The
higher overall integration (r2) – i.e., the tighter correlation
among traits – was observed for birds in the Araucaria
and tropical rainforests. Even if the differences were not as
extreme as the observed for evolvability metrics, an interesting
pattern emerges. The lower evolvability combined with the
high overall trait correlation (r2 index) observed for Araucaria
forest populations, suggests a highly constrained population in
its evolutionary potential, reinforcing its inability to respond
to selection. We can therefore expect the lowest resilience
and the higher maladaptation rates to fluctuating selection
for this Araucaria population of C. caudata. Contrastingly,
ecological stress areas and savanna which also presented low
levels of evolvability, presented looser correlations among traits
(low r2). This pattern suggests the population of individuals
inhabiting savannas and ecological stress areas lacks overall
variance in all traits (low evolvability), irrespective of the
correlation among traits. The response to selection is therefore
constrained in all directions due to lack of trait variance, and not
constrained to a given morphospace direction [the line of least
evolutionary resistance, (Schluter, 1996)]. Finally, flexibility, the
alignment to a given selection gradient, was similar for all
populations.

All the evolutionary potential metrics were estimated using
random selective pressures instead of a known direction
of selection. We chose this approach in order to mimic
two potential processes that might threaten these different
populations. First, climate change is increasing the frequency
and intensity of extreme events (IPCC, 2021), which indicates
that populations will experience a wide variation of different
selective pressures more frequently through time. There is
evidence that selection gradients in nature tend to vary spatially
(Siepielski et al., 2013) and temporally (Morrissey and Hadfield,
2012), indicating that fluctuating selective pressures might be
common. Moreover, even if these populations are subjected to
selection in a consistent direction in the next generations, it is
impossible to know which specific direction of selective pressure
these populations will have to endure. Also importantly, we used
phenotypic variation in our analyses and, as in any complex
quantitative trait, the morphological traits used in this study are
influenced both by genetic factors and environmental variation
(Walsh and Lynch, 2018). Therefore, in order to understand
how organisms will evolutionarily respond, it will be important
to disentangle genetic from environmental sources of trait
variation in future studies.

A general pattern in tropical rainforest land cover,
reproduced in the Atlantic Forest, is that older-growth forests
are being replaced by fragmented secondary forests under
ecological stress conditions (Laurance, 2013; Rosa et al., 2021).
As a result, we can expect the evolvability in blue manakins –
low in ecological stress areas – to diminish and, with that, their

potential to respond to novel selective pressures. As evolvability
captures the amount of phenotypic (co)variance, its decrease
may also affect the ecological role of manakins, by decreasing
the diversity of seeds blue manakins can disperse, leading to
an even faster degradation of the environment (Zwolak, 2018).
Our study, therefore, brings to light the effects of habitat
loss and fragmentation on biodiversity which could not be
understood by simply looking at species occurrences in a
given area.

Conclusion

Our study highlights the importance of investigating
morphological variation across a given species distribution,
focusing not only on the mean trait but also in the patterns
of variance and covariance. This has conservation implications
since the potential to respond to selection affects not only the
species being studied but also its ability to perform ecosystem
services. Future work should try to disentangle the plastic
and genetic components of the differences in covariance and
quantify the cascading effects that changes in evolutionary
potential can have on community dynamics.
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